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1 INTRODUCTION

Cancer is a mgor human health problem
worldwide and is the second leading cause of
death in the United States (1) Over the past
30 years, sSignificant progress has been
achievedin understandingthe molecular basis
o cancer. The accumulation of this basic
knowledge has established that cancer isava
riety of distinct diseases and that defective
genes cause these diseases. Further, gene de-
fectsarediversein nature and can involve -
ther lossor gain of genefunctions. A number
d inherited syndromes associated with in-
creased risk of cancer have been identified.

Thischapter will review our current under-
standingd the mechanismsaof cancer develop-
ment, or carcinogenesis, and the genetic basis
of cancer. The roles of gene defects in both
germline and somatic cellswill bediscussed as
they relate to genetic and sporadic forms of
cancer. Specificexamplesaof oncogenes, or can-
cer-causing genes, and tumor suppressor
genes will be presented, along with descrip-
tionsd therelevant pathwaysthat signal nor-
mal and cancer phenotypes.

While cancer is clearly associated with an
increasein cell number, alterationsin mecha-
nisms regulating new cell birth, or cdl prolif-
eration, are only onefacet of the mechanisms
of cancer. Decreased rates d cdll death, or ap-
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optosis, are now known to contribute to cer-
tain typesaf cancer. Cancer isdistinctivefrom
other tumor-forming processes because o its
ability to invade surrounding tissues. This
chapter will address mechanisms regulating
the important cancer phenotypes of altered
cell proliferation, apoptosis, and invasiveness.

Recently, it has become possible to exploit
this basicinformation to develop mechanism-
based strategies for cancer prevention and
treatment. The successof both publicand pri-
vate efforts to sequence genomes, including
human and other organisms, has contributed
tothiseffort. Several examplesof mechanism-
based anti-cancer strategieswill be discussed.
Finally, potential strategies for gene therapy
of cancer will also be addressed.

2 TUMORIGENESIS

2.1 Normal-Precancer-Cancer Sequence

Insight into tumor development first came
from epidemiological studies that examined
the relationship between age and cancer inci-
dence that showed that cancer incidence in-
creaseswith roughly thefifth power of elapsed
age (2). Hence, it was predicted that at |east
five rate-limiting steps must be overcome be-
fore aclinically observable tumor could arise.
|t isnow known that these rate-limiting steps



2 Tumorigenesis

are genetic mutationsthat dysregulate the ac-
tivities of genes that control cell growth, reg-
ulate sensitivity to programmed cell death,
and maintain genetic stability. Hence, tumor-
Igenesisisa multistep process.

Although the processes that occur during
tumorigenesis are only incompletely under-
stood, it isclear that the successiveaccumula-
tion of mutationsin key genesistheforcethat
drives tumorigenesis. Each successive muta-
tion is thought to provide the developing tu-
mor cell with important growth advantages
that allow cell clones to outgrow their more
normal neighboring cells. Hence, tumor devel-
opment can be thought of as Darwinian evolu-
tion on a microscopic scale with each succes
sve generation of tumor cell more adapted to
overcoming the socia rules that regulate the
growth of normal cells. Thisis called clonal
evolution (3).

Given that tumorigenesis is the result of
mutationsin aselect set of genes, much effort
by cancer biologists has been focused on iden-
tifying these genes and understanding how
they functiontoalter cell growth. Early efforts
in this area were lead by virologistsstudying
retrovirus-induced tumorsin animal models.
These studies led to cloning of thefirst onco-
genes and the realization that oncogenes, in-
deed all cancer-related genes, are aberrant
formsaof genesthat haveimportant functions
inregulating normal cell growth (4).1n subse-
guent studies, these newly identified onco-
geneswereintroduced into normal cellsin an
effort to reproducetumorigenesisin vitro. Im-
portantly, it was found that no single onco-
genecould confer Al of the physiological traits
d atransformed cdl to a normal cell. Rather
thisrequired that at |east two oncogenes act-
ing cooperatively to giveriseto cellswith the
fully transformed phenotype (5). This obser-
vation provides important insights into tu-
morigenesis. First, the multistep nature of tu-
morigenesiscan be rationalized as mutations
indifferent geneswith each event providinga
selectivegrowth advantage. Second, oncogene
cooperativity is likely to be cause by the re-
quirement for dysregulation of cell growth at
multiplelevels.

Fearon and Vogelstein (6) have proposed a
linear progression modd (Fig. 1.1) to describe
tumorigenesis using colon carcinogenesisin

humans as the paradigm. They suggest that
malignant colorectal tumors (carcinomas)
evolve from preexisting benign tumors (ade-
nomas) | N astepwise fashion with benign, less
aggressive lesions giving rise to more lethal
neoplasms. I n their model, both genetic [e.g.,
adenomatous polyposis coli (APC) mutations]
and epigenetic changes (e.g., DNA methyl-
ation affecting gene expression) accumulate
over time, and it isthe progressive accumula
tion of these changesthat occur in apreferred,
but not invariable, order that are associated
withtheevolutionaf colonic neoplasms. Other
iImportant features of this model are that at
least four to five mutations are required for
theformation of a malignant tumor, in agree-
ment with the epidemiological data, with
fewer changes giving rise to intermediate be-
nign lesions, that tumors arise through the
mutational activation of oncogenes and inac-
tivation of tumor suppressor genes,and that it
Isthesum total of theeffect of these mutations
on tumor cel physology that is important
rather than the order in which they occur.

An important implication of the multistep
model of tumorigenesis is that lethal neo-
plasms are preceded by less aggressive inter-
mediate steps with predictable genetic alter-
ations. Thissuggeststhat if thegeneticdefects
which occur early inthe processcan beidenti-
fied, a strategy that interferes with their
function might prevent development of more
advanced tumors. Moreover, preventive screen-
ing methods that can detect cells with the
early genetic mutations may help to identify
theselesionsintheir earliest and most curable
stages. Consequently, identification of the
genes that are mutated in cancers and eluci-
dation of their mechanism of action isimpor-
tant not only to explainthecharacteristic phe-
notypes exhibited by tumor cells, but also to
provide targets for development of therapeu-
tic agents.

2.2 Carcinogenesis

Carcinogenesisisthe processthat leadsto ge-
netic mutations induced by physical or chem-
ical agents. Conceptually, this process can be
divided into three distinct stages: initiation,
promotion, and progression (7). Initiation in-
volves an irreversible genetic change, usually
amutation in asinglegene. Promotion isgen-
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Fi gure 1.1. Adenoma-carcinomasequence. Fearon and Vogelstein (6) proposed this classic modd
for the multistage progression o colorectal cancer. A mutation in the APC tumor suppressor geneis
generaly considered to bethe initiation event. Thisis followed by the sequential accumulation o
other epigenetic and genetic changesthat eventually result in the progression from a normal cell to

a metastatic tumor.

erally associated with increased proliferation
d initiated cells, which increases the popula
tion of initiated cells. Progression isthe accu-
mulation of more genetic mutationsthat lead
totheacquisition of the malignant or invasive
phenotype.

| nthebest-characterized model of chemical
carcinogenesis, the mouse skin modd, initia-
tionisanirreversible event that occurswhena
genotoxic chemical, or its reactive metabolite,
causes a DNA mutation in a critical growth
controlling gene such as Haras (8). Out-
wardly, initiated cellsseem normal. However,
they remain susceptibleto promotionand fur-
ther neoplastic development indefinitely.
DNA mutations that occur in initiated cells
can confer growth advantages, which dlow
them to evolve and/or grow faster bypassing
normal cellular growth controls. Thedifferent
types of mutations that can occur include
point mutations, deletions, insertions, chro-
mosomal translocations, and amplifications.
Three important steps involved in initiation
are carcinogen metabolism, DNA repair, and
cdl proliferation. Many chemical agents must
be metabolically activated beforethey become
carcinogenic. Most carcinogens,or their active
metabolites, are strong el ectrophilesand bind
to DNA toform adduets that must be removed
by DNA repair mechanisms (9). Hence, DNA
repair isessential toreverse adduet formation
and to prevent DNA damage. Failuretorepair
chemical adducts, followed by cell prolifera-
tion, results in permanent alterations or mu-
tation(~)n the genome that can lead to onco-
gene activation or inactivation of tumor
SUPPressor genes.

Promotion isareversible processin which
chemical agentsstimulate proliferation of ini-
tiated cells. Typicaly, promoting agents are
nongenotoxic, that isthey are unableto form
DNA adducts or cause DNA damage but are
ableto stimulate cell proliferation. Hence, ex-
posure to tumor promoting agents resultsin
rapid growth o the initiated cells and the
eventual formation o non-invasivetumors. In
the mouse skin tumorigenesis model, applica-
tion of asingledose o aninitiating agent does
not usually result in tumor formation. How-
ever, when the initiation step is followed by
repeated applications of a tumor promoting
agent, such as 12-O-tetradecanoyl-phorbol-
13-acetate (TPA), numerousskintumorsarise
and eventually result in invasive carcinomas.
Conseguently, tumor promoters are thought
tofunction by fosteringclonal selectionof cells
with a more malignant phenotype. Impor-
tantly, tumor formation is dependent on re-
peated exposureto the tumor promoter. Halt-
ing application of the tumor promoter
prevents or reduces the frequency with which
tumorsform. The sequence of exposureisim-
portant becausetumors do not developin the
absence of an initiating agent even if the tu-
mor promoting agent is applied repeatedly.
Therefore, the genetic mutation caused by the
initiating agent is essential for further neo-
plastic development under theinfluencedf the
promoting agent.

Progression refersto the processaof acquir-
ing additional mutations that lead to malig-
nancy and metastasis. Many initiating agents
canalsoleadtotumor progression, strongsup-
port for thenotion that further mutationsare
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needed for cells to acquire the phenotypic
characteristicsof malignant tumor cells. Some
d these agents include benzo(a)pyrene,
B-napthylamine, 2-acetylaminofluorene,
aflatoxin B,, dimethylnitrosamine, 2-amino-3-
methylimidazo(4,5-)quinoline (I1Q), benzi-
dine, vinyl chloride, and 4-(methylnitros-
amino)-1-(3-pyridyl)-1-butanone (NNK) (10).
These chemicalsare converted into positively
charged metabolites that bind to negatively
charged groupson moleculeslike proteinsand
nucleic acids. This resultsin theformation of
DNA adducts which, if not repaired, lead to
mutations (9) (Fig. 1.2). The result of these
mutations enablesthe tumorsto grow, invade
surrounding tissue, and metastasi ze.
Damageto DNA and the genetic mutations
that can result from them areacentral theme
in carcinogenesis. Hence, the environmental
factorsthat cause DNA damage are of great
interest. Environmental agentsthat can cause
DNA damageincludeionizingradiation, ultra-
violet (UV) light, and chemica agents (11).
Some of the DNA lesionsthat can result in-
clude single-strand breaks, double-strand
breaks, basealterations, cross-links, insertion
d incorrect bases, and addition/deletion of
DNA seguences. Cdls have evolved severa
different repair mechanismsthat can reverse
the lesions caused by these agents, which has
been extensively reviewed elsewhere (12).
The metabolicprocessingaf environmental
carcinogensisaso of key importance because
this can determine the extent and duration to
which an organism isexposed to a carcinogen.
Phase | and phase II metabolizing enzymes

play important rolesin the metabolic activa-
tion and detoxification of carcinogenicagents.
The phase | enzymes include monooxygen-
ases, dehydrogenases, esterases, reductases,
and oxidases. These enzymes introduce func-
tional groups on the substrate. The most im-
portant superfamily of the phase | enzymes
are the cytochrome P450 monooxygenases,
which metabolizepolyaromatichydrocarbons,
aromatic amines, heterocyclicamines, and ni-
trosamines. Phase II metabolizing enzymes
areimportant for the detoxificationand excre-
tion of carcinogens. Some examples include
epoxide hydrase, glutathione-S-transferase,
and uridine 5'-diphosphate (UDP) glucuro-
nide transferase. There are also some direct
acting carcinogensthat do not require meta-
bolic activation. These include nitrogen mus-
tard, dimethylcarbamyl chloride, and B-pro-
piolactone.

2.3 Genetic Variability and Other Modifiers
of Tumorigenesis

2.3.1 Genetic Variability Affecting Cancer.
Different types o cancers, aswdl astheir se-
verity, seem to correlate with the type of mu-
tation acquired by a specific gene. Mutation
"hot spots" are regions of genesthat are fre-
guently mutated compared with other regions
within that gene. For example, observations
that the majority of colon adenomas are asso-
ciated with alterations in the adenomatous
polyposis coli (APC) have been based on im-
munohistochemical analysis of p-catenin lo-
calization and formation of less than full
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Figure1.3. Diagram o APC proteinregions, relating risk of intestinal carcinogenesisto length o
ARC peptide translated. APC contains2833 amino acids. M utation hot spot regionsarefoundin areas
between amino acids 1500-2000. Three genetically altered mouse modds o APC-dependent intes-
tinal carcinogenesishave been developed. Min mice have a stop codon mutation in codon 850 df the
murine APC homolog. Two transgenic mice, APC*7*¢ and APC'$35, dso have been developed.
Intestinal tumor number in these modelsisinversaly related to size of the APC peptide translated.

length APC protein production after in vitro
translation of colonic mucosal tissue RNA.
These studies have not documented specific
gene mutationsin APC. Thisisimportant, be-
causeit isknownfromanimal studiesthat the
location of APC mutations can have a dra-
matic effect on the degree of intestinal carci-
nogenesis. Thus, it ispossiblethat colon ade-
noma Size, and subsequent risk of colon cancer
could be dictated by location of specific muta-
tionsin APC (Fig. 1.3).

Assuggested by the model depictedin Fig.
1.3, high risk might be associated with muta-
tions causing stop codonsin the amino termi-
nal end of the protein. Low risk might be as-
sociated with mutations resulting i n peptides
of greater length. Current research is testing
thehypothesisthat specificgeneticalterations
in APC alone may be sufficient asa prognostic
factor for risk of adenomarecurrence and sub-
sequently, colon cancer devel opment.

Onetype of genetic alteration that isgain-
ing increasing attention is the single nucleo-
tide polymorphism(SNP). This polymorphism

resultsfrom asingle base mutation that leads
to the substitution of one base for another.,
SNPsoccur quitefrequently (aboutevery 0.3-
1 kb within the genome) and can beidentified
by several different techniques. A common
method for the analysis of SNPs is based on
the knowledge that single-base changes have
the capability of destroying or creating are-
striction enzyme site within a specific region
of DNA. Digestion of a piece of DNA, contain-
ing the site in question, with the appropriate
enzyme can distinguish between variants
based on the resulting fragment Sizes. This
type of analysis is commonly referred to as
restriction fragment length polymorphism
(RFLP).

Theimportance of analyzing SNPsrestson
the premisethat individual swith anucleotide
at a specific position may display a normal
phenotype, whereasindividuals with a differ-
ent nucleotide at this same position may ex-
hibit increased predispositionfor acertaindis-
ease or phenotype. Therefore, many studies
are being conducted to determine the fre-
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ODC gene
+300
ebox (1) ebox (2) ebox (3)
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F gurel14. Influenceof specificgenetic changeson ODC promoter activity. Thesedatawerederived
from transient transfection experiments in human colon tumor-derived HT29 cells. The arrow in
this figure 1.4 shows the SNP. The SNP occurs between two E-boxes that are located 3' of the
transcription start site. The effects of this genetic change are taken from Guo et al. (56). It is
important to point out that the constructs used to assess the promoter activity of the polymorphic
region containing the SNP and E-boxes 2 and 3 contained some of the 5' promoter region, but not
E-box 1.(56). The constructs used to assesstherole of E-box 1in HT-29 contained the mgjor, c-myc

unresponsive allele between E-boxes2 and 3.

quency of specificSNPs inthegeneral popula
tion and to use these findings to explain phe-
notypic variation.

For example, a recent study found an asso-
ciation between a polymorphismleadingtoan
amino acid substitution (aspartate to valine)
in codon 1822 of the APC gene and a reduced
risk for cancer in people eating a low-fat diet
(13). The variant valine had an allele fre-
quency of 22.8%in a primarily Caucasian con-
trol population. This non-truncating muta-
tion hasnot yet been shownto havefunctional
dgnificance. If functional, such a polymor-
phism could cooperate with singlealleletrun-
cating mutations that occur with high fre-
guency in sporadic colon adenomas (14), to
increasecolon cancer risk. Thispolymorphism
Is especially interesting, because dietary fac-
tors, specifically fat consumption, may con-
tributeto risk in only specific genetic subsets.

2.3.2 Genetic Variability in c-myc-Depen-
dent Expression of Ornithine Decarboxylase.
The proliferation-associated polyamines are
essential for cell growth but may contributeto
carcinogenesiswhen in excess. Various stud-
Ies have shown that inhibition of polyamine
synthesis impedes carcinogenesis. Ornithine
decarboxylase(ODC), thefirst enzymein poly-

amine synthesis, may play akey roleintumor
development. Therefore, elucidation of the
mechanisms by which ODC isregulated ises
sential. Theliterature indicatesthat ODCisa
downstream mediator of APC and suggests
that ODC may bean APC modifier gene. Thus,
polymorphisms in the ODC promoter affect-
ing c-myc-dependent ODC transcription
could be a mechanism of genetic variability of
APC-dependent carcinogenesis.

O’Brien and colleagues(15) have measured
theincidencein severa human subgroupsadf a
SNPinaregionof the ODC promoter, 3' of the
transcription start site, that isflanked by two
E-boxes (CACGTG) (Fig. 1.4). The E-box isa
DNA sequence where specific transcription
factors bind. The two resulting aleles are
identified by a polymorphic PstI RFLP. The
minor allele (A at position +317) is homozy-
gous in 6-10%0af individuals, whereasthe ma-
jor dlele (G at position +317) is homozygous
or heterozygous in 90-94% of these groups.
They have a'so measured functionality of the
polymorphisms. When ODC promoter-re-
porter constructs are expressed in rodent
cells, the minor allele confers 3-8 times the
promoter activity comparedwith themajor al-
lele. Further, expression of the minor aleleis



enhanced by c-myc expressionto a greater ex-
tent than the mgjor dlele.

2.4 Epigenetic Changes

Genefunction can bedisrupted either through
genetic alterations, which directly mutate or
delete genes, or epigenetic alterations, which
alter the state of gene expression. Epigenetic
mechanisms regulating gene expression in-
clude signal transduction pathways, DNA
methylation, and chromatin remodeling.

Methylation of DNA isa biochemical addition
d a methyl group at position 5 of the pyrimi-
dineringaf cytosinein the sequence CG. This
modification occurs in two ways. (1) from a
preexisting pattern on thecodingstrand or (2)
by de novo addition of a methyl group to fully
unmethylated DNA. Cleavage of DNA with
the restriction endonuclease Hpall, which
cannot cut the central C in the sequence
CCGG if it is methylated, allows detection of
methylated sites in DNA. Small regions of

DNA with methylated cytosine, caled “CpG
islands," have been found in the 5'-promoter

region of about one-half of dl human genes
(includingmost housekeeping genes).

There are three DNA methyltransferases
(Dnmt), Dnmtl, Dnmt3a, and Dnmt3b, that
have been identified in mammalian cells (16).
The most abundant and ubiquitous enzyme,
Dnmtl, shows high affinity for hemimethyl-
ated DNA, suggesting a role of Dnmtl in the
inheritance of preexisting patterns of DNA
methylation after each round of DNA replica
tion. The other two enzymes, Dnmt3a and
Dnmt3b, are tissue specific and have been
shown to be involved in de novo methylation.
De novo CpG island methylation, however, is
not afeature of proliferating cells, and can be
considered a pathologic event in neoplasia.

Over the years, a number of different
methyl-CpG binding proteins, such asmethy!l-
CpG-binding domain-containing proteins
(MBD1-4) were identified (17) that compete
with transcription factors and prevent them
from binding to promoter sequences. These
methyl-CpG binding factors can aso recruit
histone deacetylases (HDACs), resulting in
condensation of local chromatin structure
(Fig. 1.5). This makes the methylated DNA
lessaccessible to transcription factors and re-
sultsin genesilencing.
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Geneexpressionisinhibited by DNA meth-
ylation. DNA methylation patterns dramati-
cally changeat different stagesaof cell devel op-
ment and differentiation and correlate with
changes in gene expression (18). Demethyl-
ation releasesgeneexpressioninthefirst days
of embryogenesis. Later, de novo methylation
establishes adult patterns of gene methyl-
ation. | n differentiated cells, methylation sta-
tusis retained by the activity of the Dnmitl
enzyme. | n normal tissues, DNA methylation
Isassociated with genesilencing, chromosome
X inactivation (19), and imprinting (20). Be-
cause the most normal methylation takes
placewithin highly repeated transposableele-
ments, it has been proposed that such methyl-
ation playsa role in genome defense by sup-
pressing potentially harmful effects o
expression at these sites.

Neopl asticcellsarecharacterized by simul-
taneous global DNA hypomethylation, local-
ized hypermethylation that involves CpG is-
lands and increased HDAC activity (21).
Hypomethylation has been linked to chromo-
somal instability in vitro and it seemsto have
thesameeffectin carcinogenesis(22). 5-Meth-
ylcytosineisarelatively unstabl e base because
Its spontaneous deamination leads to the for-
mation of uracil. Such changes can also con-
tribute to the appearance of germline muta-
tions in inherited disease and somatic
mutationsin neoplasia. Aberrant CpG island
hypermethylation in normally unmethylated
regionsaround gene transcription start sites,
which results in transcriptional silencing o
genes, suggeststhat it playsanimportant role
as an alternate mechanism by which tumor
suppressor genes are inactivated in cancer
(21). Hypermethylated genesidentifiedin hu-
man cancers include the tumor suppressor
genesthat causefamilial formsof human can-
cer when mutated in the germline, as well as
genes that are not fully documented tumor
suppressors (Table1.1). Some o these genes,
such asAPC, the breast cancer gene BRCA-1,
E-cadherin, mismatch repair gene hMLH1,
and the Von Hippel-Lindau gene can exhibit
thischangein non-familial cancers.

Recent studies indicate that promoter hy-
permethylation is often an early event in tu-
mor progression. It has been shown in the
colon that genes that have increased hyper-
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Figure 1.5. Effect o methylation and histone deacetylation on gene expression. When ageneis
active, the promoter region isoccupied by transcription factorsthat direct production of messenger
RNA. De novo methylation has minimal effects on gene expression. However, methylated DNA
attracts methyl-binding proteins (MBP). These methyl-binding proteinsin turn attract a protein
complex that contains histone deacetylase (HDAC). This results in inhibition o messenger RNA
synthesis, and no functional protein can be made from the gene. Through the action of MBP and
HDAC, the DNA structure changesto acompact, "' condensed chromatin” configuration, which re-
sultsin permanent inhibitiond messenger RNA and protein synthesis (silencing).

methylationin the promoter regionin normal
tissue as a function of aging are the same as
geneswiththehighest rate of promoter hyper-
methylation in tumors (9). Interestingly, this
group of genesdoes not include classic tumor
suppressor genes. Some genes, such asthe es-
trogen receptor whereage-rel ated hypermeth-
ylationin the colon wasfirst discovered, may
beimportant for the modulationaf cell growth
and differentiation in the colonic mucosa
Promoter hypermethylation of genes,
which are normally unmethylated at all ages,
has also been found early in tumorigenesis.
These epigenetic alterations can produce the
early lossof cdl cycle control, altered regula
tion of gene transcription factors, disruption
d cdl-cdl interactions, and multiple types of
geneticinstability, whichareall characteristic
d neoplasia. For example, hypermethylation
d the APC gene hasrecently beenreported for
a subset of colon cancers (23). Hypermethyl-
ation of hMLH1, which is associated with mi-
crosatellite instability in colon, endometrial,

and gastric neoplasia, has been seen in early,
stages of cancer progression (24).Finally, hy-
permethylation of the E-cadherin promoter
frequently occursin early stagesdf breast can-
cer and can trigger invasion (25).

Loss of gene function through epigenetic
changesdiffersfrom genetic changesinterms
of its consequences for tumor biology. First,
gene function loss caused by aberrant pro-
moter methylation may manifest in a more
subtle, selective advantage than gene muta-
tions during tumor progression. Second, al-
though promoter hypermethylation causing
genesilencingisusually stablein cancer cells,
thischange, unlike mutation, ispotentially re-
versible. It has become evident that not only
the mutagens, but various factorsinfluencing
cell metabolism, particularly methylation, lie
at theorigin of carcinogenesis.

Silencing of gene expression by methyl-
ation may be modulated by biochemical or bi-
ologica manipulation. It has been shown that
pharmacological inhibition of methylirans-
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Table1l.l Hypermethylated Genesin Cancer
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Gene Function Type of Tumor
Familial Cancers

APC Signal transduction Colon cancer

BRCA1 DNA repair Breast cancer

E-cadherin Adhesion and metastasis Multiple cancers

hMLH1 DNA mismatch repair Colon, gastric, and endometrial

cancer

pl6/CDKN2A Cdl cyderegulation Multiplecancers

RB1 Cdl cyderegulation Retinoblastoma

VHL Cytoskeletal organization, angiogenesis Renal-cell cancer

inhibition

Other Cancers

Androgen receptor Growth and differentiation Prostate cancer

c-ABL Tyrosine kinase Chronic myelogenousleukemia

Endothelin receptor B
Estrogen receptor o
FHIT

GST-7

MDR1

06-MGMT

pl4/ARF
p15/CDKN2B
Progesterone receptor
Retinoicacid receptor 3
THBS1

Growth and differentiation
Transcription
Detoxification
Drugtransport

Drug transport

DNA repair

Cdl cyderegulation

Cdl cyderegulation
Growth and differentiation
Growth and differentiation
Angiogenesisinhibition

Prostate cancer

Multiple cancers
Esophageal cancer
Prostate cancer
Acuteleukemias

Multiple cancers

Colon cancer

Malignant hematologic disease
Breast cancer

Colon and breast cancer
Colon cancer, glioblastoma

TIMP3 Metastasis

multiforme
Multiplecancers

ferasesresultedin reactivation of geneexpres-
sionin vitro (26) and prevented tumor growth
in animal models (27). These studies gener-
atedinterest intheclinical usesof hypomethy-
lating agentsin humans.

3 MOLECULAR BASIS OF CANCER
PHENOTYPES

Cancer isamultistep processthat requiresthe
accumulation of multiplegenetic mutationsin
asingle cell that bestow features characteris-
tic o a neoplastic cdl. Typicaly, tumor cels
differ from normal cellsin that they exhibit
uncontrolled growth. Because features that
distinguish tumor from normal cells may be
key to understanding neoplastic cell behavior
and may ultimately lead to therapiesthat can
target tumor cdls, considerable effort has
been directed at identifying the phenotypic
characteristics of in vitro-transformed cells
and of tumor cels derived from natural
sources. This work has resulted in a list o

properties that are characteristic of tumor
cellsand that are now known to be the basis
for the behaviorsexhibited by neoplasticcells.
Someof thefeatures that will be discussedin
detail include immortality, decreased depen-
dence on growth factors to support prolifera-
tion, lossaf anchorage-dependent growth, loss
of cell cycle control, reduced sensitivity to ap-
optoticcell death, and increased geneticinsta-
bility. Other morphologica and biochemical
characteristics used to identify the trans
formed phenotypeare cytologica changes, al-
tered enzyme production, and the ability to
producetumorsin experimental animals (28).

3.1 Immortality

Normal diploid fibroblasts have a limited ca
pacity to grow and divide both in vivo and in
vitro. Even if provided with optimal growth
conditions, in vitro normal cells will cease di-
viding after 50-60 population doublings and
then senesce and die. In contrast, malignant
cellsthat have become established in culture



3 Molecular Basis of Cancer Phenotypes

proliferate indefinitely and are said to be im-
mortalized. The barrier that restricts the life
goan of normal cellsis known asthe Hayflick
limit and was first described in experiments
that attempted immortalization of rodent
cdls (29). Normal embryo-derived rodent
cdls, when cultured in vitro, initialy divide
rapidly. Eventually, however, these cultures
undergo a crisis phase during which many of
thecdlssenesceand die. After extended main-
tenance, however, proliferationinthecultures
increasesand cellsthat can divideindefinitely
emerge. The molecular changes that take
place during crisis have revealed at |east two
important restrictionsthat must be overcome
for cells to become immortalized and both of
these changes occur in natural tumor cells.
One barrier to cellular immortalization is
the inability of the DNA replication machin-
ey to efficiently replicate the linear ends o
DNA at the 5' ends, which leadsto the short-
eningd thechromosome. | n bacteria, theend-
replication problem is solved with a circular
chromosome. I n human cells. theends dof chro-
mosomesar ecapped with 5-15 kb of repetitive
DNA sequences known as telomeres. Telo-
meresserve asasafety cap of noncoding DNA
that islost during normal cell divisonwithout
conseguence to normal function of the cdll.
However, because telomere length is short-
ened with each round of cell division, indefi-
nite proliferation is impossible because even-
tually the inability to replicate chromosomal
ends nibblesinto DNA containing vital genes.
Telomeres seem to be lengthened during
gametogenesi sasa consequenced theactivity
d an enzyme called telomerase. Telomerase
activity has been detected in normal ovarian
epithelial tissue. More importantly, telomer-
ase activity iselevated in thetumor tissue but
not the normal tissue from the same patient.
Thisimpliesthat one mechanism by which tu-
mor cells overcome the shortening telomere
problem and acquire the capacity to prolifer-
ate indefinitely isthrough abnormal up-regu-
lation of telomerase activity. Thefinding that
telomeraseactivity isfound almost exclusively
intumor cdlsissignificant becauseit suggests
that this enzyme may be a useful therapeutic
target (30). Therapies aimed at suppressing
telomerasewould eliminateafeatureessential
for tumor cdll survival and would be selective.
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A second feature of immortalization isloss
of growth control by elimination of tumor sup-
pressor activity. Recent evidence suggests
that inactivating mutations in both the Rb
and p53 tumor suppressor genes occurs dur-
ingcrisis. Both of these genesarediscussedin
moredetail later inthischapter and bothfunc-
tion toinhibit cell proliferation by regulating
cell cycle progression. Consequently, loss of
tumor suppressor function also appearsto bea
critical event inimmortalization.

3.2 Decreased Dependence on Growth
Factors to Support Proliferation

Cedls grown in culture require media supple-
mented with various growth factors to con-
tinue proliferating. | n normal human tissues,
growth factors are generally produced extra-
cellularly at distant sites and then are either
carried through the bloodstream or diffuseto
their nearby target cells. The former mode of
growth factor stimulation istermed endocrine
stimulation, and the latter mode, paracrine
stimulation. However, tumor cells often pro-
ducetheir own growthfactorsthat bindtoand
stimulatetheactivity of receptorsthat arealso
present on the same tumor cellsthat are pro-
ducingthegrowthfactor. Thisresultsinacon-
tinuous self-generated proliferative signal
known as autocrine stimulation that drives
proliferation of the tumor cell continuously
even in theabsence of any exogenousprolifer-
ative signal. Autocrine stimulation is mani-
fested asa reduced requirement for serum be-
cause serum is the source of many of the
growth factorsin the mediaused to propagate
cellsin vitro.

Because of the prominent rolethat growth
factorsand their cognate receptors play in tu-
mor cell proliferation, they have aso become
favorite therapeutic targets. For example, the
epidermal growth factor receptor (EGFR) is
known to play a major rolein the progression
of most human epithelial tumors, anditsover-
expression is associated with poor prognosis.
As a consequence, different approaches have
been developed to block EGFR activation
function in cancer cells, including anti-EGFR
blocking monoclonal antibodies (MAb), epi-
dermal growth factor (EGF) fused to toxins,
and small moleculesthat inhibit thereceptor's
tyrosine kinase activity (RTK). Of these, an
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orally active anilinoquinazoline, ZD1839
(“Iressa”) shows the most promiseas an anti-
tumor agent by potentiatingtheantitumor ac-
tivity o conventional chemotherapy (31).

3.3 Loss of Anchorage-Dependent Growth
and Altered Cell Adhesion

Most norma mammalian cells do not grow,
but instead undergo cell death if they become
detached from a solid substrate. Tumor cells,
however, frequently can grow i n suspension or
inasemisolidagar gel. The significanced the
loss d this anchorage-dependent growth of
cancer cellsrelatesto the ability of the parent
tumor cells to leave the primary tumor site
and becomeestablished el sewhereinthebody.
Theability o cancer cellstoinvadeand metas-
tasize foreign tissues representsthefinal and
most difficult-to-treat stage of tumor develop-
ment, and it is this change that accompanies
the conversion of a benign tumor to a life-
threatening cancer.

Metastasis is a complex process that re-
quires the acquisition of several new charac-
teristics for tumor cells to successfully colo-
nize distant sitesin the body. Epithelial cells
normally grow attached to a basement mem-
brane that forms a boundary between the ep-
ithelial cell layersand theunderlying support-
ing stroma separating the two tissues. This
basement membrane consistsof a complex ar-
ray o extracellular matrix proteinsincluding
type IV collagen, proteoglycans, laminin, and
fibronectin, which normally acts as a barrier
toepithelial cells. A commonfeature of tumor
cellswith metastatic potential isthe capacity
to penetrate the basement membrane by pro-
teolysis, to survive in the absence of attach-
ment to this substrate, and to colonize and
grow inatissuethat may beforeignrelativeto
theoriginal tissuedf origin.

Consequently, metastasis is a multistep
processthat beginswith detachment of tumor
cellsfrom the primary tumor and penetration
through the basement membrane by degrada-
tion of the extracellular matrix (ECM) pro-
teins. This capacity to proteolytically degrade
basement membrane proteins is driven, in
part, by the expresson of matrix metallo-
proteinases. Matrix metalloproteinases, or
MMPs, areafamily of enzymesthat areeither
secreted (MMPs 1-13, 18-20) or anchored in
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thecell membrane (MMPs14-17) (Tablel.2).
Regulation of MMPs occurs at severadl levels:
transcription, proteolyticactivation o the zy-
mogen, and inhibition of the active enzyme
(32). MMPs are typically absent in normal
adult cells, but a variety of stimuli, such as
cytokines, growth factors, and alterations in
cell-cell and cell-ECM interactions, caninduce
their expression. The expression of MMPsin
tumorsisfrequently localized to stromal cells
surrounding malignant tumor cells. Most o
the MMPs are secreted in their inactive (zy-
mogen) form and require proteol yticcleavage
to be activated. In some cases. MMPs have
been shown to undergo mutual and/or autoac-
tivation in vitro (33).

Several lines of evidence implicate MMPs
in tumor progression and metastasis. First,
MM Psareoverexpressedintumorsfrom ava
riety of tissues and the expression of one, ma-
trilysin, isclearly elevatedininvasiveprostate
cancer epithelium (34-36). Second, reduction
of tissue inhibitor of matrix metalloprotein-
ases-1 (TIMP-1) expression in mouse fibro-
blasts (Swiss3T3), using antisense RNA tech-
nology, increased the incidence of metastatic
tumors in immunocompromised mice. Simi-
larly, overexpressionaf thevariousMMPshas
provided direct evidencefor their rolein me-
tastasis. Importantly, synthetic MMP inhibi-
tors have also been produced and they lead to
a reduction in metastasis in several experi-
mental modelsof melanoma, colorectal carci-
noma, and mammary carcinoma, suggestinga
mechanism by whichtheinvasive potential of
tumors may be reduced (37).

Once tumor cells escape through the base-
ment membrane, they can metastasize
through two major routes, the blood and lym-
phaticvessels. Tumorsoriginatingindifferent
parts of the body have characteristic patterns
of invasion. Sometumors, such asthose of the
head and neck, spread initially to regional
lymph nodes. Others, such as breast tumors,
havetheability to spread to distant sitesrela-
tively early. The site of the primary tumor
generally dictates whether the invasion will
occur through the lymphatic or blood vessel
system. Thecedllsthat escapeinto thevascula-
ture must evade host immune defense mecha
nisms to be successfully transported to re-
giona or distal locations. Tumor cells then
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Tablel2 MMPs
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MMP Common Name Substrates Cdl Surface
1 collagenase-1, interstitial collagen|, I1, IT1, VII, X, IGFBP yes
collagenase
2 gelatinase A gelatin, collagen|, 1V, V, X, laminin, IGFBP, yes
latent TGF-3
3 stromelysin-1 collagenIl]y, IV, V, IX, X, gelatin, unknown
E-cadherin, IGFBP, fibronectin,
elastin, laminin proteoglycans, perlecan,
HB-EGF, proMMP-13
7 matrilysin laminin, fibronedin, gelatin, collagenIV, yes
proteoglycansFasL, proMMP-1, HB-EGF
8 collagenase-2, neutrophil collagen|, I, I1I, VII, X unknown
collagenase
9 gelatinaseB collagenl, IV, V, X, gelatin, IGFBP, |atent yes
TGF-b
10 stromelysin-2 collagenII1, 1V, IX, X, gelatin, laminin, unknown
proteoglycans, prcMMP-1, proMMP-13
1 stromelysin-3 |GFBP, a1-antiprotease unknown
12 metall oel astase elastin, proMMP-13 unknown
13 collagenase-3 collagen|, IL, I11, 1V, VII, X, X1V, unknown
fibronectin, proMMP-9, tenascin, aggrecan
14 MT1-MMP gelatin, collagen |, fibrin, proteoglycans, yes
laminin, fibronectin, proMMP-2
15 MT2-MMP larninin, fibronectin, proMMP-2, proMMP- yes
13, tenascin
16 MT3-MMP gelatin, collagen I11, fibronectin, proMMP-2 yes
17 MT4-MMP unknown yes
18/19 RASI-1 unknown unknown
0 Enamelysin amelogenin unknown

exit blood vesselsand escapeinto the host tis-
ue by again compromising a basement mem-
brane, this time the basement membrane of
the blood vessal endothelium. Projections
cdledinvadopodia, which contain variouspro-
teases and adhesive molecules, adhere to the
basement membrane, and this involves mem-
brane components such as laminin, fibronec-
tin, type IV collagen, and proteoglycans. The
tumor cells then produce various proteolytic
enzymes, including MMPs, which degradethe
basement membraneand allowinvasionof the
host tissue. This processisreferred to as ex-
travasation.

Theinteraction between cellsand extracel-
lular matrix proteins occursthrough cell-sur-
facereceptors, the best characterized o which
isthefibronectin receptor that bindsfibronec-
tin. Other receptors bind collagen and lami-
nin. Collectively these receptorsare caled in-
tegrins, and their interaction with matrix
components conveys regulatory signals tothe

cell (38). They are heterodimeric molecules
consisting of onedf several alphaand betasub-
unitsthat may combineinany number of per-
mutations to generate areceptor with distinct
substrate preferences. Changesin the expres
sion of integrin subunitsisassociated with in-
vasve and metastatic cells facilitating inva
sion by shifting the cadre o integrins to
integrins that preferentially bind the de-
graded subunits of extracellular matrix pro-
teins produced by MMPs. Hence, integrin ex-
pression has served as a marker for the
Invasive phenotypeand may bealogical target
for novel therapies that interfere with the
progress of advanced tumors.

In addition to their role in invasion, the
evidencealsoindicates that MMPsmay play a
rolein tumor initiation and in tumorigenicity.
Expressionof MMP-3in normal mammary ep-
ithelial cellsled to the formation of invasive
tumors (39). A proposed mechanism for this
initiation involves the ability of MMP-3 to
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cleave E-cadherin. E-cadherin isa protein in-
volved in cdl-cel adhesion together with
other proteins such as B-catenin and «-cati-
nin. Loss of E-cadherin function is known to
lead to tumorigenicity and invasiveness as a
result of loss of cellular adhesion. Interest-
ingly, inhibition of MMP-7 and MMP-11, us-
Ing antisense approaches, did not affect inva-
siveness or metastatic potential in vitro.
However, tumorigenicity was altered (40).
Matrilysin, MMP-7 messenger RNA (mRNA),
are present in benign tumors and malignant
tumor cellsdf the colon. The relative level of
matrilysin expression correlates with the
stage of tumor progression.

3.4 Cell Cycle and Loss of Cell
Cycle Control

Proliferation is a complex process consisting
d multiplesubroutinesthat collectively bring
about cdl division. At the heart of prolifera-
tion is the cell cycle, which consists of many
processes that must be completed in atimely
and sequence specific manner. Accordingly,
regulation of cell cycleeventsisamultifaceted
affair and consists of a series of checks and
balances that monitor nutritional status, cell
Size, presence or absence of growth factors,
and integrity of the genome. These cdl cycle
regulatory pathwaysand the signal transduc-
tion pathways that communicate with them
are populated with oncogenes and tumor sup-
pressor genes.

Cdl divisonisdividedintofour phases. G1,
S, G2, and M (Fig. 1.6). The entire processis
punctuated by two spectacular events, the
replication of DNA during S phase and chro-
mosome segregation during mitosis or M
phase. Of thefour cdl cycle phases, three can
beassignedtoreplicatingcellsand only theG1
phase, and a related quiesent phase, GO, are
nonreplicativein nature. Normal cyclingcells
that cease to proliferate enter the resting
phase, or G1, andtheir exitintothereplicative
phasesisstrongly dependent on the presence
o growth factors and nutrients. However,
oncethecellsenter thereplicativephasedf the
cdl cycle, they becomeirrevocably committed
to completing cell divison. Hence, the condi-
tionsthat leadtoexitfromGl andentry intoS
are tightly regulated and are frequently mis-
regulated in neoplastic cells that exhibit un-
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controlled proliferation. Studies first con-
ducted by Arthur Pardee reveaded the
existence of a point in G1 that restricted the
passagedf cellsinto S phase, and thiswas pos
tulated to be controlled by alabile protein fac-
tor (41). Passage across this restriction point,
or R point, is now known to be sensitive to
growth factor stimulation.

Movement through the cdl cycle is con-
trolled by two classes of cell cycle proteins,
cyclinsand cyclin dependent kinases (CDKs),
which physically associate to form a protein
kinase that drives the cdll cycleforward (42).
Atleast 8cyclinsand 12 CDKshavebeeniden-
tified in mammalian cells. The name "cyclin"
derivesfrom the characteristic riseandfall in
abundance o cyclin B as cedls progress
through the cdl cycle. The accumulation of
cyclin proteins occurs through cdll cycle-de-
pendent induction of gene transcription, but
elimination of cyclinsoccursby carefully reg-
ulated degradation that is enabled through
protein sequence tags known as destruction
boxes and PEST sequences. Although not all
of the cyclin types exhibit this oscillation in
protein quantity, those cyclinsthat play key
rolesin progression through the cell cycle(cy-
clins E, A, and B) are most abundant during
discrete phases of the cdl cycle. Cyclin D1 is
synthesized during G1 just beforethe restric-
tion point and playsan important rolein reg-
ulation of the R point. Cyclin E is most abun-
dant during late G1 and early S and is
essential for exit from G1 and progressioninto
S phase. Elevated levels of these two G1 cye-
lins can result in uncontrolled proliferation.
Indeed, both cyclin D1 and cyclin E are over-
expressed in some tumor types, suggesting
that the cyclinsand other components of the
cell cycle may be useful therapeutic targets
(43).

The second component of the enzyme com-
plex is CDK that, as the name implies, re-
quires an associated cyclin to become active.
At least 12 of the protein kinases have been
isolated from humans, X enopus, and Drosoph-
ila, and are numbered according to a stan-
dardized nomenclature beginningwith CDK1,
which for historical reasons, is most fre-
quently referred to as cdl division cycle 2
(cdc2). Unlike the cyclins, abundance of the
CDK proteins remains relatively constant
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throughout the cdll cycle. Instead, their activ-
ity changes during different phases of the cell
cyde in accordance with whether or not an
activatingcyclinispresent and whether or not
the kinase itself is appropriately phosphory-
lated. Both cyclins and CDKs are highly con-
served from yeast to man and function simi-
larly, suggesting that the cdl cyde is
controlled by auniversal cdl cycleenginethat
operates through the action of evolutionarily
conserved proteins. Hence, drug discovery
studies aimed at identifying agentsthat regu-
late the cell cycle may be performed in mode
organisms, such asyeast, C. elegans, and Dro-
sophila with someassurancethat thetargeted
mechanisms will also berelevant to humans.
It isnow clear that specific cyclinlcdk com-
plexes are required during specific stages of
the cdl cycle Cyclin D1/cdk4,6 activity is es-
sential for crossing the restriction point and
pushing cells into replication. A major sub-
strate o the cyclin D1/cdk4,6 complex isthe
ieltinoblastoma (Rb) tumor suppressor pro-
tein, which when phosphorylated by this ki-
nasecomplex,isinactivated. Thisfreesthecdl
from the restrictionson cdl proliferation im-
posed by the Rb protein. Itisthisevent that is
believed to be decisive in the stimulation o
resting cells to undergo proliferation. Cyclin
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Figurel6. Modd of thecell cycleand
the cyclin/edk complexes that are re-
quired at each cell cycle phase. CyclinD/
cdk4-6 complexes suppress Rb function
by phosphorylating the protein allowing
transitionacrosstherestriction R-point.
P53 suppresses cell cycle progression by
stimulating the expression of the cyclin
dependent kinase inhibitor p21, which
binds with and inactivates a variety of
cyclin/edk complexes.

E/cdk2 plays a role later in the cdl cyclefor
proliferating cells by pushing them from G1
into S phase. Cyclin E is overexpressed in
some breast cancerswhereit may enhancethe
proliferative capacity of tumor cells. Cyclin
A/cdk?2 sustains DNA replication and isthere-
forerequired during S phase. Cyclin B/edc2 is
required by cells entering mitosis up through
metaphase. At the end of metaphase, cyclin B
isdegraded, and cdc2 becomesinactivated, a-
lowing mitotic cellsto progress into anaphase
and to complete mitosis. Sustaining the activ-
ity of cyclin B/ede2 causes cells to arrest in
metaphase. Hence, it is the collective result
brought about by the activation and deactiva
tion of cyclinlcdk complexes that pushes pro-
liferating cellsthrough the cell cycle.
Superimposed on the functions of the cell
cycleengineisacomplex network of both pos
itive and negative regulatory pathways. Im-
portant negative regulators are the cyclin de-
pendent kinase inhibitors or CKls. There are
two families of CKls, the Cip/Kip family and
the INK4 family (44). The Cip/Kip family con-
sists of three members, p21/Cipl/wafl/Sdil,
p21/Kipl, and p57/Kip2. All of the proteinsin
thisfamily have broad specificity and can bind
to and inactivate most of the ¢yclin/edk com-
plexes that are essential for progression
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through thecdl cycle. p21+2f, thefirst discov-
ered and best characterized member of the
Cip/Kip family, isstimulated by the p53 tumor
suppressor protein in response to DNA dam-
ageand haltscedll cycleprogressiontodlow for
DNA repair (45). The INK4 family o CKls
contains four member proteins, p16/INK4a,
pl15/INK4b, p18/INK4c, and p19/INK4d. Un-
like the Cip/Kip family, the INK4 proteins
have restricted binding and associate exclu-
svely with cdk4/6. Consequently, their princi-
pal functionisto regulate cyclin D1/cdk4/6 ac-
tivity, and therefore, the phosphorylation
statusaof the Rb tumor suppressor. p16/INK4a
Isitself atumor suppressor that isfrequently
mutated in melanoma (46). Indeed, at |east
one component of the p16/cyclin D1/Rb path-
waysiseither mutated or deregulated in some
fashioninover 90%adf lung cancers, emphasi z-
ing theimportance of this pathway in regul at-
ing tumor cdl proliferation.

Transit through the cell cycleisregulated
by two types of controls. Inthefirst type, the
cumulative exposure to specific signals, such
asgrowth factors, isassessed and if thesum of
these signal s satisfies the conditions required
by the R point, proliferation ensues. In the
second. feedback controlsor checkpoints mon-
itor whether the genomeisintact and whether
previouscell cycle steps have been compl eted.
At least five cell cycle checkpoints have been
identified, two that monitor integrity of the
DNA and halt cell cycle progressionin either
G1 or G2,onethat ensures DNA synthesishas
been completed before mitosis begins, one
that monitorscompletion of mitosisbeforeal-
lowing another round of DNA synthesis, and
one that monitors chromosome alignment on
the equatorial plate beforeinitiation of ana-
phase. Of these, the two checkpoints that
monitor integrity of DNA have been the most
extensively studied, and as might beexpected,
these checkpoints and the genesthat enforce
them arecritically important for the response
that cellsmount to genotoxicstresses. Abroga
tion of checkpointsleads to genomic instabil-
ity and an increased mutation frequency (47).

Progressin elucidating the mechanisms of
checkpoint function revealsthat a number of
checkpoint genes are freguently mutated in
human cancers. For example, the p53 tumor
suppressor functionsasa cdl cyclecheckpoint
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that halts cdll cycle progression in G1 by in-
ducing the expression of the p21"! genein
the presence of damaged DNA (45). The p53
geneisfrequently mutated in human cancers
and consequently, most tumor cells lack the
DNA damage-induced pb53-dependent G1
checkpoint, increasingthelikelihoodthat mu-
tations will be propagated in these cells. Be
cause p53 also promotes apoptosis, the lack o
p53 inthese cellsalso makesthem moreresis-
tant to the DNA damage-induced apoptosis.
Because most chemotherapeutic agents kill
cellsthrough DNA damage-inducedapoptosis,
tumor cells with mutant p53 are aso more
resistant to conventional therapies (48).

3.5 Apoptosis and Reduced Sensitivity
to Apoptosis

Apoptosisis a genetically controlled form o
cell death that is essential for tissue remodel -
ing during embryogenesis and for mainte-
nance of the homeostatic balance of cell num-
bers later in adult life. The importance of
apoptosis to human disease comes from the
realization that disruption of the apoptotic
processisthought to play arolein diverse hu-
man diseasesrangingfrom malignancy toneu-
rodegenerative disorders. Becauseapoptosisis
a genetically controlled process, much effort
has been spent on identifying these genetic
componentsto better understand the apopto-
tic processaswdl asto identify potential ther-
apeutic targets that might be manipulated in
diseaseconditionswheredisruption of apopto-
sisoccurs.

Although multiple forms o cell death have
been described, apoptosis is characterized by
morphological changes including cell shrink-
age, membrane blebbing, chromatin conden-
sation and nuclear fragmentation, loss of
microvilli, and extensive degradation of chro-
mosomal DNA. I n general, the apoptotic pro-
gram can be subdivided into three phases. the
initiation phase, the decisiodeffector phase,
and the degradationlexecution phase (Fig.
1.7). In theinitiation phase, signa transduc-
tion pathways that are responsiveto external
stimuli, such as death receptor ligands, or to
internal conditions, such as that produced by
DNA damage, are activated. During the ensu-
Ingdecisiodeffector phase, changesin themi-
tochondrial membrane occur that result in
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Figure 1.7. Mitochondriamediated apoptosis. Mitochondria-mediated apoptosis IS divided into
three phases. Mitochondria stress stimulates signal transduction and constitutes the initiation
phase. During the second phase, changesin the structure o the mitochondrial membrane makeit
permesbleto largeproteins, alowingthe releasedf cytochromec and induction o thethird and find
phase, during which degradation of cellular proteinsoccurs.

disruptiondf themitochondrial membrane po-
tential and ultimately loss of mitochondrial
membrane integrity. A key event in the deci-
sion/effector phase is the release of cyto-
chrome cinto the cytoplasm and activation of
proteasesand nucleases that signal the onset
of the final degradation/execution phase. An
Important concept i nunderstanding apoptosis
isthat the mitochrondrion isakey target of apo-
ptotic stimuli and disruption of mitochondrial
function is central to subsequent events that
leed todegradationd vita cellular components.

O the signal transduction pathways that
Initiate apoptosis, the best understood at the
molecular level involves the death receptors
including Fas/cluster of differentiation 95
(CD95), tumor necrosis factor receptor 1
(TNFR1), and death receptors 3, 4, and 5 (DR
3,4,5) (Fig. 1.8). All death receptors share an
amino acid sequence known as the death do-
main (DD) that functionsasa binding sitefor
apecificset of death signaling proteins. Stim-
ulation of thesetransmembrane receptors can
ke induced by interaction with its cognate li-
gand or by binding to an agonistic antibody,
whichresultsinreceptor trimerization andre-
cruitment of intracellular death molecules
and stimulation of downstream signaling
events. Here death receptors are classified as
either CD95-like (Fas/CD95, DR4, and DR5)
o TNFR1-like (TNF-R1, DR3, and DR6)
based on the downstream signaling events
that are induced as a consequencedf receptor
activation.

Activation of Fas/CD95 leads to clustering
and recruitment of Fas-associated death do-

main (FADD; sometimes called Mort1) to the
Fas/CD95 intracellular DD (49). FADD con-
tainsaC-terminal DD that enablesit tointer-
act with trimerized Fas receptor aswell asan
N-terminal death effector doman (DED),
which can associate with the prodomain of the
serine protease, caspase-8. Thiscomplexisre-
ferred to asthe death-inducing signaling com-
plex (DI1SC).Asmoreprocaspase-8 isrecruited
to this complex, caspase-8 undergoes trans-
catalytic cleavageto generate active protease.
Activation of TNFR1-like death receptors re-
sultsinsimilar eventsexcept that thefirst pro-
teinto berecruited totheactivated receptor is
the TNFR-associated death domain (TRADD)
adaptor protein that subsequently recruits
FADD and procaspase-8. Signaling through
the TNFR1-like receptors is more complex
and includesrecruitment of other factorsthat
do not interact with Fas/CD95. For example,
TRADD also couples with the receptor inter-
acting protein (RIP), which links stimulation
of TNFR1 tosignal transduction mechanisms,
leading to activation of nuclear factor-kappaB
(NF-«B). Because RIP does not interact with
Fas/CD95, this class of receptors does not ac-
tivate NF-kappa B.

The critical downstream effectorsaof death
receptor activation arethe caspases, and these
are considered the engine of apoptotic cell
death (50). Caspases are afamily of cysteine
proteases with at least 14 members. They are
synthesized in the cdlls as inactive enzymes
that must be processed by proteolytic cleavage
at aspartic acid residues. These cleavage sites
are between the N-terminal prodomain, the
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Figure 1.8. Apoptosis— receptor-mediatedand mitochondrial apoptosis cascades. Trimerization of
the Fasreceptor initiates recruitment of the death domain-containing adaptor protein FADD, which
binds to procaspase-8 promoting trans-catalytic cleavage of prodomain. Caspase-8 initiates the
caspase cascade by acting on downstream effector caspases 3 and 7. In mitochondria-mediated
apoptosiscytochrome c, release isa key event in apoptosisand i s stimulated by Bax and suppressed
by Bcl-2. The released cytochrome ¢ binds with Apaf-1 and in conjunction with dATP induces a
conformational changein Apaf-1 that permits oligomerization into a ~700-kDa complex, which is
called the apoptosome complex and i s capable of recruiting caspases-9, -3, and -7.

large P20, and small P10 domains. The acti-
vated proteases cleave other proteinsby recog-
nizing an aspartic acid residue at the cleavage
site and are consistent with an auto- or trans-
cleavage processing mechanism for activation
when recruited to activated death receptors.

Importantly, biochemica studies support
thenotion of acaspasehierarchy that consists
of initatorsand effectorsthat are activated in
a cascade fashion. Initiator caspases such as
caspase-8and -9 are activated directly by apo-
ptotic stimuli and function, in part, by activat-
Ing effector caspasessuch ascaspase-3, -6,and
-7 by proteolytic cleavage. It is the effector
caspasesthat result in highly specific cleavage
of various cellular proteins and the biochemi-
cal and morphological degradation associated
with apoptosis.

In contrast to death receptor-mediated ap-
optosis that functions through a well-defined

pathway, mediators of stress-induced apopto-
sis such asgrowth factors, cytokines,and DNA
damage activate diverse signaling pathways
that converge on the mitochondrial mem-
brane (51). Many proapoptotic agents have
been shown to disrupt the mitochondrial
membrane potential (AY ), leading to an in-
crease in membrane permeability and release
of cytochromecintothecytosol. Cytochrome
release is a common occurrence in apoptosis
and is thought to be mediated by opening of
the permeability transmembrane pore com-
plex (PTPC), a large multiprotein complex
that consists of at |east 50 different proteins.
The cytosolic cytochrome cinteracts with ap-
optosis activating factor-1 (Apaf-1), dATP/
ATP, and procaspase-9 to form a complex
known as the apoptosome. Cytochrome c and
dATP/ATP stimulate Apaf-1 self-oligomeriza-
tion and trans-catalytic activation of pro-
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caspase-9 to the active enzyme. Active
caspase-9 activates effector caspases-3and -7
and leads to the cellular protein degradation
characteristic of apoptosis.

As release of cytochrome ¢ can have dire
conseguences for viability of the cdl, its re-
leaseistightly regulated. Indeed, awholefam-
ily d proteins, of which B-cdl lymphoma2
(Bd-2)isthefounding member, that share ho-
mdaogy in regions caled the Bcl-2 homology
domains are dedicated to regulation o cyto-
chrome ¢ release from the mitochondria (52).
Bath positive regulators (Bax, Bak, Bik, and
Bid) that promote apoptosisand negative reg-
ulators (Bcl-2and Bd-x,), which suppress ap-
optogs, act by regulating permeability of the
mitochondrial membrane to cytochrome c.
Bd-2family members havebeenfoundin both
the cytosol and associated with membranes.
Baxisnormally found in the cytosol, but sub-
cellular localization changesduring apoptosis.
Bax has been shown to insert into the mito-
chondrial membrane where, because o its
structurethat issimilar to other pore-forming
proteins, it is thought to promote release of
cytochromec. Bd-2functionsby inhibitingin-
sertion of Bax into the mitochondrial mem-
brane. Hence, a key factor that determines
whether a cell will undergo apoptosisis the
ratio o proapoptotic to antiapoptotic Bcl-2
family proteins.

Because apoptosis servesto eliminate cells
with a high neoplastic potential, cancer cells
have evolved to evade apoptosis primarily
throughtwo mechanisms. I nthefirst of these,
Bd-2, which suppresses apoptosis, is overex-
pressed. The Bcl-2 oncogene was first identi-
fied asa break point in chromosomal translo-
cations that frequently occurred in B-cell-
derived human tumors. Characterization of
the rearrangements revealed that the Bdl-2
geneisoverexpressed by virtue of being placed
adjacent to the powerful IgH promoter. Clon-
ing o the Bcl-2 gene and overexpression in
cdlsd B-cdl lineagereduced the sensitivity of
these cdlls to apoptosis and alowed them to
survive under conditions that ordinarily
caused normal cellsto die.

The second mechanism that provides can-
cear cdls with resistance to apoptosis is the
suppresson of the Fasreceptor. Aswith other
receptors, mutations can occur in either the
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ligand binding domain or in the intracellular
domain interfering with activation of the
death signaling pathway. More recently a
novel mechanism for suppressing Fas-recep-
tor activation has been identified in which
cancer cells synthesize decoy receptors to
which ligands can bind but are unable to in-
duce apoptosis (53).

3.6 Increased Genetic Instability

A hallmark of tumor cellsisgeneticinstability
that ismanifested at the chromosomal level as
either aneuploidy (thegain or loss of one or
more specific chromosomes) or polyloidy (the
accumulation of an entire extraset of chromo-
somes). Acquisition of extra chromosomesis
one mechanism by which extra copies of a
growth promoting gene can be acquired by
cancer cells, providing them with a selective
growth advantage. Structural abnormalities
arealsocommonin advancedtumorsthat lead
to various types of chromosomal rearrange-
ments. Translocations and random insertion
of genetic material into onechromosomefrom
another can placegenesthat are not normally
located adjacent to one another in close prox-
imity usually leading to abnormal gene ex-
pression. Some of these rearrangements are
routinely observed in some cancerssuch asin
Burkitt’s lymphoma where rearrangements
involvingchromosome8 and 14 |ead to abnor-
mal expression of the c-myc protooncogeneas
a consequencedf being placed adjacent to the
Immunoglobulin heavy chain promoter.

In chronic myelogenous leukemia (CML),
an abnormal chromosome known as the Phil-
adel phia chromosome results from a transl o-
cation involving chromosomes 9 and 22. The
genes for two unrelated proteins, c-Abl and
Bcr, a tyrosine kinase, and a GTPase activat-
ing protein (GAP),are spliced together, form-
ingachimeric protein that resultsin a power-
ful and constitutively activekinasethat drives
proliferation of the cells in which it is ex-
pressed.

Other forms of genetic instability include
gene amplification. Under normal conditions,
all DNA withinthecdll isreplicated uniformly
and only once per cdl cycle. However, in can-
cer cells some regions of a chromosome can
undergo multiple rounds of replication such
that multiple copies of a growth-promoting
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gene(s) is obtained. These can result in chro-
mosomeswith regionsof DNA that stain uni-
formly during karyotype analysis of a tumor
cdl or inthe production o extrachromosomal
DNA-containing bodies known as double
minute chromosomes. A typical example o
this type of amplification targets the N-myc
gene, whichisamplifiedin ~30% of advanced
neuroblastomas (54).

More subtle changes at the sequence leve
affectinggrowth-controllinggenesisa socom-
monin human tumors. M utationscan occur as
aconseguenced either defectsin DNA repair
or decreased fidelity during DNA replication.
Thecomponentsaf these pathwaysarecritical
for maintenance of genome integrity and in-
herited mutationsin the genesaf DNA repair
proteins and proteins that repair misrepli-
cated DNA explains some inherited cancer-
prone syndromes (55).

3.7 Angiogenesis

Without the production of new blood vessels,
tumor growth islimited to a volume of afew
cubic millimeters by the distance that oxygen
and other nutrients can diffuse through tis
sues. Astumor sizeincreases, intratumoral O,
levelsfall and the center of the mass becomes
hypoxic, leading to up-regulation of the hyp-
oxia inducible factor (HIF1). HIFI is a het-
erodimeric transcription factor composed of a
constitutively expressed HIF-1 beta subunit
and an O, regulatable HIF-1 alpha subunit
(56). Under normoxic conditions, levels of
HIFI are kept low through the actions o the
VHL tumor suppressor protein, which func-
tionsasa ubiquitin ligasethat promotes deg-
radation through a proteosome mediated
pathway (57). An important transcriptional
target of HIFI is the VEGF growth factor,
whichin conjunctionwith other cytokines, in-
ducesneovascul arization o tumorsand allows
them to grow beyond the size limitation im-
posed by oxygendiffusion. Thisincreased pro-
duction of proangiogenic factors and reduc-
tion of anti-angiogenicfactorsisknownasthe
"angiogenic switch" and isa significant mile-
stonein tumorigenesisthat leadsto thedevel -
opment of morelethal tumors.
Angiogenesisisthe sprouting of capillaries
from preexisting vesselsduring embryonicde-
velopment and is almost absent in adult tis-
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sueswith the exception of transient angiogen-
esis during the female reproductive cycleand
wound healing, and the soluble factor that
playsacritical rolein promoting angiogenesis
IS vascular endothelial growth factor (VEGF)
(58).VEGF wasfirst implicated in angiogene-
siswhen it wasidentified asa factor secreted
by tumor cdls, which caused normal blood
vessals to become hyperpermeable (59). The
followingevidencesupportsarolefor VEGFin
tumor angiogenesis.

1. VEGF is present in amost every type o
human tumor. It is especialy high in con
centration around tumor blood vesselsand
in hypoxicregionsof the tumor.

2. VEGF receptorsarefound in blood vessels
within or near tumors.

3. Monoclond neutralizing antibodies for
VEGF can suppress the growth of VEGF-
expressing solidtumorsinmice. Theselack
any effect in cdl culture where angiogene-
sisisnot needed.

Ferrara and Henzel (60) identified VEGF
as agrowth factor capable o inducing prolif-
eration of endothelial cellsbut not fibroblasts
or epithelial cells. Inhibitionof oneadf theiden-
tified VEGF receptors, FLK1, inhibitg the
growth of avariety of solid tumors (61). Simi-
larly, the injection of an antibody to VEGF
strongly suppresses the growth of solid tu-
morsaf the subcutaneously implanted human
fibrosarcomacdl line HT-1080 (62).

Thereareseveral formsdf VEGFthat seem
to have different functions in angiogenesss.
TheseisoformsareVEGF, VEGF-B, VEFG-C,
and VEGF-D.VEGF-Bisfound in avariety of
normal organs, particularly the heart and
skeletal muscle. It can form heterodimers
with VEGF and can affect the availability of
VEGF for receptor binding (63). VEGF-D
seems to be regulated by c-fos and is strongly
expressed in the fetal lung (64). However, in
the adult it is mainly expressed in skeletal
muscle, heart, lung, and intestine. VEGF-D is
also abletostimulate endothelial cell prolifer-
ation (65).

VEGF-C is about 30% homologous to
VEGF. Unlike both VEGF and VEGFB,
VEGF-C doesnot bind to heparin. It isableto
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increase vascular permeability and stimulate
the migration and proliferation of endothelial
cdls athough at a significantly higher con-
centration than VEGF. VEGF-C is expressed
during embryonal development where lym-
phatics sprout from venous vessels (66). It is
a0 present in adult tissues and may play a
role in lymphatic endothelial differentiation.
Ht-4, thereceptor for VEGF-C, isexpressedin
angioblagts, veins, and lymphaticsduring em-
bryogeness, but it is mostly restricted to the
lymphatic endothelium in adult tissues. Be-
cause o these expression patterns, VEGF-C
and Flt-4 may beinvolvedin lymphangiogen-
ess Thisisthe process of lymphatic genera-
tion. Lymphaticvasculature isvery important
becaus=d itsinvolvementin lymphatic drain-
age, immune function, inflammation, and tu-
mor metastasis.

Other cytokines and growth factors aso
play animportant rolein promoting angiogen-
ess Some of these act directly on endothelial
cdls, whereas others stimulate adjacent in-
flammatory cells. Some can cause migration
but not divison of endothelial cells such as
angiotropin, macrophage-derived factor, and
TNFe, or stimulate proliferation such asEGF,
addic and basic fibroblast growth factors
(aFGF, bFGF), transforming growth factor g
(TGFB), and VEGF (67). Tumorssecretethese
factors, which stimulate endothelial migra-
tion, proliferation, proteolytic activity, and
capillary morphogenesis (68).

Severd angiogenicfactors have been iden-
tified that can be secreted from tumors. Many
of theseare growth factorsthat are described
as heparin-binding growth factors. Specifi-
cdly, theseinclude VEGF, FGFs, TGF-8, and
the hepatocyte growth factor (HGF). The
binding o these factors to heparin sulphate
proteoglycans (HSPG) may be a mechanism
for bringing the growth factorsto the cell sur-
faoeand presenting them to their appropriate
receptorsin the proper conformation. Thisfa
cilitates the interaction between the growth
factors and receptors. Studies have shown
that tumor growth is adversely affected by
agents that block angiogenesis (69) but is
stimulated by factors that enhance angiogen-
ess(70).

Angiogenesismay be useful asa prognostic
indicator. Tumor sections can be stained im-
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munohistochemically for angiogenic determi-
nants, such asVEGF, todeterminethedensity
of vasculaturewithinthetumor, and thereisa
strongcorrelation between high vessdl density
and poor prognosis(71). This correlation im-
pliesarelationship between angiogenesis and
metastasis.

4 CANCER-RELATED GENES

4.1 Oncogenes

Oncogenes are derived from normal host
genes, also called protooncogenes, that be-
come dysregulated as a consequence of muta-
tion. Oncogenescontributetothetransforma-
tion process by driving cdl proliferation or
reducing sensitivity to cell death. Historically,
oncogeneswereidentifiedin four major ways.
chromosomal translocation, gene amplifica
tion, RNA tumor viruses, and gene transfer
experiments. Gene transfer experiments con-
sist of transfecting DNA isolated from tumor
cells into normal rodent cells (usually NIH-
3T3 cdlls) and observing any morphological
changes. These morphological changes be-
came the hallmarks for cell transformation,
the process of becoming tumorigenic. As pre-
vioudy discussed, the characteristics of trans-

formed cells are as follows: (1) the ability to.

form foci instead of a monolayer in tissue cul-
ture; (2)theability to grow without adherence
to a matrix, or "anchorage-independent
growth"; and (3) the ability to form tumors
when injected into immunologically compro-
mised animals.

There are seven classes of oncogenes, clas-
sfied by their location in the cdl and their
biochemica activity (Table 1.3). All of these
oncogenes have different properties that can
lead to cancer. The classes of oncogenes are
growthfactors, growth factor receptors, mem-
brane-associated guanine nucleotide-binding
proteins, serine-threonine protei n kinases, cy-
toplasmic tyrosine kinases, nuclear proteins,
and cytoplasmic proteins that affect cell sur-
vival.

4.1.1 Growth Factors and Growth Factor
Receptors. Cdl growth and proliferation are
subject to regulation by external signals that
are typicaly transmitted to the cdl in the

L
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Table1.3 Oncogenes
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Oncogenes Protein Function Neoplasm(s)
Growth Factors
sis Platel et-derived growth factor fibrosarcoma
int-2 Fibroblast growth factor breast
trk Nerve growth factor neuroblastoma
Growth Factor Receptors
erb-B1 Epidermal growth factor receptor squamouscell
carcinoma
erb-B2/HER2/neu Heregulin breast carcinoma
fms Hematopoi eticcolony stimulating factor sarcoma
ros Insulin receptor astrocytoma

Tyrosine kinases

ber-abl

src
Ick
Serine-Threonineprotein kinases
raf
mos
Guanine nucleotidebinding proteins

Tyrosine kinase

chronic mye ogenous

leukemia
Tyrosine kinase colon
Tyrosine kinase colon
Serine-threonine kinase sarcoma
Serine-threoninekinase sarcoma

H-ras GTPease melanoma; lung,
pancreas
K-ras GTPase leukemias; colon,
lung, pancreas
N-ras GTPase carcinomad the
genitourinary
tract and thyroid;
melanoma
Cytoplasmic proteins
bcl-2 Anti-apoptoticprotein non-Hodgkin’s B-cdl
lymphoma
Nuclear proteins
myc Transcriptionfactor Burkitt’s lymphoma
jun Transcription factor (AP-1) osteosarcoma
fos Transcriptionfactor (AP-1) sarcoma

form of growth factors that bind to and acti-
vate specific growth factor receptors. Predict-
ably, oneclassaf oncogenesconsistsaf growth
factors that can stimulate tumor cell growth.
I n normal cellsand tissues, growth factorsare
produced by one cell type that then act on an-
other cell type. Thisistermed paracrinestim-
ulation. However, many cancer cells secrete
their own growth factorsaswell asexpressthe
cognatereceptorsthat arestimulated by those
factors. Because of thisautocrine stimulation,
cancer cells are less dependent on external
sourcesdf growth factorsfor proliferation and
their growth is unregulated. Examples d on-
cogenic growth factorsinclude v-sis, whichis
the viral homolog o the platelet-derived
growth factor (PDGF) gene. PDGF stimul ates

the proliferation of cellsderived from connec-
tive tissue such asfibroblasts, smooth muscle
cells, and glial cells. Thus, tumors caused by
excessstimulation by v-sisinclude fibrosarco-
mas and gliomas.

The receptors that interact with growth
factors are also another large family of onco-
genes. Growth factor receptors are composed
of three domains. an extracellular domain
that contains the ligand binding domain that
Interactswith theappropriategrowth factor, a
hydrophobic transmembrane domain, and a
cytoplasmic domain that typically contains a
kinase domain that can phosphorylate ty-
rosineresiduesinother proteins. Hence, these
receptors are frequently referred to as recep-
tor tyrosine kinases (RTK). It is this kinase
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Figure 1.9. Rassgnaling pathway. Growth factor (GF) bindsto its receptor and initiatesdimeriza
tion and autophosphorylation. Grb2 interacts with SOS, which activatesrasby promotingthe GTP-
boundform. Ras recruitSRaf tothe plasma membraneand initiatestheRaf/MAPK Sgnaingcascade.
Protein kinase C 0 stimulatesthis pathway aswell as another cascade of stress-activatedkinases
(SEK/JNK). Bath of these Sgndingpathwayspromotecel | proliferationby stimulatingthetranscrip-
tion of genes like cydooxygenase 2, activator protein-1, and nuclear factor-«B. Ras also Sgnds
phosphoinositol-3-kinase and Akt/protein kinase B for cell surviva.

activity that is essential to the intracellular
signaling that is stimulated by an activated
receptor and in all oncogenic receptors muta:
tions that lead to constitutive intracellular
signaling promote unregul ated cellular prolif-
eration. RTKs can become oncogenically acti-
vated by mutations in each of the protein do-
mains. Genetic mutations that result in the
production of an epidermal growth factor re-
ceptor (EGFR) lacking the extracellular li-
gand binding domainleadsto constitutivesig-
nading. This oncogenic EGFR is known as
erb-B1 (Fig. 1.9).

Normally, EGF bindsto the extracellular
portion of the EGFR and causes dimeriza-
tion of theintracellular part of the receptor
and association with adaptor proteins, Son
of Sevenless (SOS), and growthfactor recep-
tor binding protein 2 (Grb 2). These proteins
interact through src-homology (SH) do-

mains SH2 and SH3, respectively. Through
an unknown mechanism, the SOS-Grb 2
complex activates the oncogene ras. Rasin-
duces an intracellular cascade of kinases to
promote proliferation. These signaling cas-
cades become constitutive when the extra-
cellular portion of the EGFR becomestrun-
cated, as in the case of erb-B1. Oncogenic
activation of arelated RTK, erb-B2, occurs
as a conseqguence of asingle point mutation
that falls within the transmembrane region
of thisreceptor (72). This mutated receptor
is frequently found in breast cancers. Fi-
nally, mutations in the cytoplasmic kinase
domain can also cause constitutive activity
|leading to constitutive signaling.

4.1.2 G Proteins. In many cases, signaling
that isinitiated by growth factors activating
their receptors passesnext to membraneasso-
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ciated guanine nucleotide-binding proteins,
which when activated by mutation, constitute
another class of oncogenes. The prototypical
member of thisfamily of oncogenesistheras
oncogene. There are three ras genes in this
family of oncogenes, which include H-ras, K-
ras, and N-ras. These genesdifferintheir ex-
pression patternsin different tissues. All have
beenfound to have point mutationsin human
cancers including liver, colon, skin, pancre-
atic, and lung cancers, whichlead to constitu-
tive signaling of genes involved in prolifera
tion, cdl survival, and remodeling o the actin
cytoskeleton. Ras isasmall molecular weight
protein that is post-translationally modified
by attachment of afarnasyl fatty acid moiety
to the C-terminus. Because this post-transla-
tional modification is essential for activity of
the ras oncogenes, this process has become a
target for drug development aimed at interfer-
Ing with ras activity (73).

Ras binds both guanosine 5'-triphosphate
(GTP) and guanosine 5'-diphosphate (GDP)
reversiblybutisonly intheactivated stateand
capable of signalingwhen bound to GTP. The
activated, GTP-boundformdf rassignalsava
riety of mitogen-induced and stress-induced
pathways, leading to transcription of genes
necessary for cell growth and proliferation
(74). Mitogens such as growth factors can ac-
tivate ras through the epidermal growth fac-
tor receptor, and stress factors affecting ras
includeultraviolet light, heat, and genotoxins.
Guanine nucleotide exchange factors (GEF's)
foster ras activation by promoting the ex-
change dof GDPfor GTP. In contrast, GTPase
activating proteins (GAPs) suppress rasactiv-
ity by promoting GTP hydrolysis by ras, re-
sulting inthe GDP-boundinactiveform o ras
(75). Importantly, because GAPs function to
suppress cdl proliferation, they can be
thought of astumor suppressors. Indeed, the
neurofibromatosis gene, NF-1, isa GAP that
acts as a tumor suppressor gene and can be
inherited in a mutated and nonfunctional
form giving rise to the Von Recklinghausen
neurofibromatosis or neurofibromatosis type
1 cancer syndrome (76).

4.1.3 Serine/Threonine Kinases. Once acti-
vated, rasthen transmitsthegrowth signal to
a third class o signaling molecules that is
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comprised of the serine/thereonine kinases.
The best studied of these serine-threonine
protein kinases is the raf oncogene, which is
activated when it is recruited to the plasma
membraneby ras(77). Raf theninitiatesacas-
cade of mitogen-induced protein kinases
(MAPKSs), which culminate in the nucleus
with the activation of genes containing Elk-1
transcription factor binding sites. Raf can also
directly activate protein kinase C, which sig-
nalsanother set of kinasesthat phosphorylate
thec-jun transcription factor.

Another ras effector gene is phosphoinosi-
tol 3-kinase (PI-3K), which initiates a signal-
ing pathway for cel survival (78). PI-3K
phosphorylates phosphatidalinositol (3,4,5)-
triphosphate (PtdIns-3,4,5-P3), an important
intracellular second messenger, thusaidingin
thetransmission of signalsfor proliferationto
the nucleus. PI-3K consistsd a catalytic sub-
unit, p110, and aregulatory subunit, p85, and
therearefiveisoformsd each subunit. PI-3K
phosphorylates protein kinase B (Akt/PKB)
on serine and threonine residues, which in
turn modulate cellular processeslike glycoly-
dsand translation initiation and el ongation.
Akt/PKB also phosphorylatesBad, a pro-apop-
totic protein. When Bad is phosphorylated, it
Issequestered by the14-3-3 protein, rendering
it incapable of binding to the anti-apoptotic
protein, bcl-2, and thus, results in apoptosis.
Akt's phosphorylation of Bad servesto inhibit
apoptosisand promote cell survival. This has
deleterious effects for the organism because
tumor cellsare not permitted to undergo apo-
ptosis and will survive and divide.

PI-3K has been linked to the development
d colon cancer by astudy showingthat genetic
inactivation of the p110gamma catalytic sub-
unit of PI-3K leads to the development of in-
vasive colorectal adenocarcinomas in mice
(79). This pathway is not completely separate
fromtheRaf/MAPK pathway, because Akt has
beenfoundtoinhibit Raf activity. | nfact, none
of the aforementioned ras-mediated pathways
operate completely independently; there are
multiple examplesaf crosstalk between these
signaling pathways.

4.1.4 Nonreceptor Tyrosine Kinases. |n ad-
ditionto growthfactor receptors, other nonre-
ceptor kinases target protein tyrosines for
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phosphorylation and can become activated as
oncogenes. Indeed, one o the first oncogenes
to bediscovered, src, isthe best characterized
member of afamily of proteins that have on-
cogenic potential. The src family of proteins
are post-tranglationally modified by attach-
ment of amyristate moiety totheN-terminus,
which enables association with the plasma
membrane. The members of the src family of
proteins exhibit 75% homology at the amino
addlevd withthegreatest degreed similarity
found in three regionsthat have been labeled
src homology domains 1, 2, and 3 (e.g., SH1,
SH2, and SH3). The SH1 domain encompases
thedomain that contains kinase activity. The
H2 and SH3 domainsarelocated adiacent to
and N-terminal to the kinase domain and
function to promote protein/protein interac-
tions. The SH2 domain binds with phosphor-
ylated tyorsines, whereasthe SH3 domain has
affinity for theproline rich regionsaf proteins.
| mportantly,SH2 and SH3 domainsarefound
in alarge number of other proteinsthat are
involved in intracellular signaling and that
have oncogenic potential, and the structureof
these domains are strongly conserved. Be
cause SH2 and SH3 domains serve to potenti-
aesgna transduction, they haveal so become
targetsfor drug discovery programs aimed at
disrupting the constitutive signaling gener-
ated by oncogenic activity (80).

A second oncogenic protein tyrosine kinase
of considerableclinical importance isthe Ber-
Ald oncogene. The Ber-Abl protein is a chi-
meric fuson protein formed by a reciprocal
trandocation involving chromosomes 9 and
22. Thischromosomal rearrangement is diag-
nodic for the hematopoietic malignancy,
chronic myelogenous leukemia (CML), and
the rearranged chromosome is known as the
Philadelphia chromosome (81). The c-Abl
gene mapsto chromosome 9 and is a tyrosine
kinase, whereas the BCR geneis now known
tobe GTPase-activatingprotein (GAP),which
when fused to Abl results in an unregulated
tyrosine kinase that functionsto promote cel-
lular proliferation(82). Thebcr-abl proteinin-
teractswith SH2 domains on Grb 2 and relo-
cates to the cytoskeleton and initiates ras
sgnaing, a primary mode of tumorigenic po-
tential. Ber-abl reduces growth factor depen-
dence, alters adhesion properties, and en-
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hances viability of CML cells. Consequently,
thekinase activity of Ber-Abl isaprimary fac-
tor in stimulating the proliferation of CML
cells, and therefore, has becomethe target for
drug therapies aimed at combating this can-
cer. Indeed, thedrugSTI571 hasbeen spectac-
ularly successful intheclinicat causingremis-
sion of this disease (83).

4.1.5 Transription Fadtors as Oncogenes.
Another class of oncogenesare those that en-
codenuclear proteins, or transcriptionfactors.
Two examples of this class of oncogenes are
AP-1 and c-myc. Activator protein-1 (AP-1)
consists of Fos family members (c-fos, fos B,
Fra 1, and Fra 2) and Jun family members
(c-jun, jun B, and jun D), which can dimerize
through alucine rich proteidprotein interac-
tion domain known asthe leucine zipper (84).
Fos-jun heterodimersarethe most active, jun-
jun homodimersare weakly active, and fos-fos
homodimersform only in extremely rare cir-
cumstances. These dimers bind to AP-1 DNA
binding sites, which are also called the tumor
promoter TPA-responsive element (TRE) or
glucocorticoid response element (GRE). AP-1
can be activated by ionizing and ultraviolet
irradiation, DNA damage, cytokines, and oxi-
dative and cellular stresses (85).

AP-1 has several functionsin the céll, in-
cludingthe promotion of cell proliferation and
metastasis. AP-lisanuclear target for growth
factor-induced signaling such as the afore-
mentioned EGFR-mediated kinase cascade.
AP-1-regulated genesinclude genesnecessary
for metastasis, and invasion like the MMPs
matrilysin and stromelysin, aswell ascollage-
nase two proteins that aid in cell migration
through connectivetissue.

Deregulation of c-myc often occurs either
by generearrangement or amplificationin hu-
man cancers. Here again the hematol ogiccan-
cersareinstructive. In Burkitt’s lymphoma, a
frequent reciprocal translocation between
chromosomes 8 and 14 leads to juxtaposition-
ing of the myc gene adjacent to the Ig heavy
chain promoter/enhancer complex, causing
uncontrolled expressionand production of the
myc protein (86). Translocations between
chromosomes 2 and 8 and between 8 and 22
also occur and involve other immunoglobulin
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producing gene complexes. In all cases the
overproduction of myc resultsin uncontrolled
cell proliferation.

Myc overexpressionalso occursin solid tu-
mors, but isusually the result of geneamplifi-
cation (87). The oncogenic potential of c-myc
has been studied most widdly asit pertains to
the development of colon cancer. Both c-myc
RNA and protein are overexpressed at the
early and | ate stages of colorectal tumorigene-
sis. The cause for this overexpressionis still
unknown, but astrong possibility may bethat
it isregulated by the APC pathway. The APC
tumor suppressor geneis mutated in approxi-
mately 90% of colorectal tumors, both spo-
radic and inherited forms. AFC will be dis
cussed in detail in the "tumor suppressor"
section of this chapter.

Heet al. (88) found that when APC expres-
sionwasinducedin stably transfected APC™/—
colon cancer cells (usingan induciblemetallo-
thionine promoter linked to the APC gene),
they observed a time-dependent decrease in
the RNA and protein levelsdf c-myc. Thissug-
gested that c-myc may be regulated by AFC
through the B-catenin/T-cell factor-4 (Tcf-4)
transcription complex. They also showed that
constitutive expression of mutant B-catenin
(mutated so that it isinsensitive to APC) in
embryonic kidney cells resulted in a signifi-
cant increase of c-mycexpression. Analysisof
the c-myc gene revealed two possible Tcf-4
transcription factor binding sites. Mobility
shift assays demonstrated that Tcf-4 bindsto
both of the potential binding sites, leading to
c-myc gene expression. Expression of domi-
nant-negative Tcf-4 in HCT116 (mutant
B-catenin) or SW480 (mutant AFC) reduced
endogenous levelsof c-myc (88).

The c-myc protein binds to DNA through
its basic, helix-loop-helix/leucine zipper do-
main. Many target genes of c-myc have been
identifiedthat areinvolved in cell growth and
proliferation. Some of these genes include
ODC, cdll cyclegenescyclinsA, E, and D1, as
wdl as cdc2, cde25, eukaryotic initiation fac-
tor 4E (eIF4E), heat shock protein 70 ¢hsp70),
and dihydrofolate reductase. Overexpression
of c-myc may therefore affect the transcrip-
tion of these genes, thus promoting hyperpro-
liferation and tumorigenesis.
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C-mycisaso found to be amplified in pro-
myelocytic leukemia and small cell lung can-
cer. The c-myc protein requires dimerization
with Max to initiate transcription, and Max
homodimers serve as an antagonist of tran-
scription. The formation of Mad-Max dimers
al so suppresses transcription. It isaso inter-
estingto notethat thefull oncogenic potential
of c-myc relies on cooperation with other on-
cogeneslikeras.

4.1.6 Cytoplasmic Proteins. Bcl-2is an ex-
ampled acytoplasmiconcogenethat hasanti-
apoptotic potential. Increased production of
bcl-2 proteinisseeninavariety of tumor types
and isassociated with poor prognosisin carci-
nomas of the colon and prostate. Thefunction
of bcl-2 is explained in detail in the “apopto-
SIS" section of this chapter.

4.2 Tumor Suppressor Genes

In contrast to oncogenes, tumor suppressor
genes can directly or indirectly inhibit cdl
growth. Thosethat directly inhibit cdl growth
or promotecell death areknownas" gatekeep-
ers' and their activity israte limiting for tu-
mor cell proliferation. Hence, both copies o
gatekeeper tumor suppressors must be func-
tionally eliminated for tumorstodevelop. This
characteristic requirement isahallmark of tu-
mor suppressor genes. Mutations that inacti-
vate one allele of a gatekeeper gene can be
inherited through thegermline, which in con-
junction with somatic mutation of theremain-
ing allele, leads to cancer predisposition syn-
dromes. For example, mutations of the APC
genelead to colon tumors. Somatic mutations
that inactivate both gatekeeper alleles occur
in sporadic tumors.

Those tumor suppressor genesthat do not
directly suppress proliferation, but functionto
promote genetic stability are known as" care-
takers." Caretakers function in DNA repair
pathways and elimination of caretakers re-
sultsinincreased mutation rates. Because nu-
merous mutations are required for the full
development of a tumor, elimination of care-
taker tumor suppressors can greatly acceler-
ate tumor progression. As with gatekeepers,
mutations can beinherited through the germ-
line and can give rise to cancer predisposition
syndromes. An example of a caretaker geneis
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Tablel.4 Tunor Suppressor Genes
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TSGene Protein Function Neoplasm(s)
APC cell adhesion colon

BRCA 1 transcription factor breast and ovary
BRCA 2 DNA repair breast and ovary
CDK4 cyclin D kinase melanoma
hMLH1 DNA mismatch repair HNPCC?
hMSH2 DNA mismatch repair HNPCC

hPMS1 DNA mismatch repair HNPCC

hPMS2 DNA mismatch repair HNPCC

MENI® Ret receptor thyroid

NF1 GTPase neuroblastoma
p53 transcription factor colon, lung, breast
Rb cell cycle checkpoint retinoblastoma
WT-1 transcription factor childhood kidney

""Hereditary non-polyposis colon cancer.
*Multiple endocrine neoplasia.

MSH2, whichfunctionsinthe mismatch DNA
repalr system, andinherited mutationsinthis
genegivesriseto the hereditary nonpolyposis
colorecta cancer (HNPCC) syndrome (Table
1.4).

4.2.1 Retinoblastoma. Retinoblastoma
(Rb)isachildhood disease. Thereare both he-
reditary and nonhereditary forms o the dis-
eaxe. Approximately 60% of patients develop
the nonhereditary form and present with uni-
lateral tumor development (one eye is af-
fected).About 40%00f Rb patientshaveagerm-
line mutation that predisposes them to the
disease. Of these patients, 80%af thecasesare
bilateral,15%areunilateral, and about 5%are
asymptomaticcarriersof themutation. Itisan
autosoma dominant trait and is caused by
mutationsin the Rb gene on chromosome 13.
Abnormalities of the Rb gene have also been
senin breast, lung, and bladder cancers.

Retinoblastomaariseswhen both of the Rb
dldesareinactivated. I n the inherited form,
one parental chromosome carries a defect
(most often a deletion) at the Rb locus. A sec-
ond somatic mutation must occur in retinal
cdisto causethelossaof the other (normal) Rb
dlele In sporadic cases, both of the parental
chromosomes are normal and both Rb alleles
aelost asaresult of individual somatic muta-
tions. Approximately one-half of all retino-
blastomacasesshow adel etion at the Rblocus.
The locusis very large, >150 kb, and there-

fore may be more susceptible to mutations be-
causeit issuch alargetarget.

Rb was the first human tumor suppressor
gene identified, and the loss of RB protein
function leadsto malignancy. The RB protein
islocalized in the nucleus where it is either
phosphorylated or unphosphorylated (Fig.
1.10). When unphosphorylated, RB binds to
the E2F transcription factor and prevents
transcriptional activation of E2F target genes.
This normally occursduring the M and early
G1 phases of the cell cycle. During late G1, S,
and G2 phases, RB is phosphorylated. When
phosphorylated, RB can no longer bind to
E2F. Thisrelease from inhibition alows E2F
to activate transcription of S-phase genesand
thecell cycleprogresses. Whenlossaof RBfunc-
tion occurs because of various mutations in
the Rb gene, the cdll cycde becomes deregu-
lated, and uncontrolled cell division results.
Thisisbecause RB can no longer bind to and
inhibit E2F. Therefore, the transcription fac-
tor can constitutively activateitstarget genes.
This ultimately leads to tumor development
(89).

4.2.2 p53. Thep53 tumor suppressor isac-
tivated in responsetoawidevariety of cellular
stresses including DNA damage, ribonucle-
otide depletion, redox modulation, hypoxia,
changesin cell adhesion, and the stressescre-
ated by activated oncogenes. The p53 protein
functions as atranscription factor that, when
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transcription factor. In this complex, E2F is prevented from activating transcription o its target
genes. Duringlate G1, Rbisphosphorylated by the cyclin D/Cdk4 complex and can no longer seques-
ter the E2F transcription factor. E2F then bindsto itstarget S-phase genes, promoting their tran-

scription and alowing the cdl cydeto progress.

activated, stimulates the expression of a vari-
ety of effectorsthat bringabout growth arrest,
promote DNA repair, and stimulate cell death
by apoptosis. Collectively these activities act
to maintain genomic stability. Elimination of
p53 function leadsto increased rates of muta-
tionand resistanceto apoptosis. Thus, p53 sits
at the crux of several biochemical pathways
that aredisrupted during tumorigenesis. Con-
sequently, mutationsin p53 are the most fre-
guent genetic change encountered in human
cancers.

p53 activity can be eliminated by at |east
three mechanisms. The most common event
that leads to a nonfunctioning protein is mu-
tation of the p53 gene, which occursin about
50% of all sporadic human tumors. As with
other tumor suppressors, mutations can occur
In somatictissues or can beinherited through
the germline. Inherited p53 mutations give
rise to the Li-Fraumeni syndrome in which
affected individuals develop bone or soft-tis-
sue sarcomasat an early age. | n addition, non-
mutational inactivation of p53 canoccurinthe
presence of viral transforming antigens. For

example, the simian virus 40 (SV40) large T
antigen binds with p53 and forms an inactive
complex, whereasthe papillomavirus E6 pro-
tein eliminates p53 by causing premature deg-
radation of the protein through the 26S pro-
teosome. Clearly, the interaction between
thesetransformingantigensand p53 iscritical
because viral antigens that are incapable o
doing so lose their transforming ability. The
third mechanism by which p53 activity can be
eliminated is by cytoplasmic sequestration.
p53 that isunableto enter the nucleuscannot
induce the exvression of downstream effector
genesthat are necessary for mounting the cel-
lular response to genotoxic stress.
Activationd p53 by ionizingradiation (IR)
and other DNA damaging agents involves a
complex set of interdependent post-transla-
tional modifications that control protein/
protein associations, protein turnover, and
subcellular localization. Under normal condi-
tions, levelsof p53 are kept minimal by ubig-
uitination and proteosome-mediated degrada-
tion that contributes to the short half-life
(3-20 min) of the protein. A key player in
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maintenanceof low p53 levelsismdm2. Mdm?2
performsthisfunction by interacting with p53
at its N-terminus and targets p53 for proteo-
some-mediated degradation. Exposure to IR
resultsin a series of, as yet incompletely un-
derstood, phosphorylation eventsin p53’s N-
terminus, which inhibits Mdm2 binding and
results in increased intracellular p53 levels.
Mdm2 and p53 function in a feedback loop
whereactivated p53 stimul atesthe expression
of Mdm2, whichin turn reducesthe duration
of up-regulated p53 activity. Overexpression
of Mdm2 suppresses p53 by preventing its ac-
cumulationin responseto DNA damage. Con-
sequently, Mdm2 can function as an onco-
genethat actsin much the same way asthe
papillomavirus E6 protein. I nfact, Mdm2is
overexpressed in some tumors such as
osteosarcomas.

The p53 protein can be divided into three
structural domains that are essentia for tu-
maor suppressor function. The N-terminus
consgsts of a transactivation domain that in-
teracts with various basal transcription fac-
torsand cellular and viral proteinsthat mod-
ify its function. The central domain contains
the sequence specific DNA binding activity.
Mog mutations in the p53 gene fall within
thisdomainthat disruptsthestructured this
region and eliminates DNA binding activity.
The importance of DNA binding is empha-
gzed by the fact that mutations accumulate
preferentialy in several amino acidsthat are
involved in directly contacting DNA. The C-
terminus has been assigned several activities
including non-specific DNA binding activity,
acting as a binding site for other p53 mole-
cules, and formation of p53 tetramers, and
functioningasa pseudosubstrate domain that
occludesthe central DNA binding domain.

Becausedf thefrequency with whichp53is
mutated in human tumors, much attention
has been directed at developing methods that
compensate for the loss of wild-type function
ar can reactivate wild-typep53 activity in mu-
tant proteins. For example, strategies aimed
a manipulating the conformation of mutant
proteins have led to the discovery that pep-
tidesthat bind the C-terminus can reactivate
wild-type function in some mutant proteins.
Strategies that take advantage of the vast
knowledge of virus biology and p53 function
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have lead to the construction of viral vectors
that can introduce a wild-typep53 into tumor
cells. One clever approach takes advantage of
the fact that adenoviruses with a defective
E1B 55K protein cannot replicate in normal
human cells. For adenoviruses to replicatein
cdlls, they must suppress p53 activity, which
functionstolimit the uncontrolled DNA repli-
cation that isrequired for production of virus
genomes. However, adenoviruseswith adefec-
tive E1B 55K genecan replicatein tumor cells
because they lack a functional p53. Thus,
these viruses kill tumor cells specificaly and
leave normal cellsuntouched (90).

4.2.3 Adenomatous Polyposis Coli. The tu-
mor suppressor gene, APC, is mutated in a-
most 90%af human colon cancers and 30% of
melanomaskin cancers. The inherited loss of
APC tumor suppressor function resultsin fa
milial adenomatous polyposis (FAP). FAP pa
tientsdevelop hundredsto thousandsaf colon
polyps by their second or third decade of life.
By age 40, one or two of these polyps usually
develops into a malignant carcinoma, and
thus, many of these patients choose to have a
colectomy to prevent carcinoma formation.
M utationsin APC occur inthemajority of spo-
radic colon cancers too.

APC mutation is an early event in colon
carcinogenesis,and istherefore, consideredto
betheinitiating event. Lossdf thistumor sup-
pressor generesultsin constitutive activity of
the oncogene, c-myc, through an intricate col-
lectiondof protein-proteininteractions. Briefly,
APC interactswith other cellular proteins, in-
cluding the oncogene p-catenin (Fig. 1.11).
Axin, an inhibitor of Wnt signaling, forms a
complex with glycogen synthase kinase 38
(GSK3p8), p-catenin, and APC and stimulates
the phosphorylation of g-catenin by GSK38,
thus causing down-regulation of gene expres-
sion mediated by pB-catenin/Tcf complexes
(91).Dissociation of the axin, GSK3p8, B-cate-
nin, and APC complex by Wnt family members
leads to stabilization of p-catenin and activa
tion of Tcf-mediatedtranscription. Deletion of
APC alleles, or mutations causing truncations
in APC that influence its interaction with
p-catenin, also leadsto stabilization of B-cate-
nin and activation of Tcf/lymphoid enhancing
factor (Lef)-dependent gene expression. At
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| east onemember of the Tef/Lef family of tran-
scriptional activators has been identified in
human colon mucosal tissues. Thismember is
termed hTcf-4. Several target genes for Tef/
Lef have been identified, including the c-myc
oncogene. Overexpression of wild-type APC
¢DNA in human colon tumor-derived HT29
cells, which lack a normal APC allele, causes
down-regulation of c-myc transcription. Up-
regulation of B-catenin in cellsexpressing nor-
mal APC alleles causes increased c-myc ex-
pression. Thus, wild-type APC serves to
suppressc-mycexpression. Either normal reg-
ulation by Wnt signaling, or mutation/dele-
tion of APC, activates c-myc expression. In
many colon cancers, the APC geneis not nec-
essarily mutated, but the mutation in the
pathway is found in B-catenin, which yields
the same constitutive signaling from the
pathway.

APC regulates the rates of proliferation
and apoptosis by severa different mecha
nisms. Wild-type APC is important for cy-
toskeletal integrity, cellular adhesion, and
Wnt signaling. APC playsa role in the G1/S
transition of the cell cycle by modulating ex-
pression levels of c-myc and cyclin D1. Wild-
type, full length APC is also important in
maintaining intestinal cell migration up the
crypt and inducing apoptosis.

4.2.4 Phosphatase and Tensin Homologue.
The phosphatase and tensin homologue
(PTEN) or mutated in multiple advanced can-
cers (MMAC) tumor suppressor genewasfirst
identifiedin the most aggressiveform of brain
cancer, glioblastomamultiform. PTEN asois
mutated in a significant fraction of endome-
trial carcinomas, prostate carcinomas, and
melanomas. PTEN’s primary functions as a
tumor suppressor gene are the induction of
cell cyclearrest and apoptosis(92). PTEN isa
dual-specificity phosphatase, meaning that it
can dephosphorylate proteins on serine, thre-
onine, and tyrosine residues. |t specifically de-
phosphorylates PtdIns-3,4,5-P3, antagonizing
the function of PI-3K. PTEN, therefore, acts
as a negative regulator of Akt activation. Be-
cause Akt can suppress apoptosis by the phos-
phorylation of the pro-apoptotic protein Bad,
PTEN can induce apoptosis of mutated or
stressed cellsto prevent tumor formation.
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| n addition to modul atingapoptosis, PTEN
playsarolein angiogenesis. PTEN suppresses
the PI-3K-mediated induction of blood vessel
growth factorslike VEGF. EGF and rasact to
induce genes regulated by the hypoxia-in-
duced factor (HIF-1), which is blocked by
PTEN activity. PTEN asoinhibitscell migra
tion and formation of foca adhesions when
overexpressed in glioblastomacdl lines, sug-
gesting that it helps to inhibit metastasis as
wdl (93).

PTEN aso inhibits signaling from thein-
sulin growth factor receptor (IGF-R).Insulin
receptor substrates-112 (IRS-1/2) are docking
proteins that are recruited by theinsulin re-
ceptor and in turn, recruit PI-3K for signal
transduction. The tumor suppressor function
of PTEN helpsto prevent aberrant signaling
wheninsulin bindsto itscdl surface receptor.

4.2.5 Transforming Growth Factor-8.
Transforming growth factor-g (TGF-B) is
growth stimulatory in endothelial cells but
growth inhibitory for epithelial cells, render-
ing it atumor suppressor gene in epithelial-
derived cancers. The TGF-g family of growth
factors binds to two unique receptors, TGF-8
type | and type II. Tumor cellslose their re-
sponse to the growth factor and mutationsin
the receptors also contribute to carcinogenesis.
Ligand binding to the TGF-8 receptors causes
intracellular signaling o other tumor suppres-
sor genes, the Smad proteins. Smads helptoini-
tiate TGF-B-mediated genetranscription.

TGF-81 normally inhibits growth of hu-
man coloniccells, but inthe processof becom-
Ingtumorigenic, these cellsobtai n adecreased
response to the growth inhibitory actions o
TGF-B8. TGF-B1 aso serves as an inhibitor o
immune surveillance (94). TGF-81 indirectly
suppressesthefunction of theimmunesystem
by inhibiting the production of TNF-a and by
inhibiting the expression of classII mgjor his
tocompatibility complex (MHC) molecules.
TGF-B1 also promotes tumor progression by
modulating processes necessary for metasta-
sis such as degradation of the extracellular
matrix, tumor cdl invasion and VEGF-medi-
ated angiogenesis.

The TGF-B receptor type II (TBRII) ismu-
tated in association with microsatel lite insta-
bility in most colorectal carcinomas (95). As
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Figure 1.11. The APC signaing
pathway. Inanormal cdl, APC formsa
complex with axin, GSK-38, and
p-catenin. This promotes proteosomal
degradationd B-catenin and prevents
transcription of B-catenin/Tcf4 target
genes. When APC is mutated, the
multi-protein complex cannot form
and p-cateninisnot degraded. I nstead,
B-catenin is translocated to the nu-
cleuswhereit bindswith Tcf4 to acti-
vate transcription o various target
genes. Some o the known target
genes, like ccmyc and cyclin D1, play
important rolesin cdll proliferation.
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many as 25% of colon cancers have missense
mutationsin thekinase domain of thisrecep-
tor. Amissensemutationinthekinase domain
of the TBRI has also been identified in meta
static breast cancer. It wasasofound that the
expression of the TGF-B2 receptor is sup-
pressed in metastatic oral squamous cell car-
cinomas compared with the primary tumor.

4,2,6 Heritable Cancer Syndromes. There
areseveral knowninheritable DNA repair-de-
ficiency diseases. Four o these are autosomal
recessivediseasesand include X erodermapig-
mentosum (XP), ataxia telangiectasia (AT),
Fanconi's anemia (FA), and Bloom's syn-
drome (BS). XP patients are very sensitive to
UV light and haveincreased predispositionto
skin cancer (approximately 1000-fold) (96).
AT patients exhibit a high incidence of lym-
phomas, and theincidenceaf lymphomadevel-
opment is aso increased for both FA and BS
patients.

HNPCC arisesdue to adefect in mismatch
repair (MMR). Theincidencedf HNPCCisof-
ten quoted as 1-10% of all colorectal cancers
(97).1t isan autosomal dominant disease and
resultsin early onset of colorectal adenocarci-
noma. Many o these tumorsdemonstrate mi-
crosatellite instability and are termed replica
tion error positive (RER+). Endometrial and
ovarian cancersarethe second and third most
common cancersin familieswith the HNPCC
gene defect.

The most common mutations in HNPCC
arein the mismatch repair genes, MSH2 and
MLH1 (>80%) (98). The mismatch repair sys-
tem normally correctserrorsof 1-5 basepairs
madeduringreplication. Therefore, defectsin
this system result in many errors and create
microsatellite instability. A suggested model
for HNPCC development starts with a muta-
tion in the MMR genes followed by another
mutation in a gene such as APC. These two
events lead to cellular hyperproliferation.
Next, a mutation occursleading to the inacti-
vation of thewild-typealleledof the MMR gene.
Because of this MMR defect, mutations in
other genes involved in tumor progression,
such as deleted in colon cancer (DCC), p53,
and K-ras, occur.

A variety of genes are responsible for the
different inherited forms of Gl cancers. For
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example, individualswith FAP, bearing germ-
line mutations/deletions in the APC tumor
suppressor gene, account for only asmall frac-
tion of colon cancers in the United States
(<1%). However, the mgority of sporadic co-
lon adenomas have al so been found to contain
singleallelealterationsin APC and exhibit al-
tered signaling of p-catenin, a protein nega
tively regulated by APC. Altered B-catenin Sig-
naling isinferred from immunohistochemical
studiesdemonstratingthat g-catenin i Strans-
located to the nucleus in the majority of epi-
thelial cellsin adenomas, whereas 8-catenin is
generally seen associated with the cell mem-
brane in normal colonic epithelia. These data
suggest that the process of adenoma develop-
ment selectsfor alterationsin APC.

5 INTERVENTIONS

5.1 Prevention Strategies

Numerousinvestigatorsaretakingadvantage
of our current knowledge of the mechanisms
of carcinogenesisin human epithelial tissues
to develop strategies for disrupting this pro-
cess and thereby preventing cancer. As dis
cussed earlier in this chapter, carcinogenesis
proceeds by a multistep process, in which nor-
mal epithelial tissuesacquire aberrant growth
properties. These neoplastic cells progress to
become invasive cancer. Historically, cancer
therapy has addressed only the last phase o
this process. Prevention strategies are now fo-
cusing on pre-invasive, yet neoplasticlesons.
Prevention strategies generaly influence
oneor more o five processesin carcinogenesis
(99). Onestrategy hasbeentoinhibit carcino-
gen-induced initiation events, which lead to
DNA damage. An important caveat to this
strategy is that the intervention must be
present at the time of carcinogen exposureto
be effective. Once irreversible DNA damage
has occurred, this type of strategy isineffec-
tivein preventing cancer development.
Another strategy has been to inhibit initi-
ated cell proliferation associated with the pro-
motion stage of carcinogenesis. An advantage
to this type o strategy is that interventions
affecting promotion are effectiveafter initiat-
ing events have occurred. Because humans
areexposedto carcinogenicagents(e.g., chem-
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icas in tobacco smoke, automobile exhaust)
throughout their lifetimes, cancer preventive
agentsthat work after initiating events have
occurred are desirable. Two strategies of de-
creasing cdl proliferation are induction of
apoptosis, or cell death, and differentiation,
which may or may not be associated with apo-
ptosis. Induction of either differentiation or
apoptosis will stabilize or decrease, respec-
tively, overall cell number in atissue.

A final strategy for preventing cancer isto
inhibit development of theinvasive phenotype
In benign, or non-invasive, precancersthat oc-
cur during the process of epithelial carcino-
genesis.

Investigators are beginning to address the
posshility that the efficacy of cancer preven-
tion strategies may depend on both genetic
and environmental risk factors affecting spe-
dfic individuals. Mutationsldeletion of the
APC tumor suppressor gene, discussedearlier,
causesintestinal tumor formation in both ro-
dentsand humans. Increasinglevelsaof dietary
fat increases intestinal tumor number in ro-
dent models (100). However, mice with a de-
fective APC gene develop tumors even on low-
fat diets. Thus, dietary modifications may
reduce carcinogenesisin individuals without,
but may beineffectiveinindividualswith, cer-
tain genetic risk factors for specific cancers.
Recently, several large randomized studies
conducted in the United States have failed to
detect any protective effect of dietary fiber in-
crease or dietary fat decrease on colon polyp
recurrence (101).

52 Targets

Targetsfor cancer prevention strategies can
ke either biochemical species produced by the
action of a physical or chemical carcinogen or
an enzyme/protein aberrantly expressed as a
consequence of a genetic or environmental
risk factor (thelatter would include exposure
to environmental carcinogens). I n developing
mechanism-based prevention or treatment
strategiesbased on specific' targets," itiscru-
dd toestablishthat the"target" ispresentin
the target tissue (or cells influencing target
tissue behaviors), causatively involved in the
disease processin question and modulated by
theintervention.

33

5.2.1 Biochemical Targets. One exampleof
a biochemical target produced by carcinogens
IS reactive oxygen species (ROS). lonizing ra-
diation isacomplete carcinogenand produces
much of its DNA damage through ROS (102).
Several strategies for preventing ROS-in-
duced cell damage have been developed. The
aminothiol, amifostine, inhibits radiation-in-
duced DNA damage to alarge degree by scav-
engingfreeradicals produced by ionizingradi-
ation. Amifostine and its derivatives suppress
ionizing radiation-induced transformation
and carcinogenesis. Antioxidants, including
protein and non-protein sulfhydrals and cer-
tai nvitamins, areeffectivemodulatorsof ROS
produced by physical and chemical carcino-
gens (103). Antioxidants areeffectiveininhib-
iting carcinogenesis in some experimental
models, but their rolesin human cancer pre-
vention remainsunclear. At least some agents
with antioxidant activity may increase carci-
nogenesisin some tissues. Heavy smokers re-
ceiving combinations of beta-carotene and vi-
tamin A had excesslung cancer incidenceand
mortality, compared with control groups not
recalvingthisintervention (104).

Other examples dof biochemical targetsare
thedihydroxy bileacids, which aretumor pro-
motersaf colon cancer (105).Both geneticand
dietary factorsare known to influenceintesti-
nal luminal levels of these steroid-like mole-
cules. whose levels are associated with colon
cancer risk. Calcium reduces intestinal lumi-
nal bile acid levelsby several possible mecha
nisms, and dietary calciumsupplementationis
associated with a small (~25%), but statisti-
cally significant, reduction in colon polyp re-
currence (106). This result requires cautious
evaluation, however, as similar levels of cal-
cium supplementation have been associated
with increased risk of prostate cancer (107).
Thisexample and the result of the beta-caro-
tene study mentioned above underscore the
tissue-specific differences in carcinogenesis
and the difficulties of applying common di-
etary components (e.g., calcium, antioxidants)
In cancer prevention strategiesin humans.

5.2.2 Cyclooxygenase-2 and Cancer. Cy-
clooxygenase (COX) enzymes catalyze prosta-
glandins from arachidonic acid. Prostaglan-
dins play a role in biologica processes
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including blood clotting, ovulation, bone me-
tabolism, nerve growth and devel opment, and
iImmune responses (108). There are two COX
isoforms, COX-1and COX-2. COX-1isconsti-
tutively expressed in most cell types and is
necessary for homeostasis of colonic epithe-
lium and platelet aggregation. COX-2, on the
other hand, isinducibleby avariety of stimuli
including growth factors, stress conditions,
and cytokines (Fig. 1.12).

Severa studies have implicated COX-2 in
carcinogenesis. COX-2 protein levels, and
therefore, prostaglandin production, are up-
regul ated in many tumor types, including pan-
creatic, gastric, breast, skin, and colon can-
cers. Several lines of evidence suggest that
overexpression d COX-2 plays an important
rolein colonic polypformation and cancer pro-
gression. COX-2 modulates metastatic poten-
tial by inducing MMPs, which can be directly
inhibited by COX-2 inhibitors. In addition,
cells overexpressing COX-2 secrete increased
levels of angiogenic factors like VEGF and
bFGF. COX-2 not only aids in invasion but
alsoinhibits apoptosisby up-regulating Bcl-2.

'COX-2 hascomeunder intensive study asa
target for colon cancer prevention. Multiple
studies have illustrated that COX-2 selective
inhibitors suppress tumorigenesis in multiple
intestinal neoplasia(Min) mice. COX-2 inhib-
itors also inhibit tumor cell growth in immu-
nocompromised mice (109). The same phe

nomena has been illustrated in human
chemoprevention trials. Recent studies have
linked prolonged use of nonsteroidal anti-in-
flammatory drugs (NSAIDs)to decreased co-
lon cancer risk and mortality. NSAIDsinhibit
the cyclooxygenase enzymes, and new COX-2
selective agents are gaining popularity in the
treatment of inflammation. NSAIDs that in-
hibit both COX-1and COX-2 have been asso-
ciated with reduced cancer risk in several
large epidemiology studies. Whether inhibi-
tion of COX-1 and/or COX-2 is the optimal
strategy for reducing risksaof certaincancersis
unknown.

Because COX-2 isinduced in certain neo-
plastic tissues, the molecular regulation of its
expression isbeing studied in a variety of ex-
perimental models. Human and rodent cdll
lines expressing various levels o COX-2 are
being studied for genetic modifications that
lead to the dysregulation of COX-2. COX-2
regulation occurs both transcriptionally and
translationally, and thisregulation differsde-
pending on the speciesstudied and the muta-
tional statusadf the cell lines.

Signaling pathways leading to modulation
of COX-2 expression are also being investi-
gated. Both oncogenes and tumor suppressor
genes have been shown to modulate COX-2in
cell model systems. Theactivationd theH-ras
and K-ras oncogenes leads to induction of
COX-2 expression in colon cancer cells. This
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induction is mediated by the stabilization o
COX-2 mRNA. Wild-type, full-length APC
suppresses COX-2 expression, suggesting that
normal activity of thistumor suppressor gene
may prevent cancer by inhibiting expression
d cancer-promoting genes like COX-2. APC
down-regulatesCOX-2 protein without affect-
ing COX-2 mRNA levels. Thus, both ras and
APC regulate COX-2 expression by post-tran-
scriptional mechanisms. TGF-B1 is another
tumor suppressor genethat influencesexpres-
gon of COX-2. TGF-B1-mediated transforma-
tion o rodent intestinal epithelial cellscauses
a significant induction of COX-2 protein ex-
presson. TGF-B1 synergistically enhances
ras-induced COX-2 expression by stabilizing
COX-2 mRNA. COX-2 expressionisasoinflu-
enced by the PI-3K pathway. Pharmacol ogical
inhibition of PI-3K or downstream PKB/Akt,
aswell asdominant-negative formsof Akt dra-
matically reduce COX-2 protein levels.

5.2.3 Other Targets. Technologiessuch as
DNA microarrays are identifying genes that
are aberrantly up-regulated in human intra-
epithelial neoplasia (IEN). As discussed ear-
lier, ODC, thefirst enzymein polyaminesyn-
thesis, isup-regulatedinavariety of IEN asa
consequenceaf specificgeneticalterations. Di-
fluoromethylornithine (DFMO), an enzyme
activated irreversible inhibitor of ODC, is a
potent suppressor of several experimental
modds o epithelial carcinogenesisand is be-
ing evaluatedin human cancer prevention tri-
ds (110). Pathways signaling cell behaviors
are adso activated in specific cancers. A num-
ber d agents, including NSAIDs and compo-
nents o green and black teas, have been
showntoinhibit certain signaling pathwaysin
cell-typeand tissue-specific manners.

53 Therapy

5.3.1 Importance of Studying Gene Expres-
sion. Cancer, among other diseases, iscaused
by the deregulation of gene expression. Some
genesare overexpressed, producing abundant
suppliesd their gene products, whereas other
crucia genes are suppressed or even deleted.
Theexpressionlevelsaof genesassociated with
cancer influence processes such as cdl prolif-
eration, apoptosis, and invasion. Genes in-
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volved in growth, for example, are often over-
expressed in tumor tissues compared with
normal adjacent tissue from the same organ.
It isimperative to elucidate which genes are
overexpressed or down-regulated in tumors
because these genes represent critical thera
peutic targets.

Researchers today generaly concentrate
on afew particular genesand study their reg-
ulation, expression, and downstream signal-
ing using conventional molecular biology
tools. With the onslaught of new genomedata,
and the development of the GeneChip, scien-
tistsare now ableto study the expression lev-
els of numerous genes simultaneously. The
ability to analyze global profiles of gene ex-
pression in normal tissue compared with
tumor tissue can help reveal how geneexpres-
sion affectsthe overall process of carcinogen-
esis.

5.3.2 cDNA Microarray Technology.
cDNA microarray technology is based on the
simple concept of DNA base pairing. cDNA
from tumor samples hybridize with the com-
plementary DNA sequences on the chip. The
DNA sequences are the target genesthat will
be studied for expression levelsin particular
tissues. These sequences, or probes, can bein
the form of known oligos, DNA encoding $he
full-length gene, open reading frames (ORFs),
or sometimes even the entire genome o an
organism like Saccharomyces cerevisiae.
Genes can be chosen by their proximity to
each other on a chromosome or their similar
functions. cDNA probesarethen spotted onto
aglassdlideor computer chip (GeneChip), us-
ingavariety of different robotictechniques. A
typical microarray slide will contain approxi-
mately 5000 genes.

cDNA microarray is particularly useful to
the fidd of cancer biology because it allows
scientiststo study changesin gene expression
caused when anormal tissuebecomesneoplas
tic. In addition, normal tissue can be com-
pared with preneoplastic lesions as wdl as
metastatic cancer, to fully examinetheentire
tumorigenic process. The mRNA is extracted
from cell lines or tissue and is reverse tran-
scribed into the more stable form of cDNA.
The cDNA isthen labeled with reporters con-
taining two colored dyes, rhodamine red, Cy3,
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Figure 1.13. Comparison of cDNA microarray and SAGE technologies. At left isa diagram of the
microarray assay for gene expression; the SAGE techniqueisillustrated at right. Here, the proce-
dures assess how gene expression differs in lymphocytes from a healthy person and those from a
person fighting off an infection. Reprinted with permission from K. Sutliff, Science, 270,368 (1995).
American Association for the Advancement of Science.

and fluorescien green, Cy5. The cDNA isthen
hybridized to the DNA on the microarray
dide. The slides are exposed to a laser beam,
causing the dyes to give off their respective
emissionsand therelative expressionlevelsof
that gene are read and processed.

A similar technique to cDNA microarray
that alowsfor multigene expression analysis
Is serial analysis of gene expression (SAGE)
(Fig. 1.13). SAGE is based on the principle
that a 9-10 nucleotide sequence contains suf-
ficient information to identify a gene. These
short nucleotide sequences are amplified by
polymerase chain reaction (PCR) and then

30-50 of these SAGE "tags" are linked to-
gether as a single DNA molecule. These long
DNA molecules are sequenced and the num-
ber of timesthat asingle"tag" appearscorre-
lates to that gene's expression level. Proof o
concept for thistechniquewasillustratedin a
study of gene expression in pancreatic cells.
The most abundant "tags" found were those
that encoded highly expressed pancreatic en-
zymes like trypsinogen 2. cDNA microarray
methodology has also been validated by stud-
iesshowingthat expressiondatafor tumor cell
linesgrownin tissue culture conditionscan be
classified accordingto their tissue of origin.
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5.3.3 Discoveries from cDNA Microarray
Data. The contribution of microarray tech-
naogy is influential in both the basic under-
standingaof cancer pathology aswdl asindrug
discovery and development. These studiesre-
ved genesthat may proveto beimportant di-
agnostic or prognostic markers of disease.
They aso can be used to predict adverse reac-
tionsto chemotherapies if mRNA from drug-
treated cellsis hybridized to panels of genes
related to liver toxicity or the immune re
goonse,

Microarray technology also corroborates
many invitro cell studiesthat arecriticizedfor
ignoringthe important role of other cell types
inthetumor microenvironment. Thistechnol-
oy can aid in distinguishing between cdll
type-specific or tumor-specific gene expres
don. For example, SAGE analysis of colon tu-
morsand colon cancer cdll linesshowed 72%of
the transcripts expressed at reduced levelsin
colon tumors were also expressed at reduced
levdsinthecell lines. Oneinterestingfinding
from this study was that two commonly mu-
tated oncogenes, c-fos and c-erbB3, were
found to be expressed at higher levelsin nor-
md colonic epithelium thanin colonictumors;
this contradicts reports that these oncogenes
are up-regulated in transformed cells com-
pared with normal cels. Again, microarray
anaysisis helping to merge cell biology stud-
Ieswith whole tumor biology.

Activation of the c-myc oncogeneisa com-
mon geneticalteration occurring in many can-
cers. A cDNA microarray study found that c-
myc activation leads to down-regulation of
genes encoding extracel lular matrix proteins,
and thus, may play a role in regulating cdll
adhesion and structure. C-myc has aso been
associated with cell proliferation, which was
illustrated by up-regulation of the genes
elF-5A and ODC. Another study of colon tu-
morsrevealedthat only 1.8%of the 6000 tran-
scripts studied were differentially expressed
in normal tissues and tumors (111). Studies
such as these suggest the critical importance
d these differentially regulated genesin the
cancer phenotype.

In addition to oncogene activation, the ef-
fectsd tumor suppressor genes have been in-
vestigated through microarray technology.
Ovea 30 nove transcripts were identified as
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regulated by p53 induction (112). Such agreat
number of genessimultaneously linked to p53
expression would not have been possiblewith-
out SAGE technology. However, only 8% of
these new geneswereinduced in normal cells
compared with p53 knockout cells, suggesting
that most of these p53-dependent genes are
also dependent on other transcription factors.
This is just one example of how microarray
technology may be ableto look at crosstalk in
signaling pathways.

5.3.4 Limitations of Microarray Technolo-
gies. Although cDNA microarray and SAGE
technologies are quicklyidentifying new genes
involved in tumorigenesis, there are signifi-
cant limitations to these strategies. First, the
expression pattern of a geneonly providesin-
direct information about its function; a new
gene may be classified as necessary for a cer-
tain biological process, but its exact role in
that process cannot be determined. Second,
mRNA levelsdo not alwayscorrelatewith pro-
tein levels, and even protein expression may
not translateinto aphysiological effect. Third,
the up-regulation or suppression of a gene
may be either the cause or the effect of adis-
ease state and microarray technol ogy doesnot
distinguish between the two possibilities.

Both cDNA microarray and SAGE analyses
require verification of changesin geneexpres
sion by Northern blots. Modest changes in
gene expression are often overlooked when
dataisreported intermsaof fourfold or greater
changes. Because the ability to detect differ-
ences in gene expression is dependent on the
magnitude of variance, a small induction or
suppression of a gene may be discarded asin-
consequential when it may actually becritical
for downstream signaling of other genes.

54 Modifying Cell Adhesion

5.4.1 MMP Inhibitors. Several MMPinhib-
itors are currently being devel oped for cancer
treatment. If MM Psdo play anintegral rolein
malignant progression, then pharmacological
inhibition of MMPs could inhibit tumor inva-
siveness. The inhibition of MMP function is
currently the focus of most antimetastatic ef-
forts. MMP inhibitors fall into three catego-
ries. (1) collagen peptidomimetics and non-
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peptidomimetics, (2) tetracycline derivatives,
and (3)bisphosphonates. The peptidomimetic
MMPinhibitors have astructure that mimics
that of collagen at the site where the MMP
binds to it. Batimastat, a peptidomimeticin-
hibitor, wasthefirst MMPinhibitor to beeval-
uated in cancer patientsandisnot orally avail-
able. Matimastat is orally available and is
currently in phase II and III clinica trials
(113).When bound to the MMP, these inhibi-
torschelate the zincatom in the enzyme's ac-
tive site. There are several nonpeptidomi-
metic inhibitors that are aso in various
phases of clinical trials. These are more spe-
cficthantheir peptidiccounterparts and have
exhibited antitumor activity in preclinica
studies (113).

Tetracycline derivatives inhibit both the
activity of the MMPs and their production.
They can inhibit MMP-1, -3, and -13 (thecol-
|lagenases) and MMP-2and -9 (thegel atinases)
by several different mechanisms. These mech-
anisms include (Z) blocking MMP activity by
chelation of zinc at the enzyme activesite, (2)
inhibiting the proteolyticactivation o the pro-
MMP, (3) decreasing the expression of the
MMPs, and (4) preventing proteolytic and ox-
Idative degradation of the MMPs.

The mechanism of action of the bisphos-
phonates has not been elucidated, but they
have been used extensively for disordersin
calcium homeostasis and recently in breast
cancer and multiple myelomapatientsto pre-
vent bone metastases (114). Clodronate, a
bi sphosphonate, inhibited expression of MT1-
MMP RNA and protein in afibrosarcomacell
line and effectively reduced the invasion o
melanomaand fibrosarcomacell linesthrough
artificial basement membranes (115).

5.4.2 Anticoagulants. One theory sur-
rounding the invasion process is that blood-
clottingcomponents may play arolein metas-
tasis by either trapping the tumor cells in
capillariesor by facilitatingtheir adherenceto
capillary walls. Large numbersof tumor cells
are released into the bloodstream during
the metastatic process, and they must be able
to survive the wide range of host defense
mechanisms. Tumor cellshave been shownto
interact with platelets, lymphocytes, and leu-
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kocytes, and this may serveto promote metas-
tasis. Studies have been done that inhibit tu-
mor cell-platelet interactions, and these have
resulted i n adecreased probability of metasta-
ssformation. It has also been shown that fi-
brinisalwayslocatedinand around cancerous
lesions, which may indicate that the cellsuse
the fibrin structure as a support on which to
attach themselvesand grow. It may also serve
as protection against host inflammatory cells
so that the tumor is not destroyed.

Treating hepatic metastases of a human
pancreaticcancer in anude (lackingathymus)
mouse with prostacyclin, a potent inhibitor o
platel et aggregation, led to asignificant reduc-
tion in the mean surface areadf theliver cov-
ered with tumor compared with the untreated
control group (116). Many other groups have
reported a reduction in metastatic potential
with treatment of prostacyclin and prostacy-
clin-analogues, such asiloprost and cicaprost.
There are currently over 50 different clinical
trials in varying phases underway to deter-
mine the efficacy o these anticoagulant ther-
apies. Most of thesetrials are in combination
with other conventional anti-cancer regimens.
So far, the experimental evidence indicates
that anticoagulants or inhibitors of platelet
aggregation are useful in the prevention o
metastases.

5.4.3 Inhibitors of Angiogenesis. Thegrowth
and expansion of tumors and their metastases
are dependent on angiogenesis, or new blood
vessel formation. Angiogenesisisregulated by
a complex of stimulators and inhibitors (Fig.
1.14). The balance between the positive and
negative regulators of angiogenesisinside a
tumor environment isimportant for the ho-
meostasisof microvessels. Tumor cellscan se-
crete proangiogenic paracrine factors, which
stimulate endothelial cellsto form new blood
vessels. The use of angiogenesis inhibitors
may be a potential modedf therapy and isstill
in early clinical trials. This type o therapy
would be a way o controlling the disease
rather than eliminating it. Whereas toxicity
may not be a major problem, adverse effects
may be expected in fertility and wound heal-

ing.
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5.5 Prospects for Gene Therapy of Cancer

Geretherapy isthe transfer of genetic mate-
rial into cells for therapeutic purpose. Gene
transfer technology hasbecomeavailableafter
extendve study of molecular mechanisms of
many diseases and improvement of tech-
niques for manipulating genetic materialsin
thelaboratory. Conceptsfor genetictherapy of
cancer were developed based on knowledge
that neoplasia is a molecular disorder result-
ing from loss of expression of recessive tumor
suppressor genes and activation of dominant
oncogenes.

Cancer genetherapy isaimed at correcting
genetic mutationsfound in malignant cellsor
delivering biologically active material against
cancer cells. One approach used in gene ther-
gy d cancer is gene replacement/correction
to restore the function of a defective homolo-
gous gene or to down-regulate oncogenic ex-
presson in somatic cells. Another approach is
immune modulation by introduction of thera-
peuticgenes, such ascytokines, intothetarget
cdlstotreat cancer by stimulatinganimmune
response against the tumor. Molecular ther-
gy by activating prodrugs (e.g., ganciclovir,
5fluorocytosine) within tumor cells and sui-
dde gene therapy approaches have already
been successful in early clinical trials. The
high performance of these approaches fully
dependson the efficacy and specificity of ther-
apeutic gene expressing and delivery systems.

5.5.1 Cene Delivery Systems. The exoge-
nous genetic material (thetransgene) is usu-
dly introduced into tumor cellsby a vector. A
vector, or plasmid, isacircular DNA sequence

Inhibition d angiogeness
and vascular quiescence

angiogenesisis precsdly regulated. How
ever, under pathophysologicd condi-
tions, normd angiogenesis 1S disturbed
because of the continued production of
stimulators.

that is designed to replicate inserted foreign
DNA for the purpose of producing more pro-
tein product. Plasmids designed for genether-
apy applications usually contain the gene o
Interest and regulatory elementsthat enhance
the gene's expression. The idea vector for
gene therapy is one that would be safe, have
high transfection efficiency, and beeasy to ma
nipulate and produce in large quantities. It
would be efficient at delivering genetic mate-
rial and selectively transducing cellswithin a
tumor mass. The vector would be immuno-
genicfor the recipient and would express the
genein aregulated fashion and at high levels
aslongasrequired.

There are two main approachesfor thein-
sertion of gene expressing systems into cells.
I n the ex vivo technique, cellsaffected by the
disease are transfected with a therapeutic
genein vitro for the expression d exogenous
genetic material. After viral propagation, rep-
lication is rendered incompetent and these
cellscan betransplanted intotherecipient. In
thein vivo technique, vectorsare inserted di-
rectly into target tissue by systemicinjections
of the gene expressing system.

The simplest delivery system is a plasmid
by itself, or so-called naked DNA. Direct injec-
tions of DNA have been successfully used to
transfect tissues with low levels of nuclease
activity in muscletissue (117), liver (118), and
experimental melanoma(119).Systemicinjec-
tion of naked DNA is, in general, much less
efficient because serum nucleases degrade
plasmid DNA in the blood within minutes
(120).
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Figurel.15. Virusparticleshind to specificreceptorson thesurfaced target cells. Thesevectorsare
internalized and their genomeentersthecdls. In the case d retroviruses, the single-stranded RNA

genomeis converted i nto double-stranded DNA by the reverse transcri ptase enzyme encoded by the
virus. Thedouble-stranded DNA istaken up by the nucleusand integrated within the host genomeas
aprovirus. Theintegrationisrandomfor retroviruses. Lentiviruseshaveasimilar life cyde. Adeno-

virus bindsto specific receptorson the surfacedf susceptiblecellsand are then absorbed and inter-

nalized by receptor-mediated endocytoss. Theviral genomeentersthe cytoplasmd thecell and the
double-stranded DNA genomeistaken up by the nucleus. Vacciniavirusreplicatesin the cytoplasm

of cells. DNA delivered by lipoplex and other nonviral systems enters cdlls through electrostatic
interactions (endocytosi s, phagocytos's, pinocytosis, and direct fusion with cdl membrane). DNA is.
released before entry into the nucleus, whereit stays as an episome.

To protect DNA on systemic application, it
isusually complexed with virusesor with cat-
ionic lipids, polymers, or peptides. The result-
Ing complex protectsthe DNA from theattack
of nucleases and potentially improves trans-
fection efficiency and specificity on multiple
levelsthrough interaction of DNA complexes
with the various biological barriers.

The choice of viral or non-viral (Synthetic)
delivery strategy depends on localization and
type of affected tissue, as wdl ason therapeu-
tic approach. Viral vectors use the ability of
viruses to overcome the cellular barriers and
introduce genetic material either through the
integration o the vector into the host genome
(retroviruses, lentiviruses, adeno-associated vi-
ruses) or by episoma ddivery (adenoviruses)
followed by stable gene expression (Fig. 1.15).

5.5.1.1 Viral Vecfors. Retroviral vectors
have been used for ex vive gene delivery and
arethemost useful vectorsfor stably integrat-
ingforeign DNA intotarget cells. Retroviruses
areenveloped virusesthat contain 7- to 12-kb
RNA genomes. After thevirusentersthe cells
through specific cell surface receptors, its ge-
nome is reverse transcribed into double-
stranded DNA and subsequently integrated
intothehost chromosomeintheform o apro-
virus. The provirus replicates along with the
host chromosome and is transmitted to al o
the host cell progeny. Because the retrovirus
genomeisrelatively small and well character-
ized, it was possible to engineer a vector en-
codingonly the transgene without replication
competent viruses (RCV) or virus structural
genes.
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The most widely used retrovirus vectors
are based on murineleukemiaviruses (MLV).
Thelack of specificity of these vectorsisama
jor obstaclefor appropriate and controlled ex-
pression of foreign genes. Retrovirusesare not
efficient for direct in vivo injection because o
inactivation by thehost immune system (121).
Tocircumventthis, cis-acting viral sequences,
suchaslongterminal repeats(LTRs), transfer
RNA (tRNA) primer bindingsites, and polypu-
rine tracts, have been used for developing
packagingsystemsaf retrovirusvectors. Many
recombinant retrovirus vectors are designed
to express two genes, one of which is often a
selectable marker. New strategiesfor expres-
son, such as splicing, transcription from het-
erologous promoters, and transl ation directed
by an internal ribosome entry signal (IRES),
have been used for expression of the second
gene. Attempts have also been made to
achieve efficient gene delivery by targeting
retroviral integration through modifying pro-
telin sequences in the vira envelope (122).
These modificationsinclude various targeting
ligands, particularly ligands for the human
EGFR, erythropoetin receptor, and single
chan antibody fragments against the low-
density lipoprotein (LDL) receptor.

Examples of lentiviruses are the human
immunodeficiency virus (HIV-1), the equine
infectiousanemiavirus, and thefeline immu-
nodeficiency virus (123). Although lentivi-
ruses also have an RNA genome, their advan-
tage compared with other retroviruses isthe
ability toinfect and stably integrate into non-
dividing cells. To create a safe gene transfer
vector based on the HIV-1 genome, the ge
nomewasaltered and mutated to producerep-
lication-defective particles. Several studies,
bothin vitro and in vivo, have shown success-
ful gene transfer, including transduction of
non-dividing hematopoetic cells at high effi-
ciencies (up to 90%) and stable gene expres-
don in several target tissues of interest such
as liver (8 weeks) and muscle and brain (6
months) with no detectable immune response
(124). At the same time, the safety concern
still remains for in vivo applications of this
vector.

Vacciniavirusisa member of the Poxviri-
dae family, which possesses a complex DNA
genomeencodingmorethan 200 proteins. The
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advantages of using vacciniaviruses for gene
transfer include their ability to accommodate
large or multiple gene inserts, to infect cells
during different stages of the cell cycle, and
their unique feature to replicate in the cyto-
plasm. Recombinant vaccinia vectors can be
constructed using homol ogous recombination
after transfection of vaccinia virus-infected
cellswith plasmid DNA constructs. This vec
tor has been used in clinical trials to deliver
genes encoding tumor antigens such as mela
noma antigen (MAGE-1), carcinoembryonic
antigen (CEA), prostate-specific antigen
(PSA), interleukins (e.g., IL-18, IL-12), and
costimulatory molecule B7 (125).

In recent years, there has been agreat in-
terest inthe use of adenoviral vectorsfor can-
cer gene therapy. The main reasons for this
aretheeasein construction of adenovirusesin
thelaboratory and their ability togrowto high
titers, infect a variety of cdl types, and pro-
duce the heterologous protein of interest in
dividing and non-dividing cells. Adenoviruses
are also characterized by efficient receptor-
mediated endocytosis, mediated by its fiber
protein, and on infection of cancer cells, they
exhibit high levels of transgene expression
(126). They often are used to transfer genesdf
large sizesbecause df their high packagingca
pacity (upto 36 kb). Adenoviral vectorsdo pot
integrate into the host chromosomes, and
therefore, they are degraded by the host. This
resultsinashort-term expressionof thetrans-
duced gene, which, neverthel ess, could be suf-
ficient to achieve the cancer genetherapy effi-
cacy. Adenovirusesare widdely used for direct
In vivo injections. Adenovirusesare DNA-con-
taining, non-enveloped viruses.

Thetwo most commonly used adenoviruses
for recombinant vectors are Ad2 and Ad5,
mainly becausetheir genomes have been best
characterized and because these viruses have
never been shown to induce tumors. Adenovi-
ruses, like other viral vectors, lack cell and
tissue specificity. To improve targeted gene
delivery, attempts have been made to couple
ligands or antibodies to the adenovirus capsid
proteins (127). Specificity of the transgene ex-
pression also can beintroduced by usingtissue
gpecific antigens, such as CEA for the treat-
ment of pancreatic and colon cancers, mucin
(MUC-1) promotersfor breast cancer cells, al-
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Table15 Cdl-TypeSpecific Promotersfor Targeted Gene Expresson

Promoter

Target Cell/Tissue

Therapeutic Gene

PEPCK promoter

Hepatocytes

Neomycin phosphotransferase,
Growth hormone

AFP promoter Hepatocellular carcinoma HSV-tk, VZV-tk

MMTV-LTR Mammary carcinoma TNFa

WAP promoter Mammary carcinoma Recombinant protein C

B-casein Mammary carcinoma I n devel opment

CEA promoter Colon and lung carcinoma HSV-tk, CD

SL Pl promoter Carcinomas HSV-tk, CD

Tyrosinase promoter Melanomas HSV-tk, IL-2

c-erbB2 promoter Breast, pancreatic, gastric CD, HSV-tk
carcinomas

Myc-max-responsive element Lung HSV-tk

Thergpy-Inducible Tissues

Egr-1 promoter Irradiated tumors TNF«

Grp78 promoter Anoxic, acidic tumor tissue Neomycin phosphotransferase

MDR1 promoter Chemotherapy-treated tumors TNF o

HSP70

Hyperthermy-treated tumors

IL-2

pha-fetoprotein promoters for hepatocellular
carcinoma, and the tyrosinase promoter for
melanoma (126).I n vivo administration of ad-
enoviral vector has been extensively used in
preclinical and clinical cancer therapy (128).

There are many regulatory elements con-
trolling cdl type—specific gene expression and
inducible sequences within promoters that
have been usedin constructiondf viral vectors
for cancer therapy. Vector systems that in-
clude cdll type-specific promotersor elements
responding to regulatory signals represent a
way for asafe, selective, and controlledexpres-
sion o therapeutic genes that could increase
efficacy and stability of geneexpression (Table
1.5).

Vectors based on adenoassociated viruses
(AAV) aso have been successfully used to
transfer genes. AAV is a small, single-
stranded DNA virusthat requiresa helper vi-
rusfor infection, usually an adenovirusor her-
pesvirus. AAV vectors can be used for the
delivery of antisense genes, "suicide" gene
therapy, and recently, for the delivery of anti-
angiogenicfactors. Recent studiesin the area
of vector design have been focused on condi-
tional expressionthat can beinduced by anti-
biotics (129), heat shock (130), or other small
molecules (131).

5.5.1.2 Non-Viral Gene Delivery Systems.
Non-viral gene delivery systems are based on
non-covalent bonds between cationic carrier
molecules (e.g., lipids or polymers) and the
negatively charged plasmid DNA. Complexes
of DNA with three main groups of materials,
i.e., cationic lipids (lipoplex) such as CTAB
and DMRI, polymers (polyplex) such as poly-
L-lysine and polyathylenimine, or peptides
havebeen evaluated assynthetic geneddivery
systems (132). The formation of these com-
plexes, which is generally based on electro-
static interactions with the plasmid DNA, is
difficult to control asthey depend on both the
stoichiometry of DNA and complexing agent
and on kinetic parameters (e.g., Speed of mix-
ingand volumes). | t hasbeen shownthat DNA
Is efficiently condensed and protected from
nucleases at higher lipid:DNA ratios, proving
that the positive chargesdf the complexesare
important for the interaction with cells in
vitro and in vivo. Although the resulting par-
ticlesare stable, they have a high tendency to
interact non-specifically with biologica sur-
facesand molecules.

Lipoplexesare actively used in clinical tri-
als for in vivo and ex vivo ddlivery of genes
encoding cytokines, immunostimulatory mol-
ecules, and adenoviral genes (133).1n vivo,
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theseinteractions may compromisethetissue-
goedificdelivery of the complexes, creating un-
even biodistributionand transgeneexpression
in the body, particularly, in lungs. To over-
come this problem, the complexes can be in-
jected either into the vasculature or directly
into the affected organ (134).

The combinatorial gene delivery approach
uses the whole virus, either replication defi-
cient or inactivated, or only essential viral
components, together with the non-viral sys
tem. Systems, based on adenovirus (“adeno-
fection”), or viral proteinsthat arerequiredto
trigger efficient endosomal escape, and poly-
plex and lipoplex non-viral systems have
shownimprovement i n transfection efficiency
and resistance to endosoma degradation
(135).

56 Gene Therapy Approaches

5.6.1 immunomodulation. This approach
employs the patient's physiologica immune
response cascade to amplify therapeutic ef-
fects (136). Most patients with cancer lack an
effective immune response to their tumors.
Thiscould be caused by defectsin antigen pre-
sentation, stimulation, or differentiation of
activated T cellsinto functional effector cells.
Antitumor immunity response requires par-
ticipation o different immunecells, including
helper effector T-cells (Th), cytotoxic T-lym-
phocytes(CTLs),and natural killer (NK) cdlls.
Activationof CD4™ and CD8™ T-cellsrequires
at least two mgjor signals. The first signal is
triggered by binding of complexesaf T-cell re-
ceptor (TCR) and specific antigenic peptide
with MHC-classlII or | molecules, respectively.
Thesecond signal for CD4™ T-cellsisprovided
by engagement of CD28 on the T-cell surface
by membersdf the B7 family of costimulatory
moleculeson the surface of professional anti-
gen-presentingcedlls. Thenature of secondsig-
na for CD8" T-cellshas not been completely
understood but requires the presence of
helper CD4* T-cdlls. Followingactivation and
dond expansion, activated CD4™ T-cells dif-
ferentiate into helper effector cells of either
the Thl or Th2 phenotype. Thl cells produce
cytokines, such as IL-2, interferon-y, and
TNF, that stimulate monocytesand NK cells
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and promote the differentiation of activated
CD8" T-cdlsinto CTLs.

The growing understanding of the biologi-
ca basis of antigen-specific cellular recogni-
tion and experimental studiesof an antitumor
effect mediated through the cellular immune
system helped to develop various immuno-
modul ation strategies. M odul ation of immune
response can be achieved through stimulation
and modification of immune effector cells, en-
abling them to recognize and rgject cellsthat
carry a tumor antigen. Additionally, tumor
cells can be genetically modified to increase
iImmunogenicity and trigger an immune
response.

Cytokine levelsarerelatively low in cancer
patients. To correct for this deficiency, cyto-
kines can beintroduced as recombinant mole-
cules, and thisis advantageous in controlling
their blood concentration and biologica activ-
ity. Because cytokines are relatively unstable
invivo, cancer patients havetoreceivealarge
amount of the recombinant protein to main-
tain the required blood concentration for bio-
logical activity. Administration of the protein
Is often toxic to the patients. Another thera-
peutic approach is the introduction of genes
encoding various cytokines, costimulatory
molecules, allogenic antigens, and tumor-as-
sociated antigensinto tumors (137). Previous
preclinical studies have shown that cytokines
that facilitate Thl cell-mediated immune re-
actions but not Th2 cell-mediated reactions,
when produced i ntumors, areeffectivefor an-
titumor responses. In addition, cytokines or
costimulatory molecules delivered to tumor
cellsmay enhancethetransfer o tumor anti-
gensto antigen-presenting cells. The most po-
tent known antigen-presenting cells for ac-
tively stimulating specific cellular immune
responses are dendritic cells. Ex vivo gene de-
livery to cultured dendritic cells or direct in
vivo gene delivery to antigen-presenting cells
can be more efficient in stimulating cellular
antitumor immunity (138).

Several technical problems of expressing
sufficient amounts of immunostimulatory
proteinsin appropriatetarget cellsremain un-
solved, but the potential of immune modula-
tion genetherapy ishigh. Immunotherapy tri-
alsalso contributetothe present knowledged
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Figure1.16. Mechanismsaf thymidine ki-
nase (TK) ganciclovir (GCV)-induced apo-
ptosis. TK phosphorylates the nontoxic pro-
drug GCV to GCV-triphosphate (GCV-
PPP). which causes chain termination and
single-strand breaks on incorporation into
DNA. TWGCV induces p53 accumulation,
which can cause translocation of preformed
death receptor CD95from the Golgi appara-
tus to the cdll surface without inducing de
novo Synthesisof CD95. The signaling com-
plex then is formed by CD95, the adapter
molecule Fas-associated death domain
(FADD) protein, and theinitiator caspase-8,
which leads to cleavage of caspases causing
apoptosis. TWGCYV also leads to mitochon-
dria damage, including loss of mitochon-
drial membrane potential and therelease of
cytochrome ¢ inducing caspase activation
and nuclear fragmentation.

how antitumor responses can be effectively
produced in cancer patients.

5.6.2 Suicidal Gene Approach. Elimina
tion of cancer cellscan beaccomplishedby the
introduction o vectors that specifically ex-
press death promoting genesin tumor cells.
One method, called suicide gene therapy, in-
volves the expression of a gene encoding an
enzyme, normally not present in human cells,
that converts a systemically delivered non-
toxic prodrug into a toxic agent. The toxin
should kill thecancer cellsexpressingthegene
aswdl asthe surrounding cellsnot expressing
the gene (bystander effect).

The herpessimplex virusthymidine kinase
type 1 (HSV-tk) gene was initially used for
long-term replacement gene therapy because
It isabout 1000-fold more efficient than mam-
malian thymidine kinase at phosphorylating
the nontoxic prodrug ganciclovir (GCV) into
Its toxic metabolite ganciclovir triphosphate.
Theefficacy of HSV -tk transduction of tumors
followed by ganciclovir therapy has been con-
firmed by systemicadministration of ganciclo-
vir after intratumoral injection of fibroblasts
transduced with an HSV-tk retroviral vector
insevera preclinical models(139). The molec-
ular mechanismaof HSV -tk therapy isbased on
induction of apoptosisin target cellsthrough
accumulation o p53 protein (Fig.1.16). Clini-
ca trials of HSV-tk suicide gene therapy,
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Caspase-8

where ganciclovir was given after the retroviral
or adenoviral introduction of HSV-tk gene, have
been conducted in patients with brain tumors,
melanoma, or mesothelioma (140-142) (Fig.
1.16).

Another suicide gene under active investi-
gation for cancer therapy is the cytosine
deaminase (CD) gene. CD converts the non-
toxic fluoropyrimidine 5-fluorocytosine to
5-fluorouracil. Transduction of the CD ren-
ders tumor cells sensitive to 5-fluorocytosine
in vitro and in vivo. The CD/5-fluorocytosine
system hasbeen used in aclinical trial, where
adenovirus expressing the CD gene was in-
jected intratumorally into hepatic metastases
from colorectal cancer (143). As with HSV-tk
gene transfer, evidence exists that cytosine-
deaminase genetransfer into tumor cellspro-
motes antitumor immune responses. The ma-
lignanciestargeted with suicide gene therapy
inthefidd of pediatric oncology are brain tu-
mors, neuroblastoma, and acute lymphoblas-
tic leukemia (144).

5.6.3 Targeting Loss of Tumor Suppressor
Function and Oncogene Overexpression. Sev-
eral tumor suppressor genes, including p53,
Rb, and APC, have been identified by their
association with hereditary cancers. Many
sporadic tumors harbor inactivating or reces-
sive mutationsin oneor moretumor suppres-
sor genes. Genetransfer techniquescan be ap-
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plied to introduce wild-type copies of tumor
suppressor genes into malignant cells, thus
potentialy reversing the neoplastic pheno-
type. Thep53 tumor suppressor genehasbeen
of interest because p53 mutation occurs com-
monly in a variety of human cancers, includ-
ing breast, lung, colon, prostate, bladder, and
carvix. Theuseof adenoviral vectorstodeliver
the p53 transgene to human tumors is now
under evaluation in several clinica trials
(145).Theoverexpressionof Fasligand caused
by adenovirus-mediated wild-type p53 gene
transfer induces neutrophil infiltration into
human colorectal tumors, which may play a
critical rolein the bystander effect of p53 gene
therapy (146).

Besidesthe p53 gene, other tumor suppres-
sor genesthat regulatethecell cyclehavebeen
used in cancer genetherapy. Amongthem are
Rb, BRCA1, PTEN, p16, E2F, and fragile his-
tidine triad (FHIT) genes. Clinical trialswith
BRCAI and Rb have been initiated (147).

Protooncogenes, in contrast to tumor sup-
pressor genes, gain dominant mutation resul t-
INng in excessive expression of their protein
products, which lead to development of the
malignant phenotype. Three members of the
Ras family of oncogenes(H-ras, K-ras, and N-
ras) are among the most commonly activated
oncogenesin human cancers. Several strate-
gies have been designed to combat K-ras mu-
tations, including antisense nucleotide, ri-
bozyrnes (148-150), and intracellular single-
chan antibodies (151). ¢DNA encoding
antisenseRNA can bedeliveredusingthevird
vector system approach. | n vivo gene therapy
with K-ras, c-fos, and c-myc anti sense nucleo-
tidesis currently being appliedin clinical tri-
as.

5.6.4 Angiogenesis Control. Gene therapy
offersa new strategy for the delivery of angio-
genesis inhibitors. By engineering and deliv-
ering vectors that carry the coding sequence
for an antiangiogenic protein, it is possibleto
produce high levels of antiangiogenic factors
in the tumor location or to systemically pre-
vent the growth of distant metastasis. Several
angiogenic inhibitors, such as angiostatin
(152), endostatin (153), plasminogen activator
inhibitor type 1 (154), and truncated VEGF
receptor (155), have been tested using this ap-
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proach. These studies havedemonstrated that
retroviral and adenoviral vectors could be
used toinhibit endothelial cell growth in vitro
and angiogenesisin vivo. Theinhibition of tu-
mor-associated angiogenesis results in in-
creased apoptotic tumor cdl death, leading to
inhibition of tumor growth.

5.6.5 Matrix Metalloproteinase. AS men-
tioned earlier in the chapter, MMPsare capa-
bledf proteolyticdegradation of stromal ECM,
whichisessential in cancer cell migration and
invasion, as well as in tumor-induced angio-
genesis. The activity of MMPsin vivoisinhib-
ited by TIMPs, small secreted proteins with
molecular weight of between 20 and 30 kDa.
TIMPs inhibit MMPs by binding to both the
latent and activeforms of MMPs. The follow-
ing propertiesof TIMPssuch assecretion, dif-
fusion (TIMP-1, -2 and -4), induction of apo-
ptosis (TIMP-3), and inhibition of multiple
MMPs make them very attractive tools for
genetherapy application.

Inhibition of cancer cell invasionafter over-
expression of TIMPs using different gene de-
livery vectors has been shownin vitroin gas-
triccancer cellsand mammary carcinomacells
(156,157).Overexpressionin vitroof TIMP-2,
which was delivered by a recombinant adeno-
virus (AdTIMP-2), inhibited the invasion o
both tumor and endothelial cellsin three mu-
rine models without affecting cell prolifera
tion (158). Itsin vivo efficiency has been eval-
uated in the LLC murine lung cancer modd,
the coloncancer C51model, aswell asin MDA-
MB231 human breast cancer in athymic mice,
Preinfection of tumor cells by AdTIMP-2 re-
sulted inaninhibition of tumor establishment
in more than 50% of micein LLC and C51
models and in 100% of mice in the MDA-
MB231 modd. A single local injection o
AdTIMP-2 into preestablished tumors o
these three tumor types reduced tumor
growth rates by 60-80%, and the tumor-asso-
ciated angiogenesis index by 25-75%. Lung
metastasis of LLC tumors was inhibited by
>90%. In addition, AdTIMP-2-treated mice
showed a significantly prolonged survival in
al the cancer modelstested. These datadem-
onstratethe potential of adenovirus-mediated
TIMP-2therapy in cancer treatment.
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1 GENERAL INTRODUCTION

Synthetic drugs have always played an impor-
tant rolein cancer therapy. In fact, systemic
chemotherapy for cancer began in the 1940s
and 1950s with the nitrogen mustards devel-
oped fromwar gases (1)and with antimetabo-
lites developed from early knowledge about
DNA metabolism (2). Large-scale random
screening programs over the next 25 years
(mainlyby theU.S. National Cancer | nstitute)
(3) seeking cytotoxic agents resulted in the
identification of anumber of cytotoxic natural
productsthat target DNA. Many dof these(e.g.,
anthracyclines, epipodophylloxins, and vinca
akaloids) became very useful drugs that are
still widdly used today. Most of the natural
products were so complex that neither they
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nor close analogs could be economically pro-
duced by synthesis, limiting the role of syn-
thetic chemistry in optimizingtheir potencies
or pharmacokinetic properties. However, the
discovery of their activity and mechanism d
action sparked much work on simpler syn-
thetic analogs. One result was the develop-
ment of the large classof synthetic topoisom-
erase inhibitors that are now an important
group of drugs. More recently, the increasing
power of organic synthesis has greatly im-
proved chances that quite complex natural
product leads can be synthesized economi-
cally, and therefore that close analogs can be
made to try and optimize physicochemical
properties; recent exampl esare cyclopropylin-
dolines and epothilones. However, the pri-
mary focusin this chapter are synthetic com-




2 Alkylating Agents

pounds that have not been derived from a
natural product lead. Finally, our increasing
understandingof tumor phys ology and genet-
icshasalowed the devel opment of anew class
of synthetic agents, tumor-activated pro-
drugs. Theseattempt to exploit tumor-specific
phenomena, such as unique antigen expres-
don, low pH, and hypoxia, to activate pro-
drugs d the more classical cytotoxinsonly in
tumors, thus increasing their therapeutic
range.

2 ALKYLATINC AGENTS

2.1 Introduction

Compoundsthat alkylate DNA havelongbeen

of interest as anticancer drugs. Alkylating
agents can be strictly defined as electrophiles
that can replace a hydrogen atom by an alkyl

group under physiologica conditions, but the
term is usually more broadly interpreted to
includeany compound that can replace hydro-
gen under these conditions, including metal

complexes forming coordinate bonds. Many
different typesd chemical areableto alkylate
DNA, and several are used as anticancer
drugs, but the most important classes of such
agents in clinical use are the nitrogen mus-
tards and the platinum complexes, the nitro-
soureas, and the triazene-based DNA-methyl-
ating agents. The DNA minor groove-
akylating cyclopropylindoles are aso a
fascinating group of compoundsthat may not
yet have found their correct niche in cancer
therapy. Other important classes of DNA al-
kylating agents, the pyrrolobenzodiazepines
and the mitosenes, are covered in a different
chapter, although the bioreductive properties
d the mitosenesare mentionedin Section5.3.

2.2 Clinical Examples of Alkylating Agents

The most commonly used mustardsand plati-
num complexes are listed in Table 2.1, along
with other recent DNA-alkylatingagentsthat
have received clinical trial. These compounds
areinvariably used in combination with other
agentsin multidrug therapy regimens.

2.3 Mustards

2.3.1 History. As noted above, the mus-
tards were among the very earliest class of

53

anticancer agents developed, and they have
been extensively reviewed. Mechlorethamine
(1) (4) was the firgt systemic agent approved
for use in cancer therapy in 1949. Chloram-
bucil (2) (5) was approved in 1957, melphalan
(3) (6) in 1964, cyclophosphamide (4) (7) in
1959, and ifosfamide (5)(8)in 1988. Thephos-
phoramide mustard cyclophosphamide (4) is
currently the most widdy used mustard, while
chlorambucil (2) and melphalan (3)arestill in
use as components of many combination che-
motherapy regimens.

R

el

(1) R=CH;
(2) R = (CHy)3COzH
(3) R =CH(NH,)CO,H

)

Cl

O N
/P\
a—" "} O:

(G}

2.3.2 Mechanism and SAR. The hiologi-
cally important initial lesion formed by mus-
tards in cells is interstrand crosslinks be-
tweendifferent DNA bases(9), although there
isalso evidencethat they causetermination of
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Table21 Alkylating AgentsUsed in Cancer Chemaother apy

Gengric Name

(Structure) Trade Name Originator Chemicd Class
Mustards
mechlorethamine (1) Mudargen Merck diphatic mustard
chlorambudail (2) Leukeran aromaticmustard
mephdan (3) Alkeran aromatic mustard
cydophogohamide(4) Cytoxan Brigol-Myers phosphoramide mustard
ifofamide (5) Ifex Brigol-Myers phogohoramide mugtard
Platinum complexes
csplatin (14) Cigplatin Brigol-Myers platinum complex
carboplatin (15) Paraplatin Brigol-Myers platinum complex
tetraplatin (16) Ormaplatin platinum complex
oxdiplatin (17) IM-83 Sandfi platinum complex
ZD-0473(18) AstraZeneca platinum complex
satraplatin (19) IM-216 Johnson-Matthey platinum complex
BBR 3464 (20) Boehringer triplatinurn complex
Cydopropylindoles
Adozdesn (22) Upjohn cydopropylindole
Cazdesn (23) Upjohn cydopropylindole
KW 2189 (24) KyonvaHakko cydopropylindole
Nitrosouress
CCNU (29) Lomudtine Brigal-Myers nitrosourea
BCNU (30) Camudtine Brigol-Myers nitrosourea
Streptozotocin(31) Zanosax Upjohn nitrosourea
Methylating agents
dacarbazine (29) DTIC triazene
mitozolomide (30) azolagone triazene
temozolomide(31) Temodar Shering-Plough triazene

transcription (10). The overall processdf alky-

lation is a two-step sequence involved forma

tion of a cydlic cationic intermediate, followed
by nucleophilicattack onthat intermediate by

DNA (Fig.2.1a). Mustards can bedivided into
two broad classes, depending on the mecha-

nism of the rate-determining step in this pro-
cess. Theless basic compoundsaromatic mus-
tards have formation of the solvated cyclic
carbocation (whichisin equilibrium with the
aziridinium cation) as the rate-determining
step, following first-order kinetics (11) (Fig.
2.1b). Nucleophilic attack on this is then
rapid, sothat thecyclicform doesnot accumu-
late, and the overal reaction is first-order
(Sx1), with the rate depending only on the
concentration of the mustard (Equation 2.1).

RX —R"™ —R-DNA (2.1)

For the more basic aliphatic mustards, the
first step (formation of the aziridinium cat-

ion), israpid, and therate-determining step'is
a second-order nucleophilic substitution on
this by DNA (11). In these cases, the aziri-
dinium cation can be detected as an interme-
diate, and the overall reaction i ssecond-order
(Sn2), with the rate depending on the concen-
trations of both the mustard and the DNA
(Equation 2.2).

DNA+R—X—-DNA...;R...H—
R—DNA + X

(2.2)

Thiskinetic classificationisonly broad, but
it is useful as a rough predictor of the spec-
trum of adducts formed. Generally, Sy1-type
compounds are expected to be less discrimi-
natingin their pattern o alkylation (reaction
at N, P, and O sites on DNA), whereas most
Sn2 typecompoundstend toalkylateonly at N
siteson the DNA bases (12).
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(a): Aliphetic mustards
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Figure21l Mechanism of alkylation by mustards.

The primary site of DNA alkylation by
mustardsisat the N7 positionof guanine, par-
ticularly at guanines in contiguous runs of
guanines (13), which have the lowest molecu-
lar electrostatic potentials (14). However, the
levd o selectivity of theinitial attack by mus-
tards (toform monoadducts) isquitelow, with
evidence (15)that most guaninesareattacked.
Studies with alkyl mustards have also shown
significant levelsof alkylation at the N3 posi-
tion of adenine (16, 17). However, the se
quence selectivity of cross-link formation by
mustardsis necessarily higher, because of the
reguirement to have two suitable sites juxta
posed. Early work (18)on the interaction of
mechlorethamine (1)with DNA resulted in
isolation o the 7-linked bis-guanine adduct,
andit hasbeenwiddy assumed that the cross-
links were between adjacent guanines (i.e., at
5-GC or 5-CG sites). However, later work
(19) showed that the preferred cross-linksare
between non-adjacent guanines (i.e., at
5-GNC sites).

Cyclophosphamide (4)isa non-specific pro-
drug of the active metabolite phosphoramide
mustard, requiring enzymic activation by cdl-
lular mixed function oxidases(primarilyinthe
liver) to 4-hydroxycyclophosphamidewhichis
in equilibrium with the open-chain aldophos-
phamide. Spontaneous elimination of this
then gives acrolein and phosphoramide mus-
tard (Fig. 2.2). Theisomericifosfamide (5)is

activated moredowly, but in abroadly similar
fashion to give the analogous isophosphor-
amidemustard (20).A significantdifferencein
the metabolism between the two isomersis a
higher level of dechloroethylation with ifosf-
amide, which may account for itsgreater neu-
rotoxicity (21).

The rates of the various reactions o aro-
matic nitrogen mustards (hydrolysis, alkyla-
tion of DNA)can becorrelated closdy withthe -
basicity of the nitrogen, that in turn, can be
systematically altered by ring substituents.
Theratesd hydrolysis(Xy;) of aseriesdf substi-
tuted aromatic nitrogen mustards in agueous
acetone can be described (22) by Equation 2.3,
where aisthe Hammett electronic parameter.

log Ky; = —1.840 — 4.02 (2.3)

The negative slope is evidencefor an Sy1
mechanism, indicatingthat electron-releasing
substituents (negative a values) increase the
rate of hydrolysisby accelerating formation of
the carbocation. The same broad correlations
hold for how well the compounds akylate
DNA, with a similar equation (Equation 2.4)
describing the rates of alkylation (K) of 4-(4-
nitrobenzyl)pyridine (anucleophilesimilar to
DNA nucleophilic sites) by substituted aro-

matic nitrogen mustards (22), where ¢~ isan
electronic parameter closdly related to a.
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log K= —1.920~ —1.17 (2.4) onealkylating moiety intact, |leadingto mono-

The cytotoxicities o the above compounds
(1/IC5, values) aso correlate wel with sub-
stituent ¢ values, with the more reactive com-
pounds (bearing electron-donating substitu-
ents) being the more cytotoxic, asin Equation
2.5(23).

log(1/IC;,) = —2.460 + 0.53  (2.5)

The cytotoxicity of aromatic mustards can
thus be predictably varied over a very wide
range by controlling the basicity of the mus-
tard nitrogen through ring substitution or
other means.

2.3.3 Biological Activity and Side Effects.
The (necessarily) high chemical reactivity o
mustards leads to rapid loss of drug by inter-
action with other cellular nucleophiles, partic-
ularly proteins and low molecular weight thi-
ols. Thisresultsinthedevelopment of cellular
reistance by increasesin thelevelsdf low mo-
lecular weight thiols (particularly glutathi-
one) (24,251. Of equal importance for efficacy,
muchof the drugcan reach the DNA with only

alkylation events which are considered to be
genotoxicrather than cytotoxic (26). The fact
that cross-linkingisatwo-step processaddsto
the proportion of (genotoxic) monoalkylation
events, becausethe second step is very depen-
dent on spatial availability of a secondnucleo-
philic DNA site. Mustards have no intrinsic
biochemical or pharmacol ogical selectivity for
cancer cells, and they act asclassical antipro-
liferative drugs, whose therapeutic effectsare
primarily cytokinetic. They target rapidly di-
viding cellsrather than cancer cdlls, and this,
together with their generally systemic distri-
bution, causes killing of rapidly dividing nor-
mal cell populations in the bone marrow and
gut, usually resulting in myelosupression, the
dose-limiting side effect. Because of their
genotoxicity, thereisarisk of thedevelopment
of second cancersfrom their mutagenic effects
(27). Themost frequent alkylator-induced ma
lignancy is acute leukemia, usually occurring
a long period (3-7 years) after treatment.
These usually demonstrate deletions o chro-
mosome 13 and lossdf partsor all of chromo-
somes 5 or 7 (lossdf the coding regions for
tumor-suppressor genes). Theinduced tumors
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are typicaly myeodysplasias (28). In one
study (29), 6% of al myedoid leukemias were
therapy-related, with mustards, nitrosoureas,
and procarbazine producing the greatest lev-
elsof induction.

2.3.4 Recent Developments: Minor Groove
Targeting. Many of the limitations noted
abovecouldin principlebeameliorated by tar-
getingthe mustard moiety morespecificallyto
the DNA-affinic carrier molecule. Thishasre-
sulted in much work where mustards have
been attached to DNA-affinic compounds(30 -
32). This could mean less chance of losing
activedrug by reaction with other cell compo-
nents, rendering less effective the develop-
ment of cellular resistance by elevation of thiol
levels. A higher proportion of bifunctional al-
kylating agent delivered intact to the DNA
would alsocontributetoahigher proportion of
crosslinks over to monoalkylation events.
Theused acarrier with sequence-specificre-
versible binding ability should also result in
greater specificity of alkylation, both se-
quence-specificaly (at the favored reversible
binding site of the carrier) and regio-specifi-
cally (at particular atoms on the DNA bases).

Attachment to DNA-intercalating carriers
goesback tothework of Creech et al. (33), who
originally suggested that the attachment to
acridine carriers might servetotarget there-
active center to DNA. They showed that such
"targeted mustards" such as (6) were more
potent than the corresponding untargeted
moiety against ascitic tumors in vivo, but
these proved to be exceptionally potent frame-
shift mutagens in bacteria, and this property
hastended to dominatethe perception of these
compounds. L ater work showed that such tar-
geting by anintercalator could alsodrastically
modify the pattern of DNA akylation by the
mustard. Thus, whereasuntargeted mustards
react largely at the N7 of guaninesin runs of
guanines, quinacrine mustard (7) aso alky-
latesat guaninesin5'-GT sites (13). Isolation
and identification of DNA adducts showed
that whereasthe acridine-linked mustard (8)
formed primarily guanine N7 adducts, the
similar analog (9)formed exclusively adenine
N1 adducts (34), showingthe extent of which
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DNA targeting by attachment to carrier maol-
ecules can alter the usual pattern of DNA al-
kylation by mustards.

HN/\/\N/\/Cl
(T
SOOh!
(6)
Cl

8)

However, most DNA-targeting of mustards
has been done using minor groove-binding
carriers. Theseligandsoffer much larger bind-
ingsitesizes (upto5-6 base pairs) than inter-
calators, together with a highly defined bind-
ing orientation. Whereas severa other minor
groove-binding carriers have been used (35-
37), most work has employed polypyrrole and
related ligands. These compounds have been
well documented as reversible AT-specific mi-
nor groove binders(38), and early work using
a variety of alkylating units (e.g., bro-
moacetyl) showed highly specific alkylation at
adeninesin runsof adenines (39). The benzoic
acid mustard derivativetallimustine (10; FCE
24517) was selected for further development
onthebasisof its broad-spectrum solid tumor
activity (40). Despite possessingadifunctional
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akylator, this compound monoalkylatesDNA
at the N3 of adeninein the minor groove, a-
most exclusively at the sequence 5-TTTTGA
(41), with a single base modification in the
hexarner completely abolishing alkylation
(42). The number of pyrroleamide units also
affected the pattern of DNA alkylation, with a
monopyrrole analog showing mainly gua-
nine-N7 alkylation similar to that of the un-
targeted mustard, but with additional ade-
nine-N3 lesions (43). Di- and tripyrrole
conjugates alkylated only in AT tracts, with
increasing specificity for alkylation at the 3'-
terminal units in two 5'-TTTTGG and 5'-
TTTTGA sequences (guanine N3 and adenine
N3lesions, respectively).

Tallimustine was developed for clinical
trial (44) and shows biologica effects some-
what different to those of mustardslike mel-
phalan. I't induces blockage of the cdll cyclein
G2 but without the delay through S-phase
normally seen with untargeted mustards, sug-
gesting a different mechanism of cytotoxicity
through monoadduct formation (45). As a
highly sequence-specific alkylator, it selec-
tively blocksthebinding of transcription bind-
ing protein and complexes to their AT-rich
cognate sequences (46).Clinical trialsof talli-
mustine (47, 48) reported severe myelosup-
pression as the dose-limiting toxicity. Recent
work with halogenoacrylic derivatives (e.g.,
11) show these may work differently, possibly
through Michael-type reactions (49), with
much better eytotoxicity/myelotoxicity indices
(50).

Perhaps the ultimate in targeting mus
tards to specific DNA sites has been achieved
by Dervan and co-workers, who have devel-
oped the "hairpin polyamide" concept where

o
S
e
Z4

NH
Y Y
CHj

0O NH,

e

(10)

0)
NH
R =Br 21
N
CHj
(11
poly(pyrrole/imidazole) compounds bind ina .

side-by-sidemanner inthe minor groove (51).
These compounds can bind tightly and selec-

tively toindividual designated sequencesof up [

to 12 bp long (52). As an example, polyamide

12, with an incipient mustard side chain at- |
tached, bindstoitsdesignated sites 5'-AGCT-
GCT and 5-TGCAGCA with equilibrium as-
sociation constants K of 1.6 and 1.3 x 10
M~ respectively, and >100-fold lessstrongly




2 Alkylating Agents

to double mismatch sites (53). The corre-
soonding mustard (13) alkylated at adenine
N3 sited in target 5'-(A/T)YGC(A/T)GC(A/T)
seguences on a 241-bp HIV-1 promotor se-
quence in high yield and about 20-fold selec-
tively over double mismatch sites (53).
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Thefirst has been to seek compoundswith
lower neurotoxicity than cisplatin. Whereas
better clinical management has improved
things, one of the main drivers of analog de-
velopment hasbeen agentswith lessneurotox-
icity. Carboplatin (15)hascarboxylateinstead

CH3

CH3

(12) R=0H
(13) R-Cl

24 Platinum Complexes

24.1 History. The complex cis-diammi-
nodichloroplatinum (II) (cisplatin; 14) was
first described in 1845, but it was not until
1969 that it was reported to have antitumor
activity. These studieswere sparked by exper-
iments by Rosenberg on the effectsof electric
fidldson bacteria, when the peculiar effects
seenwithE. coli cellswereshown to becaused
by the electrochemical synthesis of cisplatin
from the ammonium chloride electrolyte and
the platinum el ectrodes(54). Clinical trial sbe-
ganin1972, and after dow progressbecausedof
hightoxicity, cisplatin becameone of the most
widdy used anticancer drugs; it isthe main
reeson for the spectacular successes in drug
treatment of testicular and ovarian cancer.
Thousands of analogs of cisplatin have been
mede and evaluated, with two major driving
forces

N_/
/Pt\
Cl NHs

(14)

of chloride-leaving groups. These hydrolyze
much less rapidly, resulting in lower nephro-
and neurotoxicity (thedose-limitingtoxicity of
carboplatin is myelosuppression), while re-
taining the broad spectrum of activity of cis-
platin (55).

0
O NH;
\ /
Pt
/N
O NH,

0

(15)

Thesecond impetusto anal og devel opment
has beento seek agentsactivein cell linesthat
becomeresistant to cisplatin. One mechanism
of resistancetocisplatinisanincreased ability
to repair the DNA adducts formed (56), and
analogs such tetraplatin (16; ormaplatin) and
oxaliplatin (1), with trans-1,2-diaminocyclo-
hexane (DACH) ligands, were shown to be
more effectiveagainst such resistant cdl lines
(57). These compounds proved to be neuro-
toxic and tetraplatin was difficult to formu-
late, but oxaliplatin has shown promise (58),
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especiadly in colorectal cancer, whereit issyn-
ergistic with 5-fluorouracil (59). A second sig-
nificant mechanism o resistance is elevation
of thiol levels (primarily glutathione) in cells
(60). The drug ZD-0473 (18;JM-473) is more
resistant than cisplatin to thiols, possibly be-
cause o steric hindrance by the pyridine li-
gand (61)andisin phasell clinical trialsasan
N formulation; an oral formulation isalso in
development (62).

H
Cl N2
o
C1I7 I\

(18)

Satraplatin (19; JM216) i salso being devel-
oped as an oraly available platinum agent
(63).1t has potent in vitro cytotoxicity against
avariety of tumor cell linesand also had oral
antitumor activity against avariety of murine
and human subcutaneous tumor models in
vivo, broadly comparable with the level of ac-
tivity obtainable with parenterally adminis
tered cisplatin (64).Satraplatin hasshown ac-
tivity in phase| trialsin lung cancer, with no
neurotoxicity or nephrotoxicity (63), and
responses have also been seen in small cel
lung cancer and hormone refractory prostate
cancer.

AcO
Hy
cr | N
/Pt\
Cl l NH;
AcO

(19)

2.4.2 Mechanism and SAR. Aswith the ni-
trogen mustards, the mechanism of action o
the platinum complexesinvolvesformation o
DNA cross-links. In the platinum complexes,
the chloride or carboxylato ligands are the
|leaving groups, with the amine ligands being
substitutionally inert and servingto modulate
other properties. The bonds formed and bro-
ken in this case are coordinate metal-ligand
bondsthat are not permanent but have char-
acteristic haf-lives (although these may be
very long), making the chemistry quite differ-
ent to that of the mustards. Thus the Pt-Cl
bondsin cisplatin (14) are more stable in the
relatively high chloride conditionsin plasma
thanthey areinthelower chloride conditions
inside cells, where the reaction with water to
form aquo speciesis morefacile(65). The cat-
ionically charged aguo specieshave higher &f-
finity for DNA, and react primarily at guanine
N7 sitesin themaor groovetoformlong-lived
ammine complexes(Fig. 2.3).

Cisplatin reacts with DNA to form a num-
ber of different adducts. However, by far the
most common are intrastrand guanine N7-
guanine N7 adducts between adjacent gua-
nines on the same strand (ca. 65%), followed
by similar intrastrand guanine N7-adenine
N7 adducts (ca 25%), with DNA-protein
cross-linksand monofunctional adducts mak-
ing up less than 10% and DNA interstrand
adducts less than 1200 the total adducts. A
major difference between mustards and plati-
num complexesis that whereas hydrolysisin
the former case is a deactivating event, lead-
ing to loss of bifunctionality (and thus cross-
linkingability), with platinum complexes, for-
mation of the aquo species is a necessary
activating process. Thus there is a much
higher proportion of crosslinks to monoad-
ducts formed with platinum complexes than
with mustards. The use of ['H, '®N] hetero-
nuclear singlequantum coherence (HSQC) 2D

{
‘
.
{
]
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Figure23. Reaction of platinum specieswith DNA.

NMR has recently alowed a better under-
standing o the kinetics of the multiple pro-
involved in the reaction of platinum
drugswith DNA (66).

2.4.3 Biological Activity and Side Effects.
Whilecisplatinisan extremely useful drug, it
has many side effects. I n addition to the my-
elosuppressiveactivity typical of a DNA alky-
lating agent, it also showed severe rena and
neural toxicity. The anal og development work
described above has been aimed primarily to
overcoming some o the these side effects.
Thus carboplatin is less nephro- and neuro-
toxic; tetraplatin, oxaliplatin, and ZD-0473
are more effectiveagainst various types of re-
sstancemechanisms; and satraplatinisorally
effective. However, none of these compounds
are overall more effective than cisplatin, and
they do not show major differencesin their
interaction with DNA.

2.4.4 Recent Developments: Increased In-
terstrand Crosslinking. The tetracationic tri-
platinum complex BBR 3464 (20) seems to
represent anew structural classof DNA-mod-
ifying anticancer agents (67). It reacts with
DNA faster than does cisplatin, suggesting
rapid cellular uptake and nuclear access (68),
togive adifferent profile of adducts than cis-
platin, with about 20% being interstrand GG
cross-links. DNA modified by BBR3464 cross-
reacted with antibodies raised to transplatin-
adducted DNA but not to antibodies raised to
cisplatin-adducted DNA (67). BBR 3464 was
30-fold morecytotoxicthan cisplatinin L1210
cdls and showed no cross-resistance in sub-
linesresistant to cisplatin becausedf impaired
accumulation and lower DNA binding (69).

Consistent with this, it wasalso highly active
in a panel of cisplatin-resistant xenografts,
giving longer growth delays (70). Unlike cis-
platin, BBR 3464 was able to induce the p53/
p21 pathway toasimilar extent in both cispla-
tin-sensitiveand -resistant cells(71), and had
aquitedifferent sensitivity profileto cisplatin
intheU.S. National Cancer I nstitute's 60-cell-
line screening panel (70). In a phase | trial
using a single-dose schedule, no significant
neural or renal toxicity wasobserved; theside-
limiting toxicity at 0.17 mg/m® wasshort-last-
Ing neutropenia (72).

25 Cyclopropylindoles

2.5.1 History. Interest in DNA minor-
groove akylating agents was stimulated by
the discovery (73) of the natural product CC-
1065 (21) from Streptomyces zelensis (74),
which showed extraordinary potency in a
number of animal tumor models(75) but with
concomitant fatal delayed hepatotoxicity at
therapeutic doses (76).An extensivesynthesis
program at Upjohn prepared alarge number
of analogsin an attempt to understand struc-
ture-activity relationships for the class (77)
and succeeded in developing the structurally
simpler agents adozelesin (22) and the open-
chainformcarzelesin (28), which did not show
thedelayed hepatotoxicity of CC-1065(78, 79).
Therelated semi-synthetic duocarmycin ana-
log KW 2189 (24) isacarbamate prodrug, re-
leasing the active moiety DU-86 (25) by ester-
ase hydrolysis (80). KW 2189 has been
prepared on a large scale by a three-step syn-
thesis with an overall 55%yvyield from natural
duocarmycin B2 (81). Although it is less po-
tent than duocarmycinin cel culture assays,
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it has high activity in a wide range of human
solid tumor xenograftsin mice and lacks the
delayed lethal toxicity seen with some other
cyclopropylindoles(82).

2.5.2 Mechanism and SAR. These com-
pounds bind initially reversibly in the minor

grooveof DNA with minimal structural distor-
tion, and subsequently, alkylate specifically at
the N3 position of adenine (83).This provides
further evidence that targeting alkylating
functionality to the DNA minor groove can
provide compounds of very high cytotoxic po-
tency. Whereasthelead compoundisanatural

(21)

(22)



2 Alkylating Agents

(24)

(25)

product, it has sparked a vast amount of syn-
thetic chemistry, and the analogs developed
for clinical studies are synthetic. It has been
proposed (84) that binding of these com-
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NEt,

poundsin the minor groovedt DNA requiresa
propellor twist of the cyclopropyldienoneand
indole subunits around the amide bond, and
that thisinterruptsthe vinylogousamidesta-
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Figure24. Alkylation of DNA by cy-
clopropylindoles.

bilization of the cyclopropyldienone, activat-
ing the conjugated cyclopropane electrophile
(Fig. 2.4). Changesin the DNA binding side
chain have only minor effectson the sequence
selectivity o alkylation; both adozelesin (22)
and carzelesin (23) alkylate DNA at the con-
sensus sequences 5'-(A/TYA/TA and 5'-(A/
TYG/CYA/TYA are broadly similar (85) to
the consensus sequence 5'-(A/T)(A/T)A for
CC-1065. A series of analogsaof KW 2189 with
water-solubilizing cinnamate side-chains
were reported to have potent in vive antitu-
mor activity and low peripheral blood toxicity
compared with the trimethoxyindole conge-
ners (86), and more potent ring A dialkylami-
noalkyl derivatives have aso been reported
(87).

2.5.3 Biological Activity and Side Effects.
Many o the synthetic compounds deve oped
from the original natural product lead were
aso extremely potent and showed broad-spec-
trum activity in human tumor colony-forming
assay's (88), and both adozelesin (22) and car-
zelesin (23) proceeded to clinical trial. How-
ever, adozelsin had only marginal efficacyina
phase II trial of untreated metastatic breast
carcinoma (89). Similarly, carzelesin showed
noactivity inaphasell trial in patientswitha
variety of advanced solid tumors(90). A phase
| trial of KW 2189 (24) established the maxi-
mum tolerated dose at 0.04 mg/m?d when
given daily for 5 days, with leukopenia, neu-
tropenia, and thrombocytopeniaasdose-limit-
ing toxicities (91). A phase II pilot study in
metastatic renal cell carcinomashowed agood
safety profile but no activity (92).
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2.5.4 Recent Developments. Amino ana
logs (e.g., 26) of the corresponding phenolic
open-chain forms (e.g., 27) were reported to
have comparabl e cytotoxicity (93) and similar
patterns of DNA interaction, alkylating pref-
erentially at 5-A(A/T)AN sequences (94).
These have been proposed as effectorsfor tu-
mor-activated prodrugs (seeSection 5).

OCHj
\“IQOCHs
OCHj -
(26) R = NH,
(27) R=0H

2.6 Nitrosoureas

2.6.1 History. Thisclassaf compoundshas
along history, and extensive reviews exist on
all aspects of their chemistry and biology (95).
The initial impetus for their development
camefromscreeningat the U.S. National Can+
cer Institute, where 1-methyl-3-nitro-1-nitro-
sourea (28) showed someactivityinthei nvivo
leukemia screen (96). Development of this
lead resulted in the urea-based clinical agents
BCNU (29; carmustine) and CCNU (30; lo-
mustine). These reactive compounds have
very short half-lives (afew minutes) (97), but |
their very lipophilic nature suggested they
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might cross the blood-brain barrier and be
useful in brain tumors (98). The more hydro-
philic streptozotocin (31)isanatural product
isolated from Streptomyces species. It was
evauated initially as an antibacterial agent
but proved to be too toxic (99).

(28)

(29)

(30)

HO

(31)

2.6.2 Mechanism and SAR. The mecha
nan o the nitrosoureas is complex. They
posess both alkylating and carbamoylating
activities(100). Decompositionoccurs sponta-
neoudy in aqueous media by cleavage of the
N—CO bondto giveadiazoacetate (alkylating
agent) and an isocyanic acid (carbamoylating
agent) (101) (Fig. 2.5).
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2.6.3 Biological Activity and Side Ef-
fects. Streptozotocin has been used as a com-
ponent of multidrug protocols for Hodgkin's
disease (102), and for pancreatic (103) and
colorectal (104) carcinomas, where some re-
sponses were seen, but the drug is not now
widely used. A recent report (105) notesactiv-
ity of astreptozocin/o,p’-DDD combinationin
adrenocortical cancer.

2.7 Triazenes

2.7.1 History. Dacarbazine (32; DTIC)
came from studies by Shealy and co-workers,
and has been wel reviewed (106, 107). Mito-
zolomide (33) was developed by Stevens and
co-workers as a potential prodrug of linear
triazenes such as [5-(3-3-dimethyl-1-triaze-
nyl)imidazole-4-carboxamide] (DTIC) (108).

e same workers later followed up with the
development of the related temozolomide
(84), which lacks the 2-chloroethyl group
(109).

CONH,

al
N yN\

H N NCH;CH,

(32)

CONH;

(33) R = CH,CH,Cl
(34) R =CHg3

2.7.2 Mechanism and SAR. The cydlic tria-
zenes undergo base-catalyzed ring opening,
followed by spontaneous decarboxylation.
Thus, temozolomide (34) forms the open-
chain triazene [5(3-methyl-1-triazenyl)imida-
zole-4-carboxamide] (MTIC),whichthenfrag-
ments to a methyldiazonium species, the
DNA-methylating agent (Fig. 2.6) (110). Te-
mozolomide alkylates DNA primarily at the
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N7 of guanine, but 0 6 guanine alkylation also
occurs. Therate of conversion to the alkylat-
Ing speciesisnot influenced by the presence o
DNA, suggesting no or very weak binding of
the prodrug (110). As with mitozolomide, cy-
totoxicity correlateswith the akylation of the
O6-position of guanine (111). L1210 cdlls
treated with mitozolomide form DNA inter-
strand cross-links, presumably through the
2-chloroethyldiazo metabolite, suggestingthis
Isamajor mechanism of cytotoxicity (112). Mi-
tozolomide preferentially alkylates DNA at
guanines in runs of guanines, forming 7-hy-
droxyethyl and 7-chloroethyl adducts (113).

2.7.3 Biological Activity and Sde Effects.
Dacarbazine has been widdy used for many
years, and in particular, has been the corner-

stone of drug therapy for malignant mela
noma (114, 115). It is metabolized by N-hy-
droxylation, followed by N-demethylation, to
give a monomethyltriazene that then methyl-
ates DNA (116). No surprisingly, dacarbazine
IS strongly carcinogenic in animal models
(117), suggesting it may aso be a human
carcinogen.

Mitozolomide proved curative against a
broad range of murine tumor modelsin vivo
(118)and showed very pronounced antitumor
effectsin arange of human tumor xenografts
(119). Cdl lines with constitutive levels of
06-methylguanine-DNA methyl-transferase
(Mer+ phenotype) were less sensitive to the
cytotoxic effects of mitozolomide, consistent

with alkylation of the O6-position of guanine |

being the cytotoxic event (111).1n 1998, mito-
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Figure2.6. Mechanism of activation of temozolomide.
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zolomide entered phase | clinical trials (120),
but despitedemonstrableactivity in small-cell
lung cancer (SCLC) and melanoma (121), un-
predictable myel osuppression precluded fur-
ther development (121,122).However, recent
wark in the successful transduction of human
hematopoietic progenitor cells with variants
of thisenzyme hasled to suggestionsthat this
coud be used clinically to protect against my-
elosuppression, to allow safer use of agents
like mitozolomide and temozolomide in con-
junction with 06-benzylguanine (123,124).

Temozolomide also demonstrated good in
vivo activity against avariety of mousetumor
modds including the TLX5 lymphoma (125),
and excellent antitumor activity, including
cures, on oral administration to athymic mice
bearing both subcutaneous and intracerebral
human brain tumor xenografts (126). Many
later studies confirmed the good activity in
brain tumor models, and this, together with
the lesser myel osupression seen in toxicology
screens, led to phase | trials (127). Triasin
radiotherapy-resistant astrocytomas con-
firmed animal data suggesting that temozolo-
mide efficiently passesthe blood-brainbarrier
(128).Recent reviews show that oral temozo-
lomide has almost 100% bioavailability, ac-
ceptable non-cumulative myel osuppression,
and isclinicaly useful in the treatment of gli-
omas (129, 130) and brain metastasesin ad-
vanced melanoma (131).

3 SYNTHETIC DNA-INTERCALATING
TOPOISOMERASE INHIBITORS
3.1 Introduction

I ntercalation asa mode of thereversible bind-
ingd ligands to DNA was first described by

Lerman (132)for the acridine proflavine (35).

Intercalation involves insertion of the chro-
mophore between the base pairs, and is now
understoodto bethemajor DNA binding mode
of virtually any flat polyaromaticligand of suf-
fidently large surface area and suitable steric
properties. Intercal ative bindingisdriven pri-
marily by stacking (charge-transfer and di-
pole-induced dipole) and el ectrostaticinterac-
tions, with entropy (dislodgement of ordered
water around the DNA) of lesser and variable
importance (133). A great deal of work has
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been done delineating the ligand structural

propertiesthat favor intercalation, the geom-
etry, kinetics, and DNA sequence-selectivity
of the binding process, and the effect of such
bindingonthestructureof the DNA substrate
(134).Avery large number of compoundshave
been shown to be DNA intercalating agents,
and many o these show cytotoxic activity. In
theearly 1980s, it was shown that these cyto-
toxiceffectswereprimarily caused by the com-
poundsforming ternary complexeswith DNA
and theenzymetopoisomerasell, altering the
position of equilibrium and trapping a reac-
tion intermediate termed the "' cleavable com-
plex" (135, 136). The DNA intercalators are
now recognized collectively asamajor classof

topoi somerase poisons.

AN
—
HoN N NH,

(35)

The topoisomerases are enzymesthat reg-
ulate DNA topology by successivecleavage-re-
ligation reactions and are a mgjor target for
anticancer drugs. Topoisomerase (topo) ITisa
homodimeric protein, associated with the mi-
totic chromosomescaffold. It initially bindsto
DNA reversibly and then executes a series o
concerted strand-breaking and religation pro-
cesses to relieve torsional stresses generated
during DNA replication (137).Whereas many
types of agents interfere to some extent with
the normal function of topo II, DNA-interca-
lating agents in particular have the ability to
cause lethal DNA double-strand breaks. The
observation of these breaks, characterized by
protein covalently attached to the 5'-ends,
first led to suggestions (135) that a topoisom-
eraseenzymewasinvolved. It isnow clear that
the primary modedf cytotoxicity of most DNA
intercal ating agentsinvolvesinhibition o the
religation step of the action of the enzyme
mammalian DNA topo II (138,139). The topo
IT enzyme has major isozymes coded by two
separate genes (140). The Ila isozyme (170
kDa) maps(141,142)tochromosomel?,isthe
regulated during the cdl cycle, and isthe tar-
get of virtualy al of the DNA intercalators.
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Table22 Synthetic Topoisomerase(tope) | nhibitorsUsed in Cancer Chemother apy

Generic Name (Structure) Trade Name Originator Chemica Class
Topo IT inhibitors
amsacrine (39) Amsidyl Warner-Lambert 9-anilinoacridine
asulacrine (40) Sparta 9-anilinoacridine
mitoxantrone(41) Novantrone Wyeth anthracenedione
BBR 2778 (43) Boehringer
|losoxantrone (45) Warner-Lambert
piroxantrone (46) Warner-Lambert
Dudl topo I/IT inhibitors
DACA (51) XR-5000 Xenova Acridine
intoplicine (52) llex Pyridoindole
TAS103(53) Taisho Indenoquinolone
DMP 840 (58) Knoll Bis(naphthalimide)

Thellgisozyme (180kDa) maps (143)to chro-
mosome 3 and becomes the predominant
iIsozyme in both non-cycling cellsand in cells
resistant to "classical" topo II agents (138,
143).

3.2 Clinical Use of Agents

The most commonly used synthetic topoi som-
erase inhibitors are listed in Table 2.2, to-
gether with some interesting new agents in
early clinical development. A large number of
synthetic DNA-intercal atingagentshave been
developed, representing a broad range of
chemistries. Many of these have been evalu-
ated in early clinical trials, but relatively few
have shown useful activity. Apart from syn-
theticanalogsof natural productssuch asthe
anthracyclines (which will not be covered
here), the maor subclasses o clinically useful
synthetic DNA intercalatorsaretheacridines
and the anthracenediones. In contrast, the
most important topo | inhibitors are derived
from the natural product camptothecin and
will also not be covered here.

3.3 Topo Il Inhibitors

3.3.1 History. Thetwomain classesof syn-
thetic topo II inhibitors are the 9-anilinoacri-
dines and the anthracenediones. The 9-anili-
noacridine amsacrine evolved from work
carried out by Cain and associateson anti-leu-
kemic quinolinium-type agents (144), which
they suggested intercalated following initial
minor groove binding of the remainder of the
molecule (145).A series o acridinium analogs

(e.g., 36) were more active (146), and later
work showed that these compounds, with the
larger chromophore, did intercalate DNA
(147). Theacridinium series proved uniguein
that unquarternized derivatives (e.g., 37)
were also active, and aseries of progressively
simpler analogs led to the methanesulfon- §E
amide (38) (148), which had superior water- ¥
solubility, stability, and biologica activity. §
Further work, on the basis of a theory that
high electron density at the 6'-position was
favored(149), showedthat a3'-methoxy group
greatly increased potency, resulting in amsa
crine (39; MAMSA). Following detailed ani-
mal testing, the U.S. National Cancer Insti- §

tute initiated clinical trials in 1974 (150). |

Encouraging results in both leukemias and E
lymphomas (150), with an apparent lack of §
cross-resistance todoxorubicin (151), resulted
in amsacrine becoming the first synthetic |
DNA intercalator to show clinical efficacy
(152).

Thesuccessaf amsacrineledtoasearchfor
analogswith a broader spectrum of action. Be-
cause the high pKa (8.02) of amsacrine wes
thought to play a part inlimiting itsdistribu- |
tion, analogs with a lower pKa that still re-
tained high DNA binding and had improved |
aqueous solubility were sought. QSAR studies
(153) suggested that theanilino sidechain was
close to optimal, and focused attention on the
4- and 5-positions as being the most suitable
for modification. Carboxamide substituents
were seen asfavourablefor loweringpKa, axd
severa 4- and 3-carboxamides, including the
4-methyl-5-methylcarboxamide (40; asula |
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N+
HN

(36) R = CHj
B)DR=H

R .

U NHSOZCHS
HN

(38 R=H
(39) R = OCH;

crine) werestudied indetail (154).Thisproved
the most active of a series evaluated for oral
activity (155) was the best against both a hu-
man solid tumor cell-line panel (156) and a
wice range of murine solid tumors in vivo
(167), and was selected for clinical trial.
Mitoxantrone (41)was discovered through
screening of industrial dye compounds (158).

CH30:©/ NHSO0,CH;
HN
o0®

P

N

CH; CONHCH;

(40)

Both it and the des-hydroxy analog amet-
antrone (42) showed broad-spectrum activity
in animal tumor models (159), and mitox-
antrone has become probably the most widely
used synthetic DNA intercal ating agent.

q
N
R 0 HN > o

R0 HN_~ -~ _OH
H

(41) R=0OH
(42)R=H

3.3.2 Mechanism of Action and SAR. Drugs
aimed at topoisomerases can work in one or
both of two ways,; by inhibiting the ability of
the enzyme to relax DNA by preventing its
initial cleavagefunction or by preventing reli-
gation of the transient "cleavable complex™
(stabilization of the cleavable complex), re-
sultinginenhanced strand breaks. Thesecond
Isthe more cytotoxic process and isthe mech-
anism by whichthe majority of topo inhibitors
(or, more accurately, topo poisons) work.
Much of the early structure-activity relation-
ship (SAR) work onthe DNA intercalator class
of drugsfocused around their interaction with
DNA, delineating the requirements for suc-
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cessful intercalation and tight binding (134).
Early SAR studiesfor several classesadf inter-
calators showed postive relationships be-
tween cytotoxic potency and strength of DNA
binding (160, 161) and long residence times
for the intercalators at individual DNA sites
(162). However, the discovery that the pri-
mary modedf cytotoxicity o these compounds
was inhibition of topo II through formation of
a ternary drug/DNA/protein complex (138,
139) made it clear that drug design through
modeling o DNA binding properties alone
could be misleading.

Amsacrinebindsto DNA by reversible, en-
thal py-driven (163) intercalation of the acri-
dine chromophore, with an association con-
stant of 1.8 x 10° M ~* for caf thymusDNA in
0.01 M salt (164). By analogy with the crystal
structure determined for 9-aminoacridine
bindingto adinucleotide(165), amsacrinewas
postul ated to bind with theanilino ringlodged
in the minor groove, with the 1’-substituent
pointing tangentially away fromthehelix, and
the possibility of it thusinteracting with an-
other (protein) macromolecule to form a ter-
nary complex was noted (164). Thisconforma
tion wasal so supported by energy cal culations
(133,166).1 ntheternary cleavablecomplexes,
DNA intercalation of the acridine occurs, and
the anilino side-chain seemsto specificaly in-
teract with the enzyme aswell (167,168).

Amsacrine causes comparable levels of cell
killing in yeast transfected with either human
topo Il« or IIB3, whereas etoposide, doxorubi-
cin, and mitoxantrone produced higher de-
grees of cdl killing with topo Ila (169). How-
ever, thesensitivity of apanel of human breast
cancer cdl lines to amsacrine was shown to
correlate better with thelevel of expression of
the topo I« protein (although not with the
level of topo Ila mRNA) (170), suggestingthat
the former isthe most important mechanism
d resistance to these topo II inhibitors. A hu-
man SCLC line (GLC4) with acquired resis-
tance to amsacrine did not overexpress P-gly-
coprotein, and it had an 82% decrease in
topollB3 protein but no changein topolla pro-
tein level (171). A classification of antitumor
drugs by their topo 11-induced DNA cleavage
activity and sequencepreference placed amsa
crinein the classthat enhanced the stabiliza-
tion of cleavable complexes at a single mgjor

site, actingupstream of the DNA cleavagestep
through enhancement of cleavage (172). Am-
sacrine seemsuniqueamongtopo IT poisonsin
that itsability to trap both topo Ila— and topo
I1B~induced lesionsis only modestly reduced
in ATP-depleted cells; it issuggested that am-
sacrine produces mainly prestrand passage
DNA lesions, whereas other topo II poisons
only stabilize poststrand passage DNA lesions
in intact cdls (173). Studies with amsacrine
and other topo II poisonsin HeLa (174) and
AHH-1human lymphoblastoid (175) cellssug-
gest that these compounds can induce cdl
death by apoptosis. However, whereas amsa
crine induced apoptosis in wild-type SCLC
cells, it did not do so in an amsacrine/campto-
thecin-resistant subline, and no significant
difference in the expression of several genes
(c-myc, bel2, c-jun, p53) involved in the apo-
ptotic processwas seen in either the parental
and resistant cells after drug treatment.
These datasuggest that modulationin the ap-
optotic pathway could be an additional mech
anism o resistance to amsacrine and other
topo II agents (176).

Mitoxantrone also binds reversibly to DNA
by intercalation (177), with an unwinding an-
gledf 23°, probably with the chromophorein-
serted perpendicular tothebase-pair axiswith
the side-chains lying in the mgor groove
(178), although this has not been rigoroudy
proven. Footprinting studies show the pre-
ferred intercalation site for mitoxantrone to
be 5’-(A/T)CG or 5'-(A/T)CA sites (179). Mi-
toxantrone and the related ametantrone (42)
bind tightly and about equally well to DNA
with association constants of about 5 x 10°
M~1at physiological salt concentrations(180),
but mitoxantrone has about fourfold dower
dissociation kinetics (177,181). Thehigher cy-
totoxicity of mitoxantrone compared with
ametantrone correlated with itshigher capac-
ity to induce topo 11-mediated cleavable com
plexes, suggested because o greater stability
of the ternary complex (182). However,
whereas mitoxantrone showed a similar ca
pacity to amsacrineat inducing cleavable com-
plexes, it isconsiderably more potent and able |
to induce much more long-lived blocks at the |
G2 staged thecell cycle(183). ItinducesDNA |
fragmentation and activates caspases, demon-
strating that the ultimate cytotoxic effect is |
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induction of apoptosis (184). Mitoxantrone is
readily oxidized (for example by human my-
eloperoxidase) to metabolites that covalently
bind to DNA (185). 1t aso, like the anthracy-
dines, forms formaldehyde-induced adducts
that function as virtual interstrand cross-
links (186). Both of these properties may be
rdevant to its biological activity. However, as
with many other intercalators, mitoxantro-
nescytotoxicity iscaused largely by inhibition
of topo I1.

3.3.3 Biological Activity and Side Effects.
The clinical use of amsacrine is mainly in
acute mydoid leukemia. Amsacrine/etoposide
thergpy with or without azacitidine in re-
lgpsed childhood acute myeloid leukemia was
effective (34%compl ete responses), with aza-
cytidine not improving response rates (187).
Recent successful use in various adult leuke-
mias has also been reported (188-190).Amsa-
crine has generally not been successful in the
treatment of solid tumors, except for somere-
goonsssin head-and-neck cancer, where high-
doe amsacrinewas atoxic but very effective
drug for first-line treatment (191), with are-
goonserate of 65%.Whereasmuch lesscardio-
taxicthan the anthracyclines, pre-exposureto
amsacrineisarisk factor for cardiotoxicity af-
ter anthracyclinetreatment for childhood can-
ax (192).

Asulacrineshowed a similar mechanism of
action to amsacrine, generating DNA protein
crosslinks and DNA breaks through inhibi-
tion o topo II (193, 194). In initial phase II
trials, some drug-induced remissions were
s in non-small-cell lung cancer and breast
cancer but not i n colorectal and gastric cancer
(195,196). A pilot study of atrial of oral ad-
ministration has been reported (197), but
there are no reports of asulacrine being used
clinicaly in combination therapy.

Mitoxantroneis used in first-line therapy
for acute myedocytic leukemia (AML) (198),
and along with cytosine arabinoside, is sug-
geded as salvagetherapy in AML and chronic
myedocyticleukemia(CML) (199). | ncombina
tion with a steroid, it isthe drug of choicefor
pdligive treatment o hormone-resistant
prostate cancer (200). It is also an effective
treatment for secondary progressive multiple
sclerogs, but theduration of treatment islim-
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ited by cumulative cardiotoxicity (201).Again,
whereas less cardiotoxic than the anthracy-
clines, mitoxantrone has been shown to have
cumulative cardiotoxic effects (202). Mitox-
antrone is genotoxicin the in vitro micronu-
cleustest and in mutation assays (203) and
hasbeen reported to inducesecondary cancers
after use in the treatment of breast cancer
(204). Resistanceto mitoxantrone can develop
in anumber of ways. by lower expression of
topo II (205), by expression of a topo II with
altered DNA cleavage activity (206), by de-
creased drug uptake even in the absence of
elevated levelsaf P-glycoprotein (207), and by
inherent resistanceto theinduction of apopto-
95(208).Many cellsdevelop multifactorial re-
sistance to mitoxantrone (209).

Topoisomerase inhibitors are also known
to be tumorigenic, related to the formation of
multiple DNA strand breaks. A frequent chro-
mosomal translocation isat 11q23, wherethe
myeloid-lymphoid leukemia(MLL) geneislo-
cated (28), but other translocations are aso
seen. Theonset of induction of AML isshorter
than with alkylating agents, with the average
around 2 years and an incidence of 2-12%
(210). Anthracyclines, mitoxantrone, and epi-
podophyllotoxins have al been shown to in-
duce AML (211).

3.3.4 Recent Developments: Compounds
with Lower Cardiotoxicity. The development
of analogs o mitoxantrone has been driven
largely by the requirement for lower cardio-
toxicity. Two broad classes of analogs can be
distinguished, and much work has been done
on both. The first are close analogs of mitox-
antrone, where the tricyclic chromophore has
been maintained and variations occur in the
side-chains or the chromophore atoms. In a
study of azaanal ogs, Krapcho and co-workers
found that the positioning of the aza group
was critical, with the 2-aza derivative (43;
BBR 2778) being the most potent (212). This
bound less tightly to DNA but induced topo
11-mediated DNA cleavage (213). Preclinical
studies showed (43) has a better therapeutic
index and lower cardiotoxicity than mitox-
antrone (214), and a phase | trial has been
reported (215).

The second broad classaretetracyclic com-
pounds, primarily theimidazoacridinonesand
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the anthrapyrazoles. Showalter and col-
leagues at Parke-Davis, in search of |ess car-
diotoxic agents, developed these initially.
They laid down the basic SAR, showing that
activity was maximal with alkylamino side-
chainsat theN-2and C-5positions withtwoto
three carbon spacers between proximal and
distal nitrogens and showed they induced less
oxygen consumption than doxorubicin in the
rat liver microsomal system (216). These com-
pounds bind very tightly to DNA by intercala-
tion, with association constants around 2 X
108 M~! (217). They werehighly activein mu-
rine leukemias and a range of human tumor
xenografts (218), and three (44-46) were se-
lected for preclinical evaluation (219). This
early judgment wasvindicated by thefact that
al threed theselater went forward toclinical
trial. Teloxantrone (44) did receive aclinical
trial (220) but has not been further reported
on. However, losoxantrone (45) and pirox-
antrone (46) have been more widdy studied.
Piroxantrone (46) showed some responses in
phasel trials(221), but thiswasnot borne out
in phasell trial s(222,223). L osoxantrone(45)
showed classical topo II inhibition (224), and a
number of phase | trials were conducted in
which the dose limiting toxicity was leucope-
nia; some non-cumulative cardiotoxicity was
aso seen (225). The magor metabolites de-
tected in humans resulted from oxidation o
the hydroxymethylene side-chains to either
mono- or dicarboxylic acid derivatives (226,
227). A phase II trial in hormone-refractory
metastatic prostate cancer showed improve-
ment of clinical symptomsin one-third of pa-
tients (228), and the drug is reported to be
currently in phase III devel opment (227).
Structure-activity studies on imidazo-
acridinones (229) identified (47) (C-1311) asa

OH O NHR

(44) X= O‘l, R= (CH2)2NHCH3
(45) X= H, R= (CHQ)gNH(CHg)gOH
(46) X= OH, R= (CHQ)gNHQ

potential anticancer drug that intercalates
DNA (230), inhibits the catalytic activity o
topo II, and has broad-spectrum solid tumor
activity (231). It isreported to bein a phasel
clinica trial (232).

47)

3.4 Dual Topo I/l Inhibitors

3.4.1 History. The topo | and topo II en- |
zymesare expressed at different absol ute lev-
elsin different cel types. Topo II levels are
reported to be high in many breast and ovar-
ian lines (233), whereas topo | levelsare re- |
ported to be high in many colon cancer lines
(234); the good clinical activity of camptoth-
ecin analogs against colon tumors has been
suggested becausein part of thishighlevd o
topo | expression (235). Thetime-coursed ex-
pressiondf topo | and topo Il asodiffersmark- |
edly, with topo II levelsat their highest during |
S-phase, whereaslevelsaof topo | remainrea
tively constant through the cell cycle (236).
Because expression o either enzyme seemsto
besufficient tosupport cdl division, the devd-
opment of resistanceto topo | inhibitorsisof-
ten accompanied by a concomitant risein the -
level of topo II and viceversa (237,238).
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Thus, one of the recent interests in topo
inhibitorshas been in agentscapabled simul-
taneousinhibition of both enzymes, although
rdatively few compounds have been reported
asdud topo U/ 1linhibitors(239). The anthra-
quinone saintopin (48) is a potent poison of
bath topo | and topo II( 240) but has not been
devdoped as a drug. The quaternary akaloid
nitidine (49)isreported( 241) to beadual poi-
son, although more active against topo |. The
rlated quaternary salt NK 109 (50) is de
sribed asatopo II poison, but etoposide-resis-
tant lineswith reduced topo II levelsare still
sengtive (242), suggesting a dual activity.
Mag work has been focused on the DNA in-
tercalators DACA (51; XR-5000), intoplicine
(52), and TAS 103(53).

0]
HO l l [ . OH

OH O OH OH

(48)

L
X 0

N+
NN
CH,0 CH,

OH
(50)

The 9-aminoacridine-4-carboxamideswere
fird reported in 1984 as a new class of DNA-
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intercalating agents (243) with well-defined
structure-activity relationshipsfor both chro-
mophore and side-chain (244). The derived
acridine-4-carboxamide analog (51) (DACA)
also binds to DNA by intercalation and in-
duces DNA cleavagein the presencedf either
topo | or topo II enzymes, being unaffected by
either P-glycoprotein—-mediated multidrug re-
sistance or "atypical" multidrug resistant
caused by low topo II activity (245). DACA
showed remarkabl e activity agai nst multidrug
resistant cells (246) and in wvivo activity
against the Lewislung carcinoma(247), lead-
ing to clinical evaluation.

The DNA-intercalating( 248) pyridoindole
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intoplicine (52) is reported to also be a dual
topo I/IT poison (248, 249). Analogs of into-
plicinethat wereonly topo | or topo II poisons
were |ess cytotoxic (248), suggesting the pos
sible use d a dual poisoning ability. Into-
plicine showed activity in a variety of human
tumor explants in a soft agar cloning assay
(250) and in transplantable mouse tumorsin
vivo (251). Phase | trials of intoplicine have
been conducted (252,2531, but phaseII trials
have not been reported.

The indenoquinolone TAS103 (53)isaso
reported to be a DNA-intercalating agent
(254) and to enhance both topo |- and topo
11-mediated DNA cleavage in treated cells
(255), but it is now considered that topo I is
the primary celular target (256). TAS-103
showed broad-spectrum activity against a
number of cell lines, with no cross-resistance
in cellswith lower topo | expression and only
glight cross-resistance in those where topo 11
was down-regulated (257). A phase | clinical
trial of TAS 103 recommended a dose of 130~
160 mg/m? for phase I trials (258), but these
have not yet been reported.

3.4.2 Mechanism and SAR. There seemsto
be no clear structural features predisposingto
dual topo I/IT activity. Raman and CD studies
o intoplicine analogs suggest that the dual
poisoning abilities of intoplicinearearesult of
itsability to simultaneously form two types of
DNA complexes. a "'deep intercalation mode'
responsiblefor topo |-mediated cleavage and
an "outside binding mode" responsible for
topo 11-mediated cleavage (259).

3.4.3 Biological Activity and Side Effects.
The primary route of metabolism of DACA is
oxidation at C-9 by aldehyde oxidase to give
theacridone (84), although oxidative demeth-
ylation of the side-chain dimethylamino group
hasal so been observed (260). Pharmacol ogical
studiesshowed high bindingtohuman al-acid
glycoprotein, followed by albumin (261). In
phase | clinical trials, the mgor urinary me-
tabolite wastheN-oxide(54), whereasthe ma
jor plasma metabolites (262) were (54) and
(55). The maximum tolerated dose in initial
phase | trialswas 750 mg/m? using a 3-h infu-
sion, with thedose-limitingtoxicity beingarm
pain of unknown cause at the infusion site

(263) (avoidableusinga5-day infusion). Phase
| trial reportsfor intoplicine noted hepatotox-
icity rather than myel osuppression asthe ma-
jor dose-limiting toxicity (264).

§)
‘ ‘
N
H
0 E/\/R

(54) R = N(O)CH3CH,
(55) R= NCH3CH3

3.4.4 Recent Developments: bis Analogs as |
Dual Topo I/l Inhibitors. Because o the early
SAR suggesting a positivecorrel ation between |
cytotoxic potency and the strength of DNA.
binding and because bis-intercalation woud
theoretically greatly increase DNA binding,
many dimeric compounds designed as bis-in-
tercalators were evaluated as anticancer
drugs (134, 265). However, the biological ac-
tivitiesof these compoundsweregeneraly dis §
appointing. The his(acridine) (56) was consd
ered for clinical trial (266) but had significant -
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CNS toxicity, and the bis(ellipticine) analog
ditercdinium (57) had unacceptable mito-
chondrid toxicity (267).

More recently, several series of dimers of
moarelipophilic chromophoreshave shown po-
tent and broad-spectrum activity against ava
riety d human solid tumor cdll lines, both in
culture and as xenografts in nude mice. The
bis(naphthalimide) analog DM P 840 (58)was
curative in a variety of human solid tumor
xenograftsin nude mice (268). A series of bi-
s(imidazoacridinones) (e.g., 59; WMC-26)
dowed highly selective cytotoxicity towards
human colon carcinoma cells both in culture
and in xenografts, although it seemsthat it is
nat abis-intercalating agent (269). Several se-
riesd bisanalogsd tri- and polycydiccarbox-
amides, including acridines (270) (e.g., 60),
phenazines (271) (e.g., 61), and indenoquino-
lines (272) (e.g., 62), are al so potent cytotoxic
agentsand dual topo 1A1inhibitors. SAR stud-
les of these compounds (270-273) show that
bath chromophore substitution and linker
chan variations can significantly affect po-
tency. The dicationic bis(phenazine) (63;
XR5944) is of particular interest, with sub-
nanomolar potency in a range o human cell
lines (274) and active in multidrug-resistant
adl linesin vitro and in vivo (275).

4 ANTIMETABOLITES

4.1 Introduction

The classdf compoundsknown broadly asan-
timetabolites interfere in varying ways with

75

~ LNH
0 HN/\//
e
| dy
(59

the synthesisof DNA. Alongwith the alkylat-
ing agents, antimetabolites such as metho-
trexate (65), Bfluorouracil (73), cytosine ar-
abinoside (74), and 6-mercaptopurine (76)

- X :
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o
)
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61)X=N
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were someadf the earliest drugs used in cancer
chemotherapy.

4.2 Clinical Use of Agents

The most commonly used antimetabolitesare
listed in Table 2.3. These compoundsare in-
variably used in combination with other
agentsin multidrug therapy regimens.

4.3 Antifolates

4.3.1 History. Antifolatesinterfere at var-
ious points in the process (folic acid metabo-
lism) that provides the one-carbon unit
required to convert deoxyuridine monophos-
phate to thymidylic acid for synthesis of the
pyrimidines(Fig. 2.7). They arealsokey inter-
mediates in the glycinanide ribonucleotide
(GAR)-formyltransferase- and aminoimida-
zole carboxamide ribonucleotide (AICR)-

Table23 AntimetabolitesUsed in Cancer Chemother apy

formyltransferase-mediated construction d
the purines (276). The first antifolate used
clinicaly was aminopterin (64) and was rap-

idly followed by methotrexate (65), which was

registeredfor clinical usein 1953. These"clas
sca" (glutamate-containing) antifolatesbind
tightly to the enzyme dihydrofol atereductase
(DHFR; Fig. 2.7). Methotrexate has been very
widely used and hasbeen extensively reviewed
(277,278). A morerecent classical antifolateis
the 10-ethyl analog edatrexate (66). Thisweas
developed following observationsthat 1-alkyl
anal ogsshowed better relative uptakeinto tu-
mor tissue, and edatrexate shows enhanced
uptake, retention, and polyglutamate forma
tion in tumor cells (279). Whereas edatrexate
binds to DHFR similarly to methotrexate, it
showed better activity inanimal tumor modes
(280), including models resistant to metho-

trexate (281). Resistance to methotrexate &

arises in several ways, the most important o
which are elevation of DHFR levels and low-
ering of both folate transport and polyglu-
tamylation activities (282).

The enzyme thymidylate synthase (T'S) is
asointimately involved in folate metabolism,
catalyzing the reductive methylation o de-
oxyuridine monophosphate (dUMP) to thymi-
dylate (dTMP), a reaction in which N® N
methylenetetrahydrofolate is a cofactor (Fig.
2.7). Whereas the pyrimidine-bindingsite on

Generic Name (Structure) Trade Name Originator Chemical Class
Folicacid analogs
methotrexate (65) folateanalog
edatrexate (66} folate analog
raltitrexed (68) Tomudex Lilly
permetrexed (69)
trimetrexate (70) NeuTrexin US BioScience
piritrexim (71) Burroughs-Wellcome
nolatrexted (72) Thymitag Zarix th
Pyrimidine analogs an
5-fluorouracil (73) Adrucil Roche pyrimidine Se
cytosinearabinoside (74) Cytosar Pharmacia & Upjohn pyrimidine ths
gemcitabine(75) Gemzar Lilly pyrimidine ax.
Purine analogs an
6-mercaptopurine (76) Purinethol Burroughs-Wellcome hit
6-thioguanine (77) Lanvis Glaxo-Wellcome purine g
fludarabine (78) Fludara Berlex Laboratories purine e
2'-deoxycoformycin (79) Pentostatin Supergen Inc purine analog ori
2-chloro-2'deoxyadenosine (80) Cladribine Bedford Laboratories purine the
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(65) R = CHa, X = N
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the Ts enzyme has been a mgor target for
anticancer drugs such as 5-fluorouracil (see
Saction 4.4), it aso has a folate-binding site
that has been a target for drug development.
Methotrexate itself binds weakly to this site,
and can exercise cytotoxicity through T Sinhi-
bition in cells that highly overexpress DHFR
(283). The design o highly specificinhibitors
of thefolate binding site of TSled initialy to
the quinazoline derivative CB 3717 (67) (284,
285). This proved to be a tight-binding inhibi-

tor of TS (X; 4.5 n}M), with 10-fold selectivity
over DHFR, with the ability to undergo poly-
glutamylation in cells to metabolitesthat are
more potent and more selective for TS over
DHFR (286).CB 3717 showed someactivityin
a number of phase 1Al clinical trials, but se-
vere nephrotoxicity, caused probably by pre-
cipitation o drugin the kidneys (287), led to
itswithdrawal (288).

Raltitrexed (68; tomudex) isanother "clas
sical" folicacid derivativethat exertsitsther-
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O

apeutic effect through by inhibition o the fo- 4.3.2 Mechanism and SAR. Methotrexate ti
latesitedf TS (289). 1t ispolyglutamylated in (65), introduced in 1953, and the related ami- ci
cellsinto metabolitesthat are more potent in- nopterin (64) bind to DHFR, preventing | al
hibitors of TS than the parent drug and are  transfer of the one-carbon unit from dihydro- Pt
retained in cells. Raltitrexed showed activity  folicacid to methylenetetrahydrofolicacid and P
inanumber of tumor typesin phaseI/Iltrials,  ultimately tothymidine (Fig. 2.7). Methotrex- dv
but amajor usemay beincoloncancer.Hereit  ateistakeninto cellsby thefolatetransporter Tl
shows activity similar to 5-fluorouracil (re-  and converted in cellsto active polyglutamate 177
sponserates of 14-19%)but with lesser toxic- metabolites by folylpolyglutamate synthase (7
ity (290), athough the results of a recent (297); this also has the effect of trapping the "
phase II/III trial question this (291). drugincdlls(279).Alargeamount of work has 111
mu
L0H tei
\H I
N N S tw
A o ’ he

COgH
H,N” N ule
H 5-1
(68) g:']

Permetrexed (69; MTA) also has TSasa
major target, with DHFR and glycinamide
ribonucleotide formyltransferase (GARFT)
being important secondary sites of action
(292). Permetrexedisan excellent substrate
for FPGS, and it and its polyglutamylated
metabolites are potent inhibitors for all of
the above enzymes (293). Permetrexed per-
formed well in the human tumor-cloning as-
say against colorectal (32%aof cell lines in-
hibited) and non-small-cell lungcancer (25%
o cdl linesinhibited) (294). 1t showed broad
antitumor activity in phase II trials with
breast, colon, pancreatic, bladder, head-and-
neck, and cervical carcinomas, and non-
small-cell lung cancer, both asasingle agent
and in combination with agentssuch asgem-
citabine and cisplatin, and it isin phase II1
evaluation (295, 296).

beendonetodelineate theSAR for 2,4-diamin-
opteridines binding to DHFR, but no clinica
successor to methotrexate as a DHFR inhibi-
tor hasyet been found among the "classcd"
antifolates (287), although edatrexate (66) is
still in development. Because there isaso a |
folate siteon TS, these compounds have some |
level of binding tothisaswdl. CB 3717 ad g
raltitrexed were designed specifically totarget -
TSrather than DHFR, whereas permetrexed
Iscloser to ageneral folate pathway inhibitor.

A

4.3.3 Biological Activity and Side Effects.
M ethotrexate has broad-spectrum clinical ac -
tivity and is till the most widely used antifo-
|ate, despite high myel osupressiveactivity and
frequent development of resistance by various
mechanisms. The newer antifolates have
broadly similar toxicity profiles. %

H,!
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4 Antimetabolites

434 Recent Developments: Lipophilic An-
tifolates. These compounds were designed to
circumvent resistance to methotrexate that
arises by reduced folate uptake or reduced
polyglutamylation. They are relatively li-
pophiliccompounds, lacking a glutamate resi -
due, that get into cells by passive diffusion.
The first examples to receive clinical evalua
tion were trimetrexate (70) and piritrexim
(71). Trimetrexate was superior to metho-
trexate in animal models, with activity in
methotrexate-resi stantlines (298) but (unlike
methotrexate) is susceptible to P-glycopro-
tein—-mediated multidrug resistance (299).
Trimetrexate (70) has had extensive clinica
triasand has shown activity in a number of
tumors, including breast, non-small-cell lung,
head-and-neck, and prostate (300), and partic-
ularly in colon cancer in conjunction with
5-fluorouracil/leucovorin (301). Piritrexim
(71)waschosen for developmentfrom arange
of lipid-soluble diaminoheterocyclic com-
pounds on the basis of potent DHFR in-
hibition and minimal effectson histamine me-
taboliam (302). Piritrexim is about 75% bio-
availablewhengivenorally (303), andin phase
II trials showed some activity using oral dos-
ing in bladder cancer (304). It is also more
effective than methotrexate in severe psoria-
gs, because its lack of polyglutamylated me-
tabolites makes it less hepatotoxic in long-
term dosing (305).

OCHj3

(70)

79

CO.H

CO,H

(69)

OCHj;

NH, CH,

H
)I\ Py OCH;

(71)

Nolatrexed (72; thymitaq) isalipophilicfo-
|late analog designed as a TS inhibitor, using
structure-based methods to maximizebinding
at the folate site (306). It is a potent (X; 11
nM), non-competitiveinhibitor of human TS,
with modest growth-inhibitory effects (IC;qs
0.4-7 uM) against a wide variety of murine
and human cell lines. Nolatrexed does not en-
ter cells by the reduced folate carrier, isnot
polyglutamylated,and doesnot inhibit DHFR.
Theactivity of thedrugisabrogated by thymi-
dine (but not hypoxanthine), and TS over-
expressing cellsarestrongly resistant, demon-
strating that the primary target is TS (307).
Oral bioavailability in rats was 30-50%, and
oral nolatrexed showed curative activity
against both | P- and IM-implanted thymidine
kinase-deficient murine L5178Y/TK-lympho-
mas (306). Combinations of nolatrexed and
cisplatin showed synergistic activity in both
5-FU- and cisplatin-resistant ovariant and co-
lon cancer cells (306). Modest effects were
seen in phase II trials of nolatrexed in ad-
vanced hepatocellular carcinoma (307), and
phase | combination studies with paclitaxel
areongoing (310).

4.4 Pyrimidine Analogs

4.4.1 History. The pyrimidine analogs
5-fluorouracil (73) and cytosine arabinoside
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74; ara-C, cytosar) were developed from a
knowledge of DNA metabolism (2) and were
registered for clinical use in 1962 and 1969,
respectively. A huge amount of work hasgone
Into developing further analogs, and this has
recently begunto pay off with the morerecent
introduction of gemcitabine (75; gemzar).

OH

(74)

4.4.2 Mechanism and SAR. The mecha
nisms by which 5-fluorouracil (73) exerts its
cytotoxicity have been extensively reported
(311,312).1tisconvertedin cellsto the mono-
phosphate 5-FAUMP, which bindsinitially re-
versibly at the dUMP site of the enzyme thy-
midylatesynthetase (Fig.2.7). Thisisfollowed
by Michael-typeattack of an SH group on the

NH,

N/

)\ l
O N
HO

0
F

OHF
(75)

enzyme to given an enolate-type intermediate,
which reacts at the methylene moiety of |
N2 N9 methylenetetrahydrofolate to form a
covalent drug-enzyme-cofactor ternary com- |
plex (Fig. 2.8). Becausethe fluorine cannot be
displaced, as with the natural (non-fluorinat-
ed) substrates, thisresultsin permanent poi-
soning of the enzyme with 1:1 stoichiometry.
5-Fluorouracil is also converted into the
triphosphate 5-FdUTP, whichisincorporated
into both RNA and DNA. |
The mechanism of action of cytosine arabi-
noside (74) has been well reviewed (313). It
acts primarily as a chain terminator during
the elongation phase of DNA synthesis, incor-
porating into the growing chain and prevent-
ing the action of DNA polymerases (314).
Gemcitabinealsoactsprimarily asachain ter-
minator, but has additional effects, through
rapid phosphorylation by deoxycytidine ki
nasetodi- and tri-phosphate metabolites. The
diphosphateinhibits ribonucleotidereductase
(RR), the enzyme responsible for producing
the deoxynucleotides required for DNA syn
thesis and repair, and the subsequent deple
tion o cellular deoxynucleotidesfavors gem-
citabine triphosphate incorporation into DNA
over thenormal dCTP, ina" self-potentiating"
mechanism (315). Incorporation of gemcitab-
ineinto the elongating DNA strand resultsin
the halting of DNA polymerasesafter thead
dition of onemore additional deoxynucleotide, !
in a "masked chain termination" event that
seems to lock the drug into DNA, preventing
proof-reading exonucl easesfrom removingit. ;
Gemcitabine is synergistic with cisplatin be
cause o the triphosphate preventing chan
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Figure28. Mechanism of 5-fluorouracil inhibition df thymidylate synthetase.

elongation during the DNA resynthesis pro-
cess after nucleotideexcision repair of the le-
gons (316). The mechanism of RR inhibition
by gemcitabine hasbeen studied in E. coli and
ssamsto bedifferent to that of other 2'-substi-
tuted nucleotide inhibitors, involving inacti-
vaion d the R1 subunit (317), and overex-
pression d RR is a resistance mechanism for
gemditabine (318). It isa so an effective radi-
aionsensitizer, probably through depletion of
dATP podlsin cells(319)and can increase cdl-
lular gpoptosisin irradiated cells (320).

4.4.3 Biological Activity and Side Effects.
Bath 5-fluorouracil and cytosine arabinoside
reman widdy used in combination cancer
chemotherapy. 5-Fluorouracil is one of the
mod effective drugs against colon cancer
(311).Cytosinearabinoside is effectivein leu-
kemias and lymphomas but has a very short
hdf-life(ca. 12 minin man), becaused catab-
dign by cytidine deaminase (321), and vari-
ousnhon-specificprodrug formsare used (322).
Gemcitabine wasshown in phase| trialsto be
adive in a number of cancers, especidly in
nonsmdl-cdl lung cancer, where it showed
>20% responses as a single agent and up to
54% in combination with cisplatin (323). In
phae II trials, it has proved activein awide
ranged tumors, including non-small-cell lung
cance (>60% responsesin combination with
cisplatin) (324), urothelial (22-28% responses
asmonotherapy, 42-66%in combinationwith

cisplatin) (325), advanced breast cancer
(25.0%responses as monotherapy) (326), and
metastatic bladder cancer 42-66% responses
Incombinationwith cisplatin) (327).Themain
adverse effects were hematological but were
generally mild. A number o large phase II1
trialsarein progress.

45 Purine Analogs

4.5.1 History. The purine analogs 6-mer-
captopurine (76) and 6-thioguanine (77) were
among the first anticancer drugs to be used,
registered in 1953 and 1966, respectively.
L ater, the purine nucleoside analogs fludara-
bine (78) and pentostatin (79; 2'-deoxycofor-
mycin) wereregistered in 1991, and cladribine
(80; 2-chloro-2'-deoxyadenosine) was regis-
tered in 1992.

N NH
X

AL

(76) X =NH,
(77)X=N

4.5.2 Mechanism and SAR. Cytosine arabi-
noside, fludarabine, and cladribine are taken
into cells through a specific nucleoside trans-
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porter protein and are phosphorylated to the
mono-, di-, and triphosphates, with the first
phosphorylation mainly by deoxycytidine ki-
nase (328). The active triphosphate deriva
tives are incorporated into DNA, blocking
polymerasefunction and thus DNA synthesis.
Cladribineisresistant to degradation by aden-
osine deaminase (329) and induces apoptosis

in leukemia cell lines through the Fas/Fas
ligand pathway (330). It also interrupts
deoxyadenosine metabolism, blocking both
phosphorylation and deamination (329). Pen-
tostatin is also converted to the triphosphate
and incorporated into DNA, where it blocks
polymerase function (331) but is also an ex-
tremely potent inhibitor of adenosine deami-
nase (K; 2.5 x 102 M) (332).

45.3 Biological Activity and Side Effects.
These three adenosine anal ogs, which are cy-
totoxic to both dividing and resting lympho-
cytes, haverevolutionizedthetreatment of in-
dolent lymphoid malignanciessuch aschronic
lymphocytic leukemia, non-Hodgkin's lym-
phoma, cutaneous T cdll lymphoma, and hairy
cdll leukemia. Both fludarabine and cladribine
showed similar good responserates, but were

cross-resistant, in refractory non-Hodgkin’s BB

lymphoma (333).Cladribineisactivein hairly
cdl leukemia (>80% complete responses)
(334), non-Hodgkin's lymphoma (89% re-
sponses) (335), refractory chroniclymphocytic |
leukemia (44% responses) (336), untreated |
chronic lymphocytic leukemia (85% response
rate) (337), and cutaneous T-cell lymphomas
(28%responses) (338), but it showed littleac- |
tivity in solid tumors. :

5 TUMOR-ACTIVATED PRODRUCS

5.1 Introduction

As noted above, the majority of clinically used
anticancer drugs are systemic anti-prolifera- |
tive agents (cytotoxins). These kill cellsby a |
variety of mechanismsprimarily by attacking
their DNA at some level (synthesis, replica: |
tion, or processing). However, alarge part o |
their selectivity for cancer cells is based on
cytokinetics, in that they (tovarying extents) |
are preferentially toxic to cycling cdls. For
this reason, their therapeutic efficacy islim |
ited by the damagethey aso causeto prolifer- 1
ating normal cells such as those in the bone ;
marrow and gut epithelia. Thisis especidly |
true in the treatment of solid tumors, where |
cell doublingtimes may bevery long. Whereas |
effortsto physically target cytotoxinstotumor |
tissue has not been very successful, thedeve- |

opment of relatively nontoxic prodrug forms #
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Table24 Tumor-Activated Prodrugs in Clinical Trial for Cancer Chemother apy

Generic Name (Structure) Trade Name Originator Chemical Class
Hypoxiaactivated prodrugs

tirapazamine (82) Tirazone Sanofi benzotriazine-di-N-oxide

AQ4N (84) British Technology Group aliphatic N-oxide

porfiromycin (86) Vion aziridinylquinone
ADEPT prodrugs

ZD 2767P (93) AstraZeneca aromatic mustard
GDEFT prodrugs

ganciclovir (99) Cytovene Hoffmann LaRoche

CB 1954 (102) Cobra Therapeutics dinitrophenylaziridine
Antibody-toxin conjugates

SGN-15 (104) Seattle Genetics antibody/doxorubicin

Gemtuzumab ozogamycin

(105) Mylotarg Wyeth-Ayerst antibody-enediyne
SB 408075 (106) | mmunogen antibodylmaytansinoid
KM231-DU257 (107) KyowaHakko antibody/cyclopropylindole

of cytotoxins, which can be selectively acti-
vaed in tumor tissue, isbeginning to achieve
omesuccess, and inthefuture, may becomea
mgor strategy.

Prodrugs can be defined broadly as agents
that are transformed after administration, ei-
ther by metabolism or by spontaneous chemi-
ca breakdown, to form a pharmacologically
active gpecies. Strictly speaking, agents such
as cyclophosphamide (4) are prodrugs, but
theseundergo non-specificactivationinal tis
ues OF more interest are tumor-activated
prodrugs that exploit variousaspects o tumor
physodlogy and other techniquesto becomese-
lectively activatedin tumor tissue to toxicspe-
des Themultiplecriteriarequired of atumor-
activated prodrug has meant that these
compounds, whereas sometimesusing natural
productssuch asdoxorubicinasthetoxins, are
primarily synthetic agents. Most tumor-acti-
vated prodrugs fall under one of four catego-
res hypoxiaselective prodrugs (bioreduc-
tives),prodrugs for antibody-directed enzyme-
prodrug therapy (ADEPT prodrugs), prodrugs
for genedirected enzyme-prodrug therapy
(GDEPT prodrugs),and antibody-toxin conju-
gates (armed antibodies).

5.2 Clinical Use of Tumor-Activated
Prodrugs

Becauseinterest i n tumor-activated prodrugs
isrelatively recent, only the hypoxia-selective
agent tirgpazamine has had extensive clinical

use, and even thisis still in development, d-
though it lookslikely to becomethefirst clin-
ically useful hypoxiaselectivedrug (339). The
limited clinical experience with these various
drugsisdiscussed below,in each subclass(Ta
ble 2.4).

5.3 Hypoxia-Activated Prodrugs
(Bioreductives)

5.3.1 History. The imperfect neovascular-
ization that developsin growing solid tumors
results in limited and inefficient blood vessel
networks and restricted and often chaotic
blood flow (340).Thisgenerateschronicor dif-
fusion hypoxia, where cellssufficiently distant
from the nearest blood capillary are hypoxic
for long periods, caused by the steep diffusion
gradient of oxygen in tissue. The high and
variable interstitial pressures caused by the
growing tumor (341) can also result in tran-
sient or perfusion hypoxia, resulting fromthe
temporary shut down of blood vessdls placing
sections of tissue under hypoxia for shorter
periods (342). Because severe hypoxia is a
common and unique property of cellsin solid
tumors, it is thus an important potential
mechanism for the tumor-specific activation
of prodrugs. This concept grew initially out of
thedevelopment of radiosensitizers, drugsde-
signed to take the place of oxygenin hypoxic
tissue by oxidatively "fixing" theinitial DNA
radicalsformedby ionizingradiation to gener-
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Prodrug
two- electron one electron
redudase/ \ductase
Prodrug i Prodrug
two-dectron one-dectron
adduct adduct
Diffusble cytotoxic species

Figure2.9. Hypoxia-activated prodrugs.

ate cytotoxic strand breaks (343). Such com-
pounds tended to be easily reduced electron-
deficient speciessuch asmisonidazole (81).In
additiontotheir radiosensitizing propertiesas
" oxygen-mimetics," many of these compounds
wereal sofound to have modestly higher levels
(ca. 10-fold) of eytotoxicity in hypoxiccompare
with oxygenated cells in culture (344). THe
mechanism of such hypoxia-selectivecytotox-
icity istheability of the prodrug to the metab-
olized by reductive enzymes such as cyto-
chrome P450 reductase and xanthine oxidase
(345)toatransient one-electronintermedi ate.
I n normal oxygenated tissue, thisisefficiently
back-oxidized by molecular oxygento the par-
ent compound, but in hypoxic cells, it is fur-
ther metabolized or spontaneously breaks
down to morecytotoxicspecies(346) (Fig.2.9).

[:\>~No2
("

OH

(81)

The most well-studied hypoxia-activated
prodrug is the synthetic agent tirapazamine
(82; 3-aminobenzotriazone-1,4-di-N-oxide).
Thisdrug wasoriginally evaluated asan anti-
microbial agent (347) but was discovered to
have hypoxia-selective cytotoxicity in a
screening program. It is now in widespread
phase III studies (348) and may become the
first clinicaly useful hypoxia-selective drug
(339).

o
(82)

Aliphatic N-oxides of DNA-bindingagents
have al so been explored as synthetic hypoxia-
selective prodrugs. This was fird demon-
strated by the drug nitracrine-N-oxide (83).
Thisis much more hypoxia-selective (>1000-
fold in cel culture) (349) than thefree amine
itself, which also shows moderate hypoxic se
lectivity through reductive activation of the
nitro group (350, 351). The most advanced
drug of thistypein developmentisthe bis-N-
oxide AQ4N (84) (352), which isdue to begin
phase | clinical trials shortly.

?_
0.N HN lI\I”—CHg
§ CHj;
(11
N
(83)
o

+_
OH O HN/\/ITT o
CH,

(84) O

The natural product and widely used clini- §
cal agent mitomycin C (85)shows modest hy- §
poxic selectivity (353), but thisisnot themain §
basis of its usefulness. However, its andog f
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porfiromycin (86) does show greater selectiv-
ity (354), and it has been developed primarily
as a hypoxia-activated prodrug, to the extent
of phase | clinical trials for head- and neck-
cance in combination with radiotherapy
(355).

0 CH,OCONH,

HoN (OCHj
CHj NR
0
(85)R=H
(86) R =CHj

5.3.2 Mechanism and SAR. The classes of
hypoxiaactivated prodrugs discussed above
wak by avariety of different mechanisms. Ti-
rapazamine (82) was found to undergo enzy-
mic one-electron reduction to a transient oxi-
dzing nitroxyl (356) or carbon-centered
radicd and ultimately to the two-electron
mono-N-oxide reduction product (Fig. 2.10).
The transient radicals were shown to cause
bresksat the C-4' ribosesitedf DNA, followed
by the oxidation of these by oxygen or other
oxidants (includingtirapazamineitself) (357),
through formation of acovalent adduct at the
N-oxide oxygen. The main reducing enzymes
respongblefor the hypoxia selectivecytotoxic
metabolism of tirapazamine are cytochrome
P40 and cytochrome P450 reductase (345),

| >
(82) o i
HO" \
DNA T+ idi
breaks 7N

Reduction

0O

Z X

> o

—_ N

Jdg

< +
/3

\ pd
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although it is aso reduced under hypoxia by
aldehyde oxidase, xanthine oxidase (358), and
nitricoxidesynthase (359).A critical featureis
that tirapazamine, although only forming a
monofunctional radical, generates a high pro-
portion of double-strand DNA breaks. Thisis
suggested to be caused by high local radical
concentrations generated by an undefined in-
tranuclear reductase associated with DNA
(339).

The aliphatic tertiary amine N-oxides of
the bis-bioreductive prodrug AQ4N (84) are
alsoreduced (tothefreeamines) largely by the
CYP3A isozymed nicotinamideadeninedinu-
cleotide phosphate (NADPH):cytochrome C
(P-450) reductase (360).Although thisin not a
one-electron process, it is still oxygen-inhib-
ited, with adirect competitionbetween oxygen
and thedrugat theenzymesite. Regeneration
of the cationic side-chainsdof (84) alowstight
binding to DNA and an ability tofunction asa
topo II poison, similarly to the closdly related
drug mitoxantrone (41) (361). AQ4N is not
sgnificantly active as a single agent in most
murine solid tumorsin vive, but it potentiates
the effects of radiation therapy (which kills
the oxygenated tumor cells) in a dose-depen-
dent manner (362).Increased efficacy wasal so
seen with combinations of AQ4N and cyclo-
phosphamide in murine tumor models (363).
AQ4N is due to begin phase | clinica trials
shortly. This approach seems quite general,
with compoundslike DACA N-oxide (87) aso
showing significant hypoxic selectivity in cell
culture (364). Nitracrine N-oxide (83)is an

o

NHz

Figure2.10. Metabolism of tirapazamine.
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one-glectron
reductase N

two-electron
reductase

OH
OH
Figure 211. Bioreductive metab-  hydroquinone

olism of quinones.

interesting example of another bis-bioreduc-
tive prodrug with two different reductive cen-
ters (nitroand N-oxide). Both centers need to
bereducedfor full activation, withtheN-oxide
demasking needing to occur before nitro re-
duction (365). Whereas (83) has exceptional
hypoxicselectivity (>1000-fold) in cell culture
(349), it showslittleactivity invivo against the
hypoxic subfraction of cellsin KHT tumors
(366) because o rapid metabolism. Attempted
modulation of this by either lowering the re-
duction potential of the nitro group (366) or
changing the steric environment of the N-ox-
ide (367) was not useful.

‘ \
=
N 0O~

l
N*—CH
07 N7 O ’
H CH;

(87)

Mitomycin C (85) and porfiromycin (86)
are quinones that readily undergo one-elec-
tron reduction, primarily by NADPH:cyto-
chrome C (P-450) reductase (368), to the cor-
responding semiquinone radical anion that is
capabled back-oxidationlby molecular oxygen
(Fig. 2.11). Following this, mitomycin C un-
dergoes a well-documented fragmentation to
DNA cross-linking agents that form guanine-
guanine crosslinksin the mgor groove (369).
One potential drawback to quinone-based
compounds as hypoxia-activated prodrugs is
that they are also often good substrates for
two-€electron reductases, particularly DT di-
aphorase (DTD; NQO1; NAD(P)H:quinone-
acceptor oxidoreductase) (370).

o

quinone

©

rad

5.3.3 Biological Activity and Sde Effeds .
Tirapazamine shows high selective toxicity
(100- to 200-fold) toward hypoxic cdllsin cul-
ture, but itsdiffusionthroughtissueislimited
by itsready metabolismtothe (non-diffusible)
radical species (371). Tirapazamine has an
ability to kill cellsover amuch wider range o
oxygen concentrations (as high as 2% O,)
(872) than most other hypoxia-selective cyto-
toxins, sothat itsactivationisnot restricted to
completely anoxic tissues (373). In animal
studies, tirapazamine enhanced the effect of
both single-dose (374) and fractionated (375)
radiation. Combinationsadf tirapazaminewith
both cisplatin (376), cyclophosphamide (377),
and other cytotoxic agents, including etopo-
side, bleomycin, and paclitaxel (378, 379)
showed additive or greater than additive &f-
fects on both tumor cell killing and tumor
growth delay. Combinations with the blood
flow inhibitor 5,6-dimethyl-xanthenone-y-ace-
ticacid (DMXAA) showed markedincreasesin
activity in a variety of tumor modes (380).
Tirapazaminehashad extensiveclinical trials
in head-and-neck cancer in conjunction with
radiation (tokill oxygenated cells) (381) with
encouraging results (382). Combinationswith
cisplatin (7) are aso promising, the tira
pazamine enhancing its effects, probably by
delayingthe repair o cisplatin-induced DNA
crosslinksin hypoxic cells(376). Thishasre-
sulted in superior response rates compared
with cisplatin alone in cervical cancer (383),
mesothelioma (384), malignant melanoma
(385), and particularly non-small-cell lung
cancer (386). Clinical toxicities o tira-
pazamine include ototoxicity and muscle
cramping (387). A laboratory study showed
that tirgpazamine caused time- and dose-de-
pendent retinal damagein mice (388), but this
does not seem to beaclinical issue.
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Related quinoxalinecarbonitrile-1,4-di-N-
oxides (e.g., 88), where the 2-nitrogen in the
benzotriazineunit of tirapazamineisreplaced
withaC—CN unit, areaso potent and highly
sHective hypoxia-selectivedrugs (389). Struc-
ture-activity studies with these compounds
dow that hypoxicselectivity isretained when
H or NHR replacesthe 3-amino group.

.
Cl NI _CN
~
TLX
¥
O K/NCHg
(88)

54 Prodrugs for ADEPT

5.4.1 History. Antibody-directed enzyme-
prodrug therapy (ADEPT) is an adaption of
the earlier concept (390, 391) of immunotox-
ins The differenceisthat instead of the toxin
bang attached to the antibody for localization
on tumors, an enzyme (usually non-human) is
attached and thuslocalized instead (392,393)
(Fg. 2.12). A prodrug that can be activated
efficdently and selectively by the enzyme is
then administered and is catalytically acti-
vated by the localized enzyme only in the vi-
cnity of thetumor cells. The advantage of us-
Ing non-human enzymes is the enhanced
ability to find prodrugs that can be selectively
activated. ADEPT shareswiththeoriginal im-
munotoxin concept the problemsaf limited ac-
cessd the (large) antibody-enzymeconjugate
to tumors and the usually heterogeneous ex-
presson of the target antigen on tumor cells.
However, provided the released cytotoxin has
the appropriate properties (high potency and
an efficient bystander effect) it can ameliorate
these problems by diffusing from the cells
where it is generated to enter and kill sur-
rounding tumor cells that may not possess
prodrug activating ability. A further increase
in efficacy can be achieved if the prodrug is
designed to be excluded from cdlls until it is
activated (394).

87

tumor
cell
PRODRUG
tumour-
associated antibody

antigen

exogenous™~t - caaytic
enzyme converson
CYTOTOXIN «

F gure 212, Antibody-directed enzymeprodrug
therapy (ADEPT).

5.4.2 Mechanism and SAR. The specific
mechanism of action depends on the type o
enzyme used to activatethe prodrug. Particu-
lar requirementsaf the prodrug include being
a selective and efficient substrate for the en-
zyme used. General requirements are an abil-
ity to be excluded from cells (usually achieved
by high hydrophilicity and/or possession o a
negativecharge) until activation and thecapa
bility to then release a potent and diffusible
toxin with a substantial bystander effect.

5.4.2.1 Prodrugs for Phosphatase Enzymes.
Phosphates have been employed as ADEPT
prodrugs because both aromatic (e.g., 89; eto-
posidephosphate) (395)and aliphatic (e.g., 90;
mitomycin phosphate) (396) examples are €f-
ficiently cleaved by alkaline phosphatasesand
are substantially cell-excluded. However, it
proved difficult to achieve selectivity because
thereisan abundanceadf such phosphataseen-
zymesin human serum and other tissues, and
phosphates are primarily now used directly as
non-specific prodrugs; the antivascular agent
(91) (combretastatin phosphate) is an exam-
ple (397).

5.4.2.2 Prodrugs for Peptidase Enzymes.
Glutamate-type prodrugs o mustards (e.g.,
92, 93) are effectively excluded from cdlls by
thediacid side-chainand can be cleaved by the
Pseudomonas-derived enzyme carboxypepti-
dase G2 (398). Cleavage of the amide or car-
bamate releases more lipophilic agent that is
also activated by electron release through the
aromatic ring to the mustard. Theamide (92)
(CMDA) was thefirst ADEPT prodrug evalu-
ated clinically (399), and the carbamate pro-
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(I
o

HO OH

(90)
— OCHj
CH,0 ! ‘ OCH;
OP(OH), OCHj
(91)

drug (93) (ZD 2767), releasing a more cyto-
toxic phenol iodomustard, is currently in
phase| clinical tria (400).

5423 Prodrugs for B-Lactamase Enzymes.
These enzymesfrom Enterobacter speciescan
selectively hydrolyze the four-membered
B-lactam ring of penicillins and cephalospo-
rins and have been used in a variety o pro-
drugs (401).Hydrolysisisfollowed by sponta-
neous fragmentation of the carbamate side-
chain and the release of a variety of toxic
amines (Fig. 2.13). Carboxy and sulfoxide
groups on the cephem nucleus assist with cell
exclusion. Several nitrogen mustard prodrugs

HOQC\(A/ CO2H

) NH

S

(92)

0SGyCHa

COH

HN CO.H

o

IR

(93)

for B-lactamase have been evaluated. The
cephem analog (94) affected cures in mice .
bearing xenografts of human melanomacdls E:
if given subsequent totreatment with 96.5/bL,
a mAb/B-lactamase conjugate that binds to
specificsurface antigenson thesecells(402) A
cephem derivative of doxorubicin (95)showed
higher intratumoral levels of doxorubicin af-
ter treatment with the conjugate than with
doxorubicin alone (403). However, the differ-
ential cytotoxicities between drug and pro-
drugin this approach are only moderate, and §
no such prodrugs haveyet proceeded to clini-
cal trial.
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Fi gure 2.13. Fragmentation of g-lactamase prodrugs.
Cl
0/< \
g 0 Cl
HN
COH
0O 0O
HO,C
(94)
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5.4.2.4 Prodrugs for Glucuronidase Enzymes.
Becaue serum levels of B-glucuronidase
(GUS)are very low (they arelargely confined
to lysozymesin cells), it ispossibleto usethe
human version as an activating enzyme in
ADEPT, avoiding potential immunogenicity
problems (404). Work with this enzyme has
tended to focus on anthracycline effectors
(405). The epirubicin O-glucuronide prodrug

(96) was 100- to 1000-fold less cytotoxic than
epirubicin itself in vitro (406), but pretreat-
ment of antigen-positive cellswith an 323/A3-
GUSE. coli immunoconjugate gave equiva
lent cytotoxicity to that of the free drug. The
doxorubicin prodrug (97) used an immolative
spacer unit (405), and although only 10-fold
lesscytotoxicthan freedoxorubicin, wasa bet-
ter substratefor the enzyme (407). The doxo-
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rubicin prodrug DOX-GA3 (98) was 12-fold
less toxic than doxorubicinin cellsd the hu-
man ovarian cancer cdl line FMa and was
somewhat superior to doxorubicin against
FMa xenografts in mice in conjunction with
323-A3/human B-glucuronidase conjugate
(408). However, the use df such tightly DNA
binding, cdl cyde-gpecific (topo II inhibitor)
effectorsis not yet known.

-

|
HO OCH; T‘Qj
HO
om0 NH:
(96)

5.5 Prodrugs for CDEPT

55.1 History. The ADEPT approach is
generally limitedto theuse of enzymesthat do
not require energy-producing cofactors,and i t
also hasthelikelihood of generating immune
responses to the foreign proteins used. In
gene-directed enzyme prodrug therapy
(GDEPT), the enzyme is targeted to tumor
cells by integrating the gene that producesit

intothegenomeadf thetumor cells, followed by
administration of the prodrug. A small but
growing proportion of the large number o
"gene therapy" trials now in progress is for
gene-directed enzyme-prodrug therapy, or
"suicide gene therapy," although problems
with systemic gene delivery remain (409).
This concept theoretically retains the advan-
tagesof ADEPT intermsaf selectiveand suf-
ficient access of the activated drug to tumor
cells and expands the class of available en-
zymesto thosethat requireendogenouscofac-
tors. However oneapproach todesignin sdec
tivity between prodrug and toxin is log -

compared with ADEPT, becausethe prodrugs 2%

must be ableto enter cellsfreely.

5.5.2 Mechanism and SAR. Aswith ADEPT
prodrugs, the specific mechanismd actionde |
pends on the type of enzyme used to activate
the prodrug. GDEPT offersa wider choice of |
enzymes, because those with cofactors not |
readily availableoutsidecellscan also beused. |
The protocol is also generally less immuno-
genicthan ADEPT. f

5.5.2.1 Prodrugs for Kinase Enzymes. The |
most widely used prodrugin GDEPT protocols |
istheantifungal agent ganciclovir (99), which |
is activated by the thymidine kinase enzyme |
from Herpes simplex virus, convertingitinto
the monophosphate (100). This can then be |
converted by cellular enzymes into the toxic |
triphosphate, whichactsasan antimetabolite. |
This combination has been evaluated in nu- |
merousclinical trials, primarily in gliomashby |
intratumoral injection (410). A limitation of j
the approach is the poor bystander properties
of the activedrug, which cannot enter cellsby
passive diffusion, but instead uses gap junec-
tion connections (411) that are not well deve- |
oped in many typesdf tumors (412).

5.5.2.2 Prodrugs for Cytosine Deaminase. |
The yeast enzyme cytosine deaminase (413) |
has also been widely studied asa GDEPT sys-
tem in conjunction with 5-fluorocytosine
(101), which it converts to the thymidylate
synthetase inhibitor 5-fluorouracil (73). This
hasgood diffusion properti esand showsbetter
bystander effects (414). Experimental studies
have focused mainly on colon cancer modds
for the use of this combination, because clini-
caly 5-fluorouracil isoneaof the most effective
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drugsfor colon cancer. Possibledrawbacksin-
dudetherelativelylow potency of 73, coupled
withits pronounced cell cyclesel ectivity (415),
and no clinical trials o the protocol have yet
bean reported.

91

(101)

5.5.2.3 Prodrugs for Oxidative Enzymes.
The cytochrome P450 enzymes that non-spe-
cifically activate the clinical agent cyclophgs-
phamide (4) in the liver to the active species
phosphoramide mustard (see Section 2.3.2
and Fig. 2.2) have also been employed in a
GDEPT protocol with cyclophosphamide.
Treatment of sc 9L gliosarcomatumorstrans-
duced with various isozymes, especidly
CYP2B6 or CYP2C18-Met, with (4)gavelarge
enhancements over the normal liver P450-de-
pendent antitumor effect seen with control 9L
tumors (growth delays of 25-50 days com-
pared with 5-6 days), with no apparent in-
creasein host toxicity (416).

5.5.2.4 Prodrugs for Reductase Enzymes.
The dinitrophenylaziridine (102102; CB
1954) is activated by the aerobic nitroreduc-
tase (NTR) from E. coli (417), in conjunction
with NADH or NADPH, to a mixture d hy-
droxylamines (Fig. 2.14). The 4-hydroxyl-
amine (103) is then further metabolized by
cellular enzymes to DNA cross-linking spe-
cies. CB 1954 shows high selectivity (up to
1000-fold) for avariety of cdl linestransduced
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Oz

Fi gure 214. Metabolism of
CB 1954 by E. coli NTR.

(102) Q
with the enzyme over the corresponding wild-
typecdllines(418).1tisnowinclinical trial in
conjunctionwith NTR, usinga GDEPT proto-
col (419).

5.6 Antibody-Toxin Conjugates

5.6.1 History. Thisisadirect development
of the "immunotoxin" approach, again ex-
ploitingthefact that many typesaf tumor cells
present characteristic tumor-associated anti-
gens on their surface (391). Despite much
work, this approach has not been particularly
successful until recently, with a combination
o theavailability o moreresurgencedf inter-
est. The hypothesisisthat conjugationaof toxic
drugstotheantibodiesdeactivatethedrug (by
limiting diffusional access to cells) without
changing the selectivity of bindingof theanti-
body. Thisalowsit tolocateon (antigen-bear-
ing) tumor cells, internalize, and release the
toxin (often through an acid-labile linker)
whenitistaken upinto acidicendosomes (Fig.
2.15).

5.6.2 Mechanism and SAR. A wide variety
o antibodies, linkers, and toxinsarecurrently
being explored in this approach. Doxorubicin
continues to bewidey used asatoxin because

Hypervariable region

Antigen-binding Q\/ \QA
/

region (recognition) < Light chain
—8-8— Hinge
I
N
—S
Toxin-binding —g-g—
region (covalently- Heavy chain
linked toxin)
—_—) ._4\5.._
TOXIN I |TOX|N

Fi gure215 Schematicof toxin-armed antibody.

CONH, CONH> CONH;
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N

NHOH NO»

(103) / \

it is so well characterized, although it is not
exceptionally potent. The most advanced
doxorubicin-containing conjugate is SGN-15
(104), in which an average of eight molecules
of doxorubicin are linked through an acid-la-
bile hydrazone link, through the C-14 car- |
bonyl, to thechimericmAb BR96, which binds
to amodified Le” antigen on tumor cells. The
major route of breakdown of (104) in vitro has |
been shown to be acid-catayzed hydrazone |
hydrolysis,asdesigned (420). SGN-15induced
cures of established subcutaneous human o
lon carcinomasinathymic miceand rats(421), |
where free doxorubicin at its maximum-toler- |
ated doses were ineffective. A recent phasel |
clinical trial of SGN-15in patients with meta |
static colon and breast cancers expressing the |
Le” antigen determined the optimal doseto be |
700 mg/m? (equivalent to 19 mg/m? of doxoru-
bicin), with only mild toxicity (422). ~;
Conjugates of the extremely potent cali- |
cheamicin-type DNA cleaving agents have |
been under development for some time (423,
424). The conjugate (105) (gemtuzumab ozo- |
gamicin; mylotarg) was the first antibody |
armed with a small-molecule cytotoxin tO |
reach clinical trial. Mylotarg hasan averaged |
four to five calicheamicin molecules linked |
through an acid-labile hydrazone linker, |
through a sterically-hindered disulfide, to a |
humanized hP67.6 IG1-based antibody that 1
recognizes the CD33 antigen on normal ad ;
leukemic myeloid progenitor cells (425).
Cleavage of the linker in the low pH endo- |
somic environment in cellsis followed by in |
tramolecular cyclization to generate the tran- §
sient benzenoid diradical that resultsin DNA |
double-strand cleavage (426).1 n phaseII stud- |
iesin relapsed AML patients, an overall 30%
response rate was seen (427), with ddayed
hepatotoxicity as a possible side effect (428). |
Conjugate (105) has aso been reported to be §
activeclinically in bre/abl-positive CML (429). |
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The conjugate SB 408075 (106) employs
the very potent synthetic maytansinoid-type
tubulin inhibitor DM1 (430), with an average
d four molecules of the toxin attached by a
disulfide link to hC242, an antibody to a mu-
cin-likeglycoproteinon col orectal cancer cells.
This conjugate affected curesin mice bearing
large COLO205 human colon tumor xeno-
grafts (431) and is reported to be in phase I1
clinical trials.

Finally, membersof the class\f very cyto-
toxic DNA minor groove alkylators exempli-
fied by the natural products CC-1065and duo-
carmycin (83) have also been used to grm
antibodies. As discussed in Seetibri 2.5, these
DNA minor groovea kylators werealso eval u-
ated clinicaly in their own right, but proved
too toxic. Conjugate (107) (KM231-DU257)
contains an average of two molecules of the
duocarmycin analog DU257, linked through a
PEGylated dipeptide (HO,C-Val-Ala-NH,) to
an M231 antibody that targets the sLe* anti-
gen (432). The PEGylated linker prolongs
plasma half-life, and the Vad-Ala link is
cleaved by tumor proteases to primarily re-
lease the DUZ257-Val conjugate, which has
similar potency to DU257 itself.
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1 Introduction

1 INTRODUCTION

Cancer is now believed to be the number one
cau=d prematuredeathinindustrialized na-
tions The market for anticancer agents was
estimated at about US$10 billionin 1997 and
continuesto escal ate. Because of the need and
the vdue o these drugs, many laboratories
ae intensvely investigating the chemistry
ad biology of novel anticancer agents. Major
advances have been made in understanding
the nature and vulnerability of cancerous
adls resulting in development of nove
screensand approaches. For the present, how-
ever, cytotoxicagents, many of natural origin,
ae the mainstays of anticancer chemother-

A wide array of complex terrestrial and
marine natural products possesses antitu-
mar activity (1-5). A few of these were in
folkloricusein fairly ancient times, whereas
many have been discovered very recently as
theresult of directed screening programs. | n
earlier times screening was principally car-
ned out against P388 and L1210 (murine
leukemia models), but now there is greater
emphasis on slower growing solid tumors.
Antitumor natural products possess some of
the most intricate structures of any com-
pounds finding medicinal use today, and
mod are so toxic that each patient must be
carefully titrated with them. Even with this
cae, patients still find theside effectsatten-
dant on their use hard to bear.

Thequestion of why these substancesoccur
in nature is endlessly debated. Many believe
that they are defensive secretions that allow
theorganismsthat producethem tosurvivein
ahogtile world. Others believe that they rep-
resent growth regulatorsthat allow organized
ad controlled growth of cells and that they
arenot particularly toxicinthequantitiesnor-
mdly found in the producing cdls. It is not
ey to resolve such arguments, but the point
remains beyond dispute that such compounds
ae widespread, are easily detected, and that
individua plants or animals have evolved
widdy disparate structural solutionsto what-
eva needsthese compounds actually fulfill.

Theseagentsarecollectively the most com-
pdexnonpolymeric organic medicinal agentsin
present use. At the time of their discovery,
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elucidation o their chemical structures fre-
gquently pushed the limitsof chemical science.
Unravelingtheir molecular modesaf actionin
many cases revealed previously unsuspected
complexitiesin cellular growth regulation and
biochemistry. Successful synthesis of these
and related compounds has greatly enriched
our synthetic capabilities and a number of
these syntheses have become classics of the
art. L earninghow toadminister them safely to
patients required the highest level of clinical
expertise.

It is aso interesting to contemplate their
structural diversity from abiosynthetic stand-
point. Starting with fairly ordinary mono-
meric units, complex enzymic pathways ulti-
mately produced these cytostatic/cytotoxic
agentswithout at the sametime poisoningthe
microorganism or plant producingthem. It is
not credible to suppose that the organisms
produced these substances as a gift to human-
ity. Each of these products represents such a
finely crafted idiosyncratic design that one
wonders why so many different organisms
came up with such different solutions, given
that the starting materials are basically simi-
lar. One might have guessed that fewer gen-
eral solutions would have developed over bio-
logical time if one wishesto believethat they
serve arole in regulating the growth o .the
producing organisms. In any event, mankind
Is fortunate that their activity spectrum is
broad enough for usto use.

The toxicity of these agentsis not particu-
larly surprising, inthat the screensemployedin
their discovery have historically depended onle-
thality to celsasan endpoint (6-8). It has his-
torically been considered that rapidly growing
cdls, includingcancer cdlsin particular, havea
greater appetite for nutrients than more quies-
cent cdlsand so are selectively intoxicated on a
kinetic basis. Thusthesafety margintoward un-
transformed cells is not great. Furthermore,
comparatively dow growingtumorsare particu-
larly hard to treat with such agents. Host cdlls
that havea high growthfraction areasokilled.
Thusthe usual constellationd side affects{all-
opecia, gastrointestinal (GlI) ulceration, fertility
impairment, immune suppression, blood dys-
crasias, €tc.] isreatively unavoidable. Very re-
cently, synthetic agents able to interfere with
aberrant cytokine-mediated growth signals
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Figure3.1. Synopsisof mo-
lecular modes of action of
various prominent antitu-
mor natural products.

have begun to appear on the market. Gleevecis
thefirst commercia successembodyingthisap-
proach and itsantitumor applicationiscompar-
atively nontoxic. It seems likdly that natural
productscan be found sharing these character-
istics. If so, anew eradf natural product chemo-
therapeuti cagentswith minimal toxicity to nor-
mal cellswill dawn.

Theresultsd one d the principal screening
methods in present useis collected in the Na
tional Cancer I nstitute databasethat wasestab-
lishedin 1990 (6). Thisisbased on comparative
potency against 60 different human cancer cdl
linesgrownin tissueculture. Morethan 70,000
compounds have been put through this screen
and the datafor each are presentedin graphical
form. From this, insightsinto mechanism o ac-
tion and mode of resistance can be drawn (9).
Many other tests are in present use, including
screensfor signal transductioninhibitors, anti-
angiogenesis, cdl-cyde inhibition, exploitation
o functional genomics, immunotherapeutics,
vaccines, and chemoprevention. Muchinventive
biology iscoming forward and exciting days ap-
pear to lieahead.

The natural agents presently in use can be
conveniently classified according to their mo-
lecular modes of action asfollows:

1. Drugsattacking DNA
e Dactinomycin
e Bleomycin
e Mitomycin
® Plicamycin (mithramycin)

‘
&

Antitumor Natural Products

Go Topoisomerasell inhibitars|
Anthracydines .
|sopodophyllotoxins

Topoisomerase! inhibitors
Camptothedns

D'\é'? drand breskers

€0myans

DNA groove binders
Actinomycins

DNA intercalators
Anthracydines
Bleomydns

DNA dkylding agents
Mitomyans

2. Drugs inhibiting enzymes that process:
DNA f

e Anthracyclines (daunorubicin, doxorubi-
cin, epirubicin, idarubicin, valrubicin)
e Camptothecins (topotecan, irinotecan) |
¢ Isopodophyllotoxins (etoposide, tenipo-
cide) ]

3. Drugsinterferingwith tubulin polymeriza- |
tion/depolymerization -

e Taxus diterpenes (docetaxel, paclitaxel/ |
taxol) '

» Vincadimeric akaloids (vinblastine, vin-
cristine, vinorelbine)

Figure 3.1 illustrates in summary form
the various points of attack of prominent
natural antitumor agents on growing cdls
Onenotesthat DNA or tubulininoneway or :
another (either by direct attack or by inter-
ference with enzymes processing these im |
portant cellular macromolecules) isthe pri- |
mary target of all of these agents and thét
most phases of the cell cycle are involved;
especially when mixtures ("cocktails") ae!
employed. B

Added biological detail of the properties;
and applications of these naturally occurring |
natural products can be found in The AHFS
Drug Information 2001 book (10) and in Good- g
man and Gilman’s Pharmacological Basts of &
Therapeutics (11). R
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2 DRUGS ATTACKING DNA
21 Dactinomycin (Cosmegen)

21.1 Introduction. The actinomycinsare
afamily o yellow-red peptide-contai ning anti-
tumor antibi oti csproduced by fermentation of
vaious Streptomyces and Micromonospora
goades Thefirst members o the actinomycin
famly were discovered in the early 1940sin
thehopesd finding nontoxic antibacterial an-
tibiotics in fermentations of soil microorgan-
Igms (12), although in the actinomycin case
thisambition was dashed by their high toxic-
ity. Somewhat later (since about 1958) this
was compensated for by the discovery that the
toxicty to rapidly growingcellscould beuseful
in cancer chemotherapy. One should note,
however, that |ater discoveries demonstrated
that the potencies against microbes and
agang tumors do not parallel wel. At the
present time about seven different complexes
of actinomycins have been identified, each dif-
fering from the others primarily by the vari-
ous amino acids constituting the two cyclic
deps pentapeptide side chains pendant from
the common phenoxazinone chromophore
[cdledactinocin(1)]. When thetwo cyclic pep-

CONHR  CONHR!
N NH,
I,
0 0
CH, CH,

(1)

tidesddechainsareidentical, these agentsare
referred to asisoactinomycins(R = R’). When
they are different from each other, they are
known as anisoactinomycins(R # R'). Of the
20 ar s0 natural actinomycins and a much
larger number of synthetic and biosynthetic
andogs, actinomycin D [(2), from which the
genaic name dactinomycin is derived] is the
Mot prominent medicinally. A useful trivial
nomenclatura system has also grown up. In
this system, dactinomycin is referred to as
Val-2-AM and other analogsare named by the
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position and identity o the amino acidsthat
are exchanged. Actinomycin C (cactinomy-
cin-3) isthusknown aslle-2-AM.

2.1.2 Medicinal Uses. As noted in the
summarizing table, dactinomycinis used me-
dicinally by intravenous (i.v.) injectionfor the
treatment of Wilm’s tumor, rhabdomyosar-
coma, metastatic and nonmetastatic chorio-
carcinoma, nonseminomatous testicular car-
cinoma, Ewing's sarcoma, nonmetastatic
Ewing's sarcoma, and sarcoma botryoides.
Theusual doseis10-15 ug/kgi.v. for 5days. If
no serious symptoms develop from this, addi-
tional treatments are given at 2- to 4-week
intervals. Other treatment schedules have
aso been used. The drug is often combined
with vincristine and cyclophosphamide in a
cocktail to enhancethe cure rate (13).

2.1.3 Contraindications and Side Effects.
Dactinomycin is contraindicated in the pres
ence of chicken pox or herpes zoster, wherein
administration may result in severe exacerba
tion, occasionally including death. Thedrugis
extremely corrosive in soft tissues, so extrav-
asation can |lead to severetissue damage (14).
Toavoid thisthedrugisusually injected into
infusion tubing rather than being injected di-
rectly into veins. When combined with radia
tion therapy, exaggerated skin reactions can
occur as can an increase in Gl toxicity and
bone marrow problems. Secondary tumorscan
be observed in some cases that can be attrib-
utedtothedrug. Dactinomyciniscarcinogenic
and mutagenic in animal studies and malfor-
mations in animal fetuses have also been ob-
served. Nausea and vomiting are common
along with renal, hepatic, and bone marrow
function abnormalities. The usual aopecia,
skin eruptions, Gl ulcerations, proctitis, ane-
mia, and other blood dyscrasias, esophagitis,
anorexia, malaise, fatigue, and fever, for ex-
ample, arealso observed. Clearly thisisavery
toxic drug.

2.1.4 Pharmacokinetic Features. Dactino-
mycinisnot very availableafter oral adminis
tration, so it is primarily administered by in-
jection. About 2 h after i.v. administration
very little circul ating dactinomycin can be de-
tected in blood. It is primarily excretedinthe
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bile and the urine. It does not passthe blood-
brain barrier. Dactinomycin is only dlightly
metabolized. Despite these factors it has a
half-life of about 36 h. Persistence is largely
accounted for by tight binding of the drug to
DNA in nucleated cells (15~17).

2.1.5 Medicinal Chemical Transformations.
Total synthesis of dactinomycin has been ac-
complished but thishasnot proved asyet to be
of practical value (seeFig. 3.2). Analogscan be
assembled from appropriately substituted
benzenoid analogs. The overall strategy com-
monly involves construction of the external
aromatic rings, attachment o the depsipep-
tide side-chain precursors, oxidative genera-
tion o the actinocin ring system, and func-
tional group transformations to complete the
synthesis (18-26).

0O Thr-D-Val-Pro-Sar-MeVal-OBzi
NH>

1 Hy -
2 K3FG(CN)5

OBzl

CH3 CH3
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Semisynthetic side-chainanalogsd the ac-
tinomycins are prepared by remova o the
depsipentapeptide side chains and their re-
placement by synthetic moieties. Analogswith
altered peptide side chains are aso prepared
by directed biosynthetic manipulation of the
fermentations. Thesynthetic replacement has
been done in a combinatorial mode as wdl
(27).Replacement of the normal sidechainsby
simpleaminesleadstoinactive products. Most
of the other side-chain variations have led to
compounds with reduced in vivo potency.
None of those few analogs where this is not
true has been commercialized.

Some chemical alterations in the chro-
mophoric phenoxazinone moiety have aso
been accomplished. After considerablework it
hasemerged that theC-2and the C-7 positions
can be substituted with retention of signifi-

Peptide

0\( Peptide

Ho

O BSOS, Et Dactinomycin

CHs

F gure 3.2. Synthesisof dactinomycin.
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cant activity. Among some of the useful reac-
tionsleadingto testableanalogsareaseriesd
addition/elimination reactions, starting with
caeful alkali hydrolysis to produce the C-2
OH anaog. This can be converted by thionyl
chloridetreatment to the C-2 Cl analog. This
inturn can bereacted with avariety of amines

~to produce alkylated C-2 amino substances

(28).Catalyticreduction of the 2-Clanalog re-
aultsin the protio analog, which is inactive.
TheC-2chloroanal og can be hal ogenated with
chlorine or bromine to produce the C-2
chloro-C7 chloro or bromo analogs. These in
turn can be solvolyzed to the C-2 amino-C7
helo analogs (29-32). Nitration and hydroxy-
lation at the C-7 position can be accomplished
but requireprior protection with pyruvate. Af-
ter nitration or oxidation to the quinone
imine- and reduction, careful alkaline hydro-
lydsd the blocking pyruvate moiety leadsto
the desired analogs (28, 29, 33). The C-7 OH
andog can be converted to the allyl ether and
this can be epoxidized to produce an analog
that not only can intercalate by virtue of its
aomaticringsbut canalsoakylate DNA. The
nitrogen analog of the epoxide (aziridinyl-
methylene) can be prepared by a somewhat
different route. Hydrogenation o this last
opans the aziridine ring to produce the pri-
may amine (34-36). (SeeFig. 3.3))

The central chromophoric ring can aso be
modified to, for example, the phenazine (37,
3B) andogsand to oxazinone and oxazole ring
andogs (39, 40). These products have not be-
areimportant (41).

In sum, these studies demonstrate that the
dde-chansareimportant determinantsaorf activ-
ity asis the basic chromophoric three-ring sys
tem Peripheral adornments are tolerated but
nat superior (42-48). Consideringthe putative
molecular mode o action described below, this
definition of the pharmacophoreis not surpris-
ing. This definition of the pharmacophore is
schematicdly representedin Fig. 3.4, wherethe
pharmacologically successful transformations
that take placeare represented by the boxes.

2.1.6 Molecular Mode of Action. The flat
three-ring fused aromatic portion of dactino-
myadn intercalates into double-helical DNA
between the stacked bases (preferring gua-
nine-cytosine pairs), whereas the attached cy-
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clic peptide side chains of the drug bind into
theminor grooves, thusfurther anchoringthe
complex (49-58). These combined interac-
tions produceatight and long-lasting binding.
This mode is supported by extensive X-ray
studieswith model nucleotides. Aswith other
Intercal ating drugs, thisinteraction stretches
the DNA and interferes with DNA transcrip-
tion into RNA by RNA polymerase. Theinter-
ference with the functioning of DNA-depen-
dent RNA polymerase by dactinomycin is
much stronger than the interference with
DNA polymerases themselves. The conse-
gquencesof intercalation are believedto bere-
sponsiblefor the antitumor action and most of
the toxicity of dactinomycin. Some strand
breaks are also reported. These broken prod-
ucts are believed to result from redox reac-
tionsd thequinonelikecentral chromophoric
ring (57). Although relatively non-cell-cycle
specific, dactinomycin's action is particularly
prominent inthe G-1 phase. The cytotoxicac-
tion of dactinomycin on rapidly proliferating
cellsis pronounced, resulting not only in anti-
tumor activity but also in severe toxicitiesto
certain host organs. Figure 3.5illustratesthe
intercalation and minor-groove binding of
dactinomycins.

Resistanceto dactinomycinis primarily at-
tributabl e to drug export through overexpres-
siondf P-glycoprotein and to alterationsin tu-
mor cell differentiation mechanisms(58-63).

2.1.7 Biosynthesis. The actinomycins are
biosynthesized starting with tryptamine (see
Fig. 3.6). This passes through kynurenine to
3-hydroxyanthranilic acid then to 4-methyl-3-
hydroxyanthranilic acid. To thislast the pep-
tidesidechainsareadded. Oxidativedimeriza-
tion then results in completion o the
phenoxazinone ring chromophore. This pro-
cess is rather similar to that used in total
chemica synthesis of dactinomycin. The un-
usual amino acids in the side chains provide
strong evidence for very significant post-
translational modifications. The various
p-amino acidsare convertedfromtheL-stereo-
isomersand, in the case of dactinomycin, sar-
cosine is N-methylated (64). By varying the
amino acid compositiond the medium, avari-
ety of actinomycinanal ogscan be made by di-
rected fermentation (65, 66).
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Figure 33 Synthesisof dactinomycinanaogs.




2 Drugs Attacking DNA

Peptide
Peptide
L NH»
0
CHs,

The "boxed’ funciond groups can be changed with
reertion d sgnificant bidogicd ativity. Na &l
s.uch changes, however, are successful.

Figure34. Synopdsof pharmacologically SUCCESS
ful trandformationsof actinomyans.

The chemistry of actinomycins has been
the subject of a number of detailed reviews
(67-71).

22 Bleomycin (Blenoxane)

221 Introduction. Bleomycin sulfateisa
mixtured cytotoxic water-soluble basic glyco-
peptide antibiotics isolated by the Umezawa
goup fromfermentation brothsof Streptomy-
oss verticillus. The commercia form consists
of cuprous chelates primarily of bleomycins
A-2 (3)and B-2 (4). Subsequently, many ana-
logs have beenisolated by various groups and
been given various names. Among these are
the pepleomycins(5), phleomycins, (11)cleo-
myadns (12) tallysomycins, (13), and zorba-
myans (14).

222 Medicinal Uses. Bleomycin is used
intramuscularly (i.m.), subcutaneously (s.c.),

etc;f:'
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i.v., or intrapleurally, often in combination
with other antibiotics, for the clinical treat-
ment of squamous cell carcinomas, Hodgkin's
disease, testicular and ovarian carcinoma,and
malignant pleural effusion. It isaso instilled
intothebladder for bladder cancer sothat less
generalized side effects are obtained. It is of-
ten coadministered with avariety of other an-
titumor agents to enhance its antitumor effi-
cacy. One advantage that bleomycin has in
such combinations is that it possesses little
bone marrow toxicity and isnot very immune
suppressant, so it is compatible therapeuti-
cally with other agents (72-75).

2.2.3 Contraindications and Side Effects.
Bleomycin is contraindicated when idiosyn-
cratic or hypersensitive reactions are ob-
served. |mmediateor delayed reactions resem-
bling anaphylaxis occur in about 196 o
lymphoma patients. Becausedf the possibility
of anaphylaxis, it is wise to treat lymphoma
patients with 2 units or lessfor the first two
doses. If no acute reaction occurs, then the
normal administration schedule can be
followed.

The most severe toxicity of bleomycin is
pulmonary fibrosis and is more common with
higher doses. Thistoxicity isobservedinabout
10% of patients and is difficult to anticipate,
hard to detect in itsearly stages, and in about
10% of those affected it progresses to fatal
lung compromise (76-78). Renal damage oc-
curs occasionally and further decreases the
rate of excretion of thedrug. In rats, bleomy-
cin has been observed to be tumorigenic. In
pregnant females, fetal damage can result.

[ =DNA base

= DM peptide
side-chain
_ : Figure 35 Catoon of
B Dmba:k intercaation and minor
bone groove binding of dactino-

mydns
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NHcyclicPeptide
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CHj CHs

CONHcyclicPeptide

Figure3.6. Biosynthesisof dactinomycin.

Skin and mucous membrane damage, hair
loss, rash, and itching, for example, are not
uncommon and may require discontinuation
of thedrug. In addition, the common constel-
lation of fever, nausea, chills, vomiting, an-
orexia, weight loss, pain at the tumor site, and
phlebitisare seen.

Coadministration with digoxin and phenyt-
oin may lead to adecreasein blood levels.

Thedsdeeffectsd bleomycingenerallydonot
reinforce the toxicities o other antitumor
agents, vitisoften usedin anticancer cocktails.

2.2.4 Pharmacokinetic Features. When in-
jected i.v., bleomycinisrapidly distributed and
has a hdf-lifed 10-20 min. Intramuscular in-
jections peak in 30-60 min, although the peak
levels are less than about one-third those ob-
tained i . ~The overal haf-life o bleomycinis
about 3 h. Skin and lungs accumulate particu-
larly high concentrationsd the drug, in part
because these are apparently the only tissues
that do not rapidly deactivate it by enzymatic
hydrolysis. It does not crossthe blood-brain bar-
rier efficiently because of its size and polarity.
About 60-70%d theadmi ni stereddosei srecov-
erable as active bleomycinin the urine. Excre-
tion is progressively delayed when the kidneys
are damaged, o the dosesare reduced by refer-
enceto creatininelevels(79).

2.25 Medicinal Chemistry. The essential
central core of bleomycin providesa chelating
environment for transition metals, especialy

Cu(I) and Fe(I) (3).The branched glycopep-
tidesidechainislessessential for activity and
appearsto servein facilitating passage across
cell membranes and to assist in oxygen bind-
ing. Remova o the sugars and the oxygen to
which they are attached produces molecules
that arefully active but distinct from bleomy-
cin itself. The dipeptide unit is a linker arm
but contributes key hydrogen bonding and
perhapsother bindinginteractionsthat inten-
gfy activity and produce degreesaf base spec-
ificity tothecleavages. Thebithiazoleunit and
Its pendant terminal cation are important in
DNA targeting o the drug. These contribu-
tions were uncovered by the chemical synthe-
sisdf analogsthat could not readily have been
prepared by degradation of bleomycinitself or
by directed biosynthesis.

Partial chemica synthesis, with or without
the aid of enzymes, has aso produced a variety
d anaogsthrough modificationsd this periph-
eral sdechain array (80-91). Bleomycdin is a
conglomerate molecule built up from a collec-
tiond unusual subunits. Mog o thesewerepre-
pared independently by synthesis, in prepara
tion for ultimate assembly into bleomycin itself
or its analogs. The terminal bithiazole and its
pendant amides are the portion d the molecule
that bindsto DNA. For the purpose of making
analogs, the charged dimethylsulfonium group
Is monodemethylated through the agency o
heat. Theresultingcompoundisthen cleavedto
bleomycinicacid (6)by used cyanogen bromide
followed by mild alkaline treatment. Some soil
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(4) A= —NH(CH,),NHC(NH)NH,
(6) A = —NH(CHy)3NH(CHj);—2-pyridyl

(6) A=—0OH

(7) A= —NH(CH3)3S(0)CHj;

(8) A= —NH(CH,)sNH(CH,),NH,
(9) A = —NH(CH2)sNH(CH,),NH(CH2)sNH,

(10) A= —NH,

(11) A=asin (3); B = (44, 45) Dihydrothiazole

OH
(12) A=asin(@); C= %——NHJ%/%
J

(13) A=asin (3); C=——NHCH,CH(OH)CH(CH3)CO— ;
D =—CH(-0-4-amino-4,6-dideoxy-L-tallose)}— CH(OH)—
(14) C50=CHj3; A=asin (8); B=as in (11);

C =—NHCHy(CH,;OH)CH(OH)CH(CH3)CO—

microorganignspossessacylagmatine amidohy-
drolase capableof convertingbleomycinto bleo-
mycinic acid. Bleomycinicacidisthen converted
to the desired amides by use d water-soluble
carbodimide chemistry. Whereas the chemical
method is capable o producing greater struc-
turd variation, in practice the semisynthetic
method has proved more convenient.

Although bleomycin and its analogs have
dso been totally synthesized in various labo-
ratories, the processesar e too complex to be of
commerdd value (92-95).

»

The phleomycins (11)are related in that
one of the thiazole rings has been reduced to
its C-44,45-dihydro analog. The phleomycins
have substantial antitumor activity but are
too nephrotoxic for clinical use. The cliomy-
cins (12), tallysomycins (13), zorbamycins
(14), zorbonamycins, platomycins, and victo-
mycins are also structurally related to the
bleomycins. None of these variousalternative
substances has displaced the bleomycin com-
plex from the market, even though many pos
sess significant antitumor properties. The
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BM—Fe*
H—O0—O0—H + BM—Fe™
H+
H—O + BM—Fe™

Figure37. Generationd reactiveoxygen specieshy transition metal chelatesd bleomycins.

gpecific potencies and toxicities vary widdy
with structural variations.

In the presence of a mild base, metal-free
bleomycinisomerizestoisobleomycin through
an 0-to-0 acyl migration o the carbamoyl
moiety from position 22 to 23 of the mannosy!
group. Copper (II) bleomycin, under thesame
conditions, dowly isomerizesat itsmasked as
partamine moiety attached to the pyrimidine
substituent (at C-6). This isomer is substan-
tially lessactivethan bleomycinitself.

Bleomycin chelates with various transition
metals, the most relevant of which areiron (ID)
and copper (1), to form the corresponding com-
plexes. The iron complex binds oxygen and be-
comes oxidized, producing the hydroxyl radical
and the hydroperoxyl radical. Thisis schemati-
cdly illustratedin Fig. 3.7. The bithiazole moi-
ety intercalates into DNA and the complex is
stabilized by electrostetic attractions between
the sulfonium or ammonium side chains with
the phosphate backbonedf DNA Thisfixes the
drug a DNA, whereupon the reactive oxygen
gpecies generated by its transition-metal com-
plex breakstheDNA molecule at the sugar back-
bone, thus releasing purine and pyrimidine
bases. Thisimportant reaction isillustratedin
Fig. 3.8. Specificdetailsdf thiscomplex interac-
tion are still emerging.

Giventhat the biologicd action of bleomy-
cin dependscollectively onits ability tointer-
calate, to stabilize the intercalation complex
by electrostatic forces, and to complex transi-
tion metals capable of generating oxygen
radicals, the pharmacophore is distributed
through the molecule. Acceptable variations
involve substitution of various groups onto
bleomycinic acid and a variety o other com-
paratively trivial changes such as partial re-
duction o the thiazole moieties and alter-
ationsof theamino acidsnear the bleomycinic
acid carboxyl group.

Recently, efforts have been directed to the
synthesis of various macromolecular conju-

gates of bleomycin, in an attempt to produce
tissue selectivity and, perhaps, reduce lung
toxicity. Some of these agentsretain very sig-
nificant nucleic acid clastogenicity in vitro
(96).

2.2.6 Biosynthesis. Many analogs of bleo-
mycin have been prepared by directed biosyn-
thesis through appropriate media supplemen-
tation (97-100). Approximately 10 naturally
occurring bleomycins have been reported
(8-4, 7-10, etc.). These differ from one an-
other by possessing a variety of different di-
amino analogsin placed thesulfoniumamino
sidechain attached to C-49 of bleomycinicacid
(6).I naddition, directed biosyntheticmethods
involving media supplementation with suit-
able precursors have produced approximately
21 others, which also consist of a variety of
diamino analogsin which the C-49 moiety has
been replaced. Thus the biosynthesisdf bleo-
mycinicacidisrelatively tightly controlled, al-
though the amide synthase that puts on the
various side chainsis not very specificin its
substrate tastes.

2.2.7 Molecular Mode of Action and Resis-
tance. Theprecise molecular modeof action of
bleomycinisincompletely understood because
it has numerous actions in test systems. The
bleomycins are known to bind preferentially
totheminor groovedf DNA, althoughthe spe-
cific details o this host-guest interaction are
still elusive. The cytotoxicity of the bleomy-
cins is enhanced when a DNA-bindingregion
IS present and the specific nature of the DNA-
binding moiety can convey sequence specific-
ity. Thenucleicacid-cleavingcapacity ismetal
ion and oxygen dependent and it is beieved
that the complexes generate reactive oxygen
speciesthat areresponsiblefor thesingle-and
double-strand nucleic acid cleavages observed
(seeFig. 3.8). This DNA destruction isgener-
aly beieved to account for its cytotoxicity
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(101-104). Interestingly, in the absence o
DNA, bleomycin is also capable of destroying
itdf instead, presumably through the action
of the same reactive oxygen species (105). A
number of artificial analogs have been pre-
pared to explore the contribution of various
molecular features of these drugs and to ex-
plat these features. Some of these products
indude agents that are inert by themselves
but that enhancethecytotoxicity of bleomycin
fragments when attached craftily to them.
These agents usually contain aromatic moi-
eties and have the capacity to have a cationic
moaiey as well. Bleomycinis known to gener-

ate oxygen-based free radicals when chelated
to certain metal ions, notably ferrousiron and
copper. When chelated toferriciron, areducing
agent adds an electronto convert thecomplexto
ferrousiron. This,inturn, transfersan electron
to oxygen, producingeither the superoxide rad-
icd or the hydroxideradical (seeFig. 3.7). These
radicals attack ribosyl moieties in DNA and
RNA, leading to nucleicacid fragmentationand
subsequent interference with their biosynthe-
gs. Thisactionis bdieved to be primary in the
cytotoxic action of bleomycin. Bleomycin's ac-
tioniscdl cyde specific, causing mgor damage
intheG-2 andlessintheM phase.
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Resistance to bleomycin occurs primarily
through the action o bleomycin hydrolase,
which attacks metal-free bleomycinat the C-4
carboxamide moiety to produce deamidobleo-
mycin (106). Thislast produces radicals at a
much lower frequency than that of bleomycin
itself. This causes a much lower cleavage of
DNA and removesthe mgjority of the antitu-
mor action of bleomycin. In support of this
idea, resistant cells usually possess a higher
concentration of bleomycin hydrolase than do
sensitivecdlls. Thehydrolaseispresent in nor-
mal tissues, particularly intheliver. Interest-
ingly, recent evidence implicatesthis enzyme
intheformation of amyloid precursor protein
characteristic of Alzheimer's disease (107).
Other expertsimplicateenhanced DNA repair
capacity or decreased cellular uptake as con-
tributory to resistance.

2.2.8 Recent Developments and Things to
Come. Considering bleomycin's particular
ability to destroy DNA and RNA molecules,
there is comparatively little likelihood that
molecular manipulation o bleomycin will
soon produce a nontoxic version o the drug.

The chemical properties of the bleomycins
have been reviewed recently (104,108-113).

23 Mitomycin (Mutamycin)
2.3.1 Introduction. Mitomycin C (15) was

discovered initially at the Kitasato Institute
(114) and at the Kyowa Hakko Kogyo labora-

(15)

toriesin Japan, as ametabolite of Streptomy-
ces caespitosus (115), and elsewhere (116). A
number of analogs have been discovered at
several other places. These drugs are agroup
of blue aziridine-containing quinones, o
which mitomycin C is the most important
from a clinical perspective. Mitomycin A and
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porphiromycin also belong to this group but
have not been marketed. Mitomycins appar-
ently werethefirst of the useful bioreductively
activated DNA alkylating agents to be discov-
ered. Literally thousands of alkylating agents,
notably the «,8-unsaturated sesquiterpene
lactones of the Compositae, have been found
In nature, and an enormous effort has been
expended in their synthesis and evaluation
without notable success. The contrasting suc-
cess of the mitomycins seems to derive from
thefindingthat they are relatively inert until
bioreductively activated, so they show greater
biologica selectivity compared with that of |
many other naturally occurring akylating
agents. |

2.3.2 Clinical Use. Mitomycinisadminis
tered i.v. in combinationsaf antitumor agents
for treatment of disseminated adenocarci-
noma of the stomach, colon, or pancreas, or for
treatment of other tumors where other drugs |
havefailed (117-120).

e el s .

2.3.3 Contraindications and Side Effects. It
iscontraindicated in casesaf hypersensitivity
or idiosyncratic responses to the drug o
where there are preexisting blood dyscrasias.
Thedrug can cause a serious cumulative bone
marrow suppression, notably thrombocytope-
nia and leukopenia (121, 122), that can con
tribute to the development of overwhelming
infectiousdisease. Thisrequiresreducingdos
ages. Irreversible renal faillure as a conse
gduence of hemolytic uremic syndromeisdso
possible (121). Occasionally adult respiratory
distress syndrome has also been seen. When
extravasation is seen during administration,
cellulitis, ulceration, and sloughing of tissue |
may be the consequence (123,124). The drug
Is known to be tumorigenic in rodents. Its |
safety in pregnancy is unclear and teratoge-
nicity isseen in rodent studies. Other sideef- |
fects include fever, anorexia, nausea, vomit-
ing, headache, blurred vision, confusion,
drowsiness, syncope, fatigue, edema, throm-
bophlebitis, hematemesis, diarrhea, and pain.
Itisnot clear that al of thesearerelated tothe
use of mitomycinor whether they are at least
partly the consequence o other agentsin an-
titumor cocktails.

D e e ek PR o e
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234  Pharmacokinetics. Mitomycin is
poaly absorbed orally and is rapidly cleared
when injected i.v., with a serum half-life of
about 30-90 min after a bolusdose o 30 mg.
Metabaliam takes place primarily in the liver
adissaturable. Asaconsequenced thesatu-
rability, the amount of free drugin the urine
increases with increasing doses. Only about
1% d an average administered dose is ex-
ceted unchanged in the urine and the bile
because extensive metabolism takes place.
Thedrugisdistributed widdy in the tissues,
with the exception o the brain, where very
little penetrates (125-128).

Because mitomycin C is activated as an
antitumor agent by reduction, significant ef-
fot has been expended on trying to decide
whehe DT-diaphorase activity correlates
wdl with antitumor activity in vivo. Thisisas
ya imperfectly resolved but the correlation
gopearsto be poor. Other studies suggest that
NADPH:cytochrome P450 reductase (a qui-
noe reductase) contributes strongly under
some circumstances.

Inactivation and activation occur by me-
tabdism and/or by conjugation, and a number
of metabolites, principally 2,7-diaminomito-
e have been identified (129-131). Thera-
tio between inactivation and activation is par-
tidly a function of whether DNA intercepts
the reduced species before it is quenched by
some other molecular species.

235 Medicind Chemistry. Much explora
tionof thechemistry of themitomycins hasbeen
carried out accompanied by excellent reviewsin
theliterature (132-134). Total chemica synthe-
ssof mitomycins A and C have been achieved,
lut these are not practica for production pur-
posss (135-137).Morethan a thousand analogs
have been prepared by semisynthesisbut none
of theseagentshas succeeded i n replacing mito-
myan Citsalf. Generdly, it has beenfound that
mitomydn Canal ogsar el esstoxicthan mitomy-
cin A derivatives. Most modificationshave been
ahieved at the N-la, C-7, C-6, and C-10 pos-
tios The C-7 podtion is particularly conve
niently altered through addition/elimination se-
quencss and some of these agents have
recaved extensive evaluation. It isnoted that
theC-6 and C-7 positionsplay only an indirect
role in the activation of the ring system, so
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substitutions there might be regarded as pri-
marily significant in altering the pharmacoki-
netic propertiesaf the mitomycins. I t hasbeen
found quite recently, however, that the partic-
Ipation of the C-7 substituent in activation by
thiols differs significantly when C-7 bears a
methoxyl group (themitomycin A series) com-
pared to the activation when C-7 bears an
amino group (themitomycinCseries). Indeed,
thiols activate the methoxy analogs but not
the amino analogs. Mechanistically, both se-
riesarriveat the samebisalkylating speciesin
vivo but through different routes. This may
help rationalize why mitomycin A is both
more potent and more cardiotoxic than mito-
mycin C (138). The results of a comparison of
physicochemical properties and biological ac-
tivity of the mitomycinsled to the conclusion
that potency correlates with uptake, asinflu-
enced primarily by log P, and aso with the
redox potential (E1/2) (139).

The metabolism o mitomycin Cin vivo pri-
marily leads through reduction and loss o
methanol to a dihydromitosene end product.
I nterception by DNA, on theother hand, leads
to akylation of thelatter instead (138, 139).

2.3.6 Molecular Mode o Action and Ress
tance. Mitomycin C undergoes enzymatic re-
ductive activation to produce reactive species
capable of bisalkylation and crosslinking of
DNA, resulting in inhibition of DNA biosyn-
thesis (140-142). This effect is particularly
prominent at guanine-cytosine pairs. The re-
ductive activation of mitomycin C makes it
particularly useful inanaerobic portions of tu-
mor massesthat haveagenerally reducingen-
vironment. Mitomycin is also capable of caus-
ing single-strand breaksin DNA molecules.

The apparent chemical mechanism by
which mitomycinisreductively alkylated to a
bisalkylating agent is illustrated in Fig. 3.9.
The processisinitiated by aquinonereduction
followed by elimination of methanol, opening
of the aziridine ring, conjugate addition of
DNA, gection of the carbamate function, and
further addition of DNA.

The bisalkylation of DNA can be either in-
trastrand or interstrand, asillustrated in Fig.
3.10.

Resistanceisattributed tofailure of reduc-
tion (143), to premature reoxidation (143,
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144), binding to a drug-intercepting protein
that also has oxidase activity (145), and to P-
glycoprotein-mediated efflux from cancer

cells (146, 147). H:*
2.3.7 Medicinal Chemistry. The pharma- dR% ~ MM
cologically successful chemical transforma- w/
tions of mitomycin are schematically summa- _
rizedin Fig. 3.11. Intrastrand alkylation
The chemistry and pharmacological ac- o
tions of the mitomycins have been reviewed S %,
(132-134, 148). s E M___Zg”“
dR dR
2.4  Plicamycin (Formerly Mithramycin;
Mithracin) bLLh sfrf
Interstrand alkylation
2.4.1 introduction. Plicamycin (16), pro-
duced by fermentation of Streptomyces plica- ——=DNA base
tus and S. argillaceus, was isolated in 1953 dR = Deoxvribose badk bone
(149).1t isa member of the aureolic acid fam- MM = Mitamydn C

ily of glycosylated polyketides, which also in-
cludes chromomycins, chromocyclomycins, H gure 310. Interstrandand intrastrand alkylation
olivomycins, and UCH9. It was subsequently ~ of DNA by bioreductively activated mitomycin C.
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The "boxed" fundiond groups can be changed with
: retention d Sgnificant bidogical adtivity. Nd &l
- Such changes, however, are successful.

B Figure 3.11. Pharmacologically successful modifi-
cationsof mitomycin C.

found to be identical to mithramycin, a fer-
mentation product of S. argillaceus and S. ta-
nashiensts.

- 242 Clinical Uses. Plicamycin is highly
toxic but is nevertheless administered i.v. for
treatment o testicular tumors (150-153). In
lower doses it is used for treatment of hypercal-
cemia and hypercalciuria associated with ad-
vanced cancer, particularly involving Paget’s
bone disease (154-157).

243 Contraindications and Side Ef-
fects. Severe thrombocytopenia, hemorrhagic
tendency, and death can be encountered with
the use of plicamycin (158, 159). Renal impair-
ment, mutagenicity, and interference with
fertility are also known to occur with the use
of plicamycin. Anorexia, nausea, vomiting, di-
arhea and stomatitis, fever, drowsiness,
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weakness, lethargy, malaise, headache, de-
pression phlebitis, facial flushing, skin rash,
hepatotoxicity, and electrolyte disturbances
(decrease in serum calcium, potassium, and
phosphate levels) are al so encountered.

Plicamycin is contraindicated with coagu-
|ation disorders, thrombocytopenia, thrombo-
cytopathy, impairment of bone marrow func-
tion, and in pregnancy.

Thetoxicreactions of plicamycinare much
less severe and frequent in the lower dosages
employed to lower calciumion levels.

244  Pharmacokinetics. Plicamycin is
given i.v., whereupon a complex excretion pat-
tern ensues, with a half-life of approximately
11 h having been reported (160).

2.45 Mode of Action and Resistance. The
exact mechanismadf action of plicamyciniselu-
sive but it is known to intercalate into DNA,
favoring G-C base pairs, resulting in the inhi-
bition of enzymes that process DNA (161-
163). Plicamycin also interferes in the biosyn-
thesis of RNA (163). The effect of plicamyein is
enhanced in the presence o divalent metal
ions such as magnesium (II). Its hypocalcemic
action is unrelated to this but is rather medi-
ated by interference with the function of vita-
min D in some unclear manner (164). Plicamy-
cin also acts on osteoclasts and blocks the
action of parathyroid hormone (165, 166).

Resistance to plicamycin involves efflux
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through the action of P-glycoprotein (167), al-
though recent publicationssuggest that plica-
mycin has the capacity to suppress VDR 1
gene expression in vitro, thereby modulating
multidrug resistance (168).

2.4.6 Medicinal Chemistry. Thechemistry
of plicamycin and its analogs has been re-
viewed (169). For along time there was con-
siderableconfusionabout the precisechemical
structure o plicamycin (mostly with respect
tothe number and arrangement of the sugars)
but this has now apparently been resolved by
careful NMR studies (170).

The sugars must be present in plicamycin
for successful DNA binding and magnesium
ion aso promotesthe interaction.

2.4.7 Biosynthesis. Biosynthesisd the au-
reolic acid group of antitumor antibiotics be-
gins with condensation of 10 acetyl unitsto
produce a formal polyketide that, on conden-
sation, produces a tetracyclic intermediate
whose structure and that of the subsequent
intermediatesisreminiscent of thoseinvolved
in tetracycline biosynthesis (171). After the
formation of premithramycinone, a rather
complex sequenceaf reactions ensues, asillus
tratedin Fig. 3.12. A sequenced methylations
and glycosylationslead to premithramycin A3.
Of particular interest in the remaining se-
guenceisan oxidativeringscissionand decar-
boxylation, which leads to the final tricyclic
ring system. Thisisfollowedby oxidationlevel
adjustment, producing plicamycinitself, or to
onedf theother membersa thisclass, depend-
ing on the specifics of the biosynthetic inter-
mediates (172, 173). Omission of the key C-7
methylation step |eads, for example, through a
paralel pathway to the formation of 7-de-
methylmithramycin (174).

3 DRUGS INHIBITING ENZYMES THAT
PROCESS DNA

3.1 Anthracyclines

The anthracyclines are an important class o
streptomycete-derived tetracyclic glycosdic
and intercalating red quinone-based drugs.
Noned thefirst generation of thiswidespread
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class o natural products became clinically
prominent. The structures o some o these
chemically interesting compounds, generally
named asrhodomycins, includingpyrromycin,
musettamycin, and marcellomycin (whose
names will please opera buffs), are given in
Fig. 3.13. Those anthracyclines of clinica
value were discovered initially in the Pharmi-
talialLaboratoriesin Italy and subsequently in
a number of other places (175, 176). Thefirst
of the clinically useful group wasthe Strepto-
myces peucetius metabolite, daunorubicin
(18).Thiswasfollowed by itshydroxylated an-
alog doxorubicin (17), a metabolite of S. peu-
ceteus var. caesius. Many synthetic anthracy-
clines resulted from intense study in many
laboratories. These synthetic methodsledtoa
number of marketed products, including
daunomycin's desmethoxy analog idarubicin
(20) and doxorubicin's diastereomer epirubi-
cin (19) (177, 178), and the bisacylated prod-
uct of doxorubicin, valrubicin (21). Daunomy-
cin and idarubicin are primarily used for the
treatment of acute leukemia, and epirubicinis
used for solid tumors, but doxorubicinis used
for amuch wider range of cancers.

CH,4 0
R3
R NHR?

Compd. R R! R2 R R
(17) OCH; OH H H OH
(18) OCH; H H H OH
(199 OCH; OH H OH H
(20) H H H H OH
(21) OCH; OCOBu COCF3 H OH
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Fi gure 313 Structures d some unmarketed anthracyclines.

3.1.1 Daunorubicin (Daunomycin; Cerubi-
dine, Rubidomycin; 18)

3.1.1.1 Therapeutic Uses. Daunorubicin is
used in combination with other agents by i.v.
infusion for treatment of acute myelogenous
and lymphocyticleukemias (179-181).

3.1.1.2 Side Effects and Contraindications.
It isnot generally used i.m. or s.c. because of
the severetissue damage that may accompany
extravasation (182). It is contraindicated
when hypersensitivity reactions are present.
Among the side effects that are encountered
areseverecumulative myocardial toxicity that
can include acute congestive heart failure af -
ter cumul ative doses above 400-550 mg/m? of
body surface in adults and less in infants
(183), severe myelosuppression (hemorrhage,
superinfections), bone marrow suppression,
secondary leukemia, renal/hepatic failure,
carcinogenesis, mutagenesis, teratogenicity,
andfertility impai rment. The cardiomyopathy
Ischaracteristic of theanthracycline classand
can occur long after therapy isconcluded (184,
185). The highly colored nature of the drug
canleadto urinediscolorationthat alarmsthe
patient becauseadf drugexcretion. | n addition,

alopecia, rash, contact dermatitis, urticaria,
nausea, vomiting, mucositis,diarrhea, abdom-
inal pain, fever, chills, and (occasiondly)ana
phylaxis are observable. When given aong
with cyclophosphamide, its cardiotoxicity is
enhanced and enhanced toxicity is seen when
given concurrently with methotrexate.
3.1.1.3 Pharmacokinetics. On i.v. admin-
istration the drug is rapidly distributed into
tissues but does not enter the central nervous
system. Rapid liver reduction to daunomyeci-
nol isseen followed by hydrolyticor reductive
loss of the sugar along with the oxygen atom
with which it is attached to the ring system.
These two reactions also can take place before
reduction. Demethylation of the O-methyl
ether moiety also occursfollowed by sulfation
or glucuronidation of the resulting phenolic
OH. Theseand other transformation products
havelesser bioactivity (186). Patientswith de-
creased liver function should receive smaller
doses becausethey are not ableto detoxify the
drug effectively. The half-lifeis about 85 h
and about 25% o the activedrugisfoundin |
the urine along with about 40% in the bile
(187). Liposomaly encased daunorubicin ci- |
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dhowsgreater sel ectivityfor solid tumors
d is trandocated in the lymph (180). Nu-
A tlear binding of anthracyclines is sufficiently
I sizongto complicatethe excretion pattern and
b determine the tissue distribution of these
ents (188). Different tissues bind doxorubi-
a1 direct proportion to their DNA content.
e metabolism of daunorubicinisillustrated
g.3.14,

3.1.1.4 Mechanism of Action and Resis-
e. The mode of action of daunorubicin
vand the other clinically useful anthracyclines
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Figure 3.14. Metabolism of daunorubicin.

Is multiple. Authorities differ with respect to
which is the most significant but most at-
tribute this to inhibition of the mammalian
topoisomerase II, essential for shaping DNA,
sothat it can function and be processed (189).
The drug aso intercalates into DNA, inhibits
DNA and RNA polymerases, and also causes
free-radical single- and double-strand damage
to DNA (190). Thesedrugsare, therefore, so
mutagenic and carcinogenic. Free-radical (re-
active oxygen species) generation is promoted
by the interaction o these drugs with P450
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(191) and with iron, which they chelate (192).
Thereactive oxygen speciesthat they can gen-
erate al so cause severe damage to membranes
and this may contribute not only to their an-
titumor efficacy but also to the cardiomyopa-
thy that they cause (193).

Resistance to daunorubicin and the other
anthracyclinesisattributed to efflux mediated
by P-glycoprotein, whose expression is ampli-
fied inresponsetotheir use (187, 194-196). A
number of other mechanisms have been ad-
vanced as contributory such as use of other
export mechanisms, increased endogenousan-
tioxidant mechanisms, and decreased action
d mammalian topoisomeraselIl (197).

3.1.2 Doxorubicin. Doxorubicin [adria-
mycin, rubex; (17)] isahydroxylated anal og of
daunorubicin but finds much wider anti cancer
use.

3.1.2,1 Therapeutic Uses. Doxorubicin is
given i.v. by rapid infusion for the treatment
of disseminated neoplastic conditions such as
acute lymphoblastic leukemia, acute myelo-
blastic leukemia, Wilms tumor, neuroblas-
toma, soft tissue and bone sarcomas, breast
carcinoma, ovarian carcinoma, transitional
cell bladder carcinoma, thyroid carcinoma,
Hodgkin's and non-Hodgkin's lymphomas,
bronchogenic carcinoma, and gastric carci-
noma.

3.1.2.2 Side Effects and Contraindica-
tions. Doxorubicin is contraindicated in pa
tients with preexisting severe myelosuppres-
sion consequent either to other antitumor
treatments or to radiotherapy. It is aso con-
traindicated when hypersensitivity to anthra-
cyclinesis present or when significant previ-
ous doses of other anthracyclines have been
administered, given that their doses coaccu-
mulate toward congestive heart failure.

Side effects are generally similar to those
seen with daunorubicin (whichsee), with par-
ticular reference to cumulative drug-related
congestive heart failure, extravasation prob-
lems, myel osuppression,and hepatic damage.

3.1.2.3 Pharmacokinetics. As with dauno-
rubicin, thetissue distribution of doxorubicin
Is strongly influenced by the cellular content
o DNA invariouspartsaof thebody (188).Me-
tabolites of doxorubicin are its aglycone, its
deoxyaglycone,doxorubicinol and itsdeoxyag-
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lycone, and demethyldeoxyadriamycinol agly-
cone as its 4-0-B-glucuronide and O-sulfides.
Thuscarbonyl reductionisthemain metabolic
reaction and thisisfollowed by various hydro- |
lytic and reductive losses of the sugar, O-de-
methylation, and various conjugative reac-
tions (198). These reactions quite parallel the
findingswith those of doxorubicin.

3.1.2.4 Molecular Mode of Action and Re-
sistance. The manifold cytotoxic actions d' :
doxorubicinon cellsarequalitatively thesame
asthose of daunorubicin. Likewise, theresis |
tance mechanisms, especially those involving
P-glycoprotein expulsion, are closaly similar.
Interestingly, expulsion is significantly less
ened by liposome encapsulation (199).

3.1.3 Epirubicin. Epirubicin (Ellence, (19) |
isaC-4'-diastereoisomer of doxorubicingiven &
by iv. infusion as an adjunct to the use o' &
other agents for the treatment of breast can- &
cer, when axillary node tumor involvement is |
seen after breast removal surgery (200). The |
toxicitiesof epirubicin are analogousto those |
described abovefor daunorubicin and doxoru- |
bicin (which see). Particular note should be |
paid to drug-related cumulative congestive |
heart failure, extravasation problems, mydo- |
suppression, and hepatic damage. |

3.1.4 Valrubicin, Valrubicin (21) and ida- |
rubicin (20)are aso anthracyclinesthat have
seen significant clinical use (201). Idarubicin
differs from doxorubicin in lacking the me |
thoxy group in the chromophore and has an
epimeric hydroxyl group in the sugar (202).
This molecule is comparatively lipophilic, re
sultinginincreased cellular uptake (thecdlu-
lar concentrations exceed 100 times those
achieved in plasma) (203) and strong serum
protein binding (204). Extensive extrahepatic
metabolism to the 13-dihydro analog occurs |
(205).

Varubicinisthe valeric ester trifluoroace- |
tic amide of doxorubicin (206-208). It isin-
stilled into the bladder through a urethral
catheter after bladder drainage and is voided |
after 2 h (209). It is highly toxic on contact
with tissues but its means of administration
limits systemic exposure. Itsloca adversere
actionsareusually comparatively mildand re- -
solve in about 24 h. Evidence indicates that
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the valeryl ester moiety is removed enzymi-
cally in vivo beforeexerting itscytotoxiceffect
(210, 211).

3.1.4.1 Biosynthesis. The anthracyclines
are polyketides, as can be readily discerned
from their structures. Doxorubicin is pro-
I duccd from daunorubicin by alate hydroxyla-
tion step that is genetically unstable. As a
consequence, it is apparently produced com-
mercially by an efficient chemical transforma-
tion instead of by fermentation (212).

31.4.2 Medicinal Chemistry, Many hun-
dreds of analogs have been prepared either by
chemical transformation of the natural prod-
ucts themselves or by total synthesis. As a
result a reasonable understanding of their
structure-activity relationships is at hand
(213-218).

The impressive anticancer activity and
clinical potential of the anthracyclines re-
sulted in intensive research toward total syn-
thesis and structural modification studies of
ese compounds (175,176,219,220). From a
structure-activity relationship (SAR) view-
point, theanthracycline structural corecan be
divided into three major components: (1L)Ring
the alicyclic moiety bearingthe two-carbon
side-chain group and the tertiary hydroxy
group at C-9, concomitantly having a chiral
secondary hydroxy groupat C-7, whichinturn
is connected to the aminosugar unit; (2)the
aminosugar residue, attached to the C-7 hy-
xy group through an a-glycosidiclinkage;
the anthraquinone chromophore, consist-
ing of a quinone and a hydroquinone moiety
adjacent rings. The C-13and C-14 positions
of thevariousanthracyclinesareobviousfunc-
nal sites for derivatization. Thus, the 13-
ofunctionality hasbeen subjected toreduc-
n, deoxygenation, hydrazide formation, and
soforth, without adversely affectingthebioac-
ity. Similarly, incorporation of various es-
and ether functionalities at C-14, through
tial halide formation and subsequent dis-
cement of the halogen with nucleophiles,
found to be a useful approach in modulat-
the activity of the parent anthracyclines.
wever, homologation of the C-9alkyl chain
introduction of amine functionalities at
C-14 is detrimental to activity. Additionally,
mation of 9,10-anhydro or the 9-deoxy an-
gs results in decreased activity. Interest-
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ingly, the natural stereochemical configura
tions at C-7 and C-9 were found to be an
important contributor to bioactivity, wherein
it has been proposed that H-bonding between
thetwo cis-oxygen functionalitiesat these po-
sitions stabilizes the preferred half-chair con-
formation of the p-ring.

The amino sugar residue of thevarious an-
thracyclines is an essential requirement for
bioactivity. AmongthevariousSAR studiesin-
volvingthecarbohydratecore, it hasbeenseen
that attachment of this moiety to the anthra-
cyclinenucleusthrough an a-anomeric bondis
necessary for optimum activity. Conversion o
the C-3' amine group to the corresponding
dimethylamino or morpholino functionalities
confers improved activity; however, acylation
of the amine (the exception being trifluoro-
acetyl) or its replacement with a hydroxy
group resultsinlossof activity. Interestingly,
conversion of the C-4' hydroxy group to its
corresponding methyl ether, C-4' epimeriza-
tion, or deoxygenation has a negligible effect
on bioactivity. In more recent studies, nove
disaccharideanal ogsdf doxorubicinandidaru-
bicin have been found to exhibit impressive
antitumor activity (221).

The anthraquinone chromophoreisan im-
portant structural feature of the anthracy-
clines. The various oxygenated functionalities
present in this fragment have been the focus
of considerable synthetic activity in search of
analogswithimproved activity. Thus, the phe-
nolic hydroxy groups present i nthiscorewere
found to undergo ready acylation and alkyla-
tion under standard reaction conditions. It
hasbeen shownthat, O-methylation of the C-6
or C-11 phenolic groups results in analogs
with markedly reduced activity, whereas C-4
modifications such as demethylation and de-
oXxygenationdo not affect bioactivity. | nterest-
ingly, a serendipitous transformation of the
C-5carbonyl to the corresponding imino func-
tionality resulted in an analog that retained
activity and wasfound to be significantly less
cardiotoxicthan the parent compound.

3.1.4.3 Biosynthesis. The proposed bio-
genesis o the anthracyclines invokes the in-
volvement of a polyketide synthon. I n studies
involving various blocked mutants of anthra-
cycline-producing Streptomyces and utiliza-
tion of **C-labeled acetate and propionate pre-
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Figure315. Proposed biosynthetic pathway lead-
ing to anthracyclines.

cursors, it has been shown that there are two
biosynthetic pathways responsiblefor thefor-
mation of the polyketidefragment. Daunomy-
cinone, pyrromycinone, and related aglycones
are derived from a polyketide synthon having
one propionate and nine acetate units,
whereas deviant members such as steffimyeci-
none and nogalanol are obtained from a 10-
acetate polyketideunit. Thus, a" head-to-tail"
condensation of the decaketide chain forms
the parent tetracycliccoreand the C-9 quater-
nary center of the anthracyclines. A sequence
of biotransformations involving C-2 and C-7
carbonyl reduction, dehydration (C-2/C-3),
enolization/aromatization, and B-ring oxida
tion leads to aklavinone. Further oxidation,
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decarboxylation (for some class of com
pounds), and glycosidationfinally result inthe
corresponding bioactive glycosides. See Fig.
3.15 for a schematic illustration of the pro-
posed biosynthetic pathway leadingto anthra-
cyclines.

3.1.4.4 Recent Developmentsand Thingsto
Come. Reviews dof this topic are available
(203,210, 222).

3.2 Camptothecins

Camptothecin (22) was discovered amost at
the same time (1966) as was taxol and by the
sameresearchgroup (223).1tispresentinthe
extractives of the Chinese tree Camptotheca
acuminata (growing in California) and has
subsequently been found to be abundant in
the extractives of M appiafoetida, a weed that
grows prolificaly in the Western Ghats o In-
dia. Despite its early promise in laboratory
and rodent studies, it was disappointing in
clinical studies because of severe toxicity and
so it has not found clinical use by itself, but
servesastheinspiration for thepreparationd
Its clinical descendants prepared both by par-
tial and total chemical synthesis methods.
Camptothecin itself is very insoluble. This
made early evaluation difficult. Tests were
performed on its sodium salt (prepared by hy-
drolysisdf the lactone ring) but clinical trials
of this salt had to be discontinued because of
severe, unpredictable hemorrhagic cystitis,
even though some patients with gastric and
colon cancers were responding to the drug. A
quiet period followed. Much later came a re-
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Figure 316. Hydrolydsof camptothecin andogs.

urgence o interest because of the discovery
that the drug works by inhibiting nuclear
mammalian topoisomerase |, a novel mecha
nan o action among contemporary antitu-
o agents (224). Topoisomerase | isa ubiqui-
tous enzyme essential for changing the
twiging number of DNA molecules (relaxing
supercoils) sothat they can betranscribed and
repared. Thelevelsd topoisomerasel are of-
ten raised in tumor cells. Topoisomerase | ex-
ats its action by making transient single-
dgrand breaks in duplex DNA, rotating the
molecule, and resealing again. Camptothecin
and its analogs form aternary complex with
the cut DNA and topoisomerase |, which pre-
vents progressionor regression. The cut DNA
iIsunavailabletothecdll, sothat it isstranded
inthe S-phase of thecdll cycleandthe DNA is
degraded, thusleading to cell death.
Camptothecin itself isvery water insolu-
ble, thusimpeding its use by injection. Fur-
thermore, it is quite unstable in the body
because of ease of hydrolysis of the lactone
ring under physiological conditions, to pro-
ducethe highly toxic acid analog (Fig. 3.16).
The ring-opened form is also highly serum
protein bound, helping to account for its
comparatively poor activity in vive. This
high level of binding also displacesthe equi-

| - librium further in thedirection of the unde-

- drablering-opened acid form. Thesefactors
apparently arelesslimitingin mice, produc-
inga significant species difference in behav-
ior. Thisraised the level of disappointment
- when, despite favorable animal studies, the
drug performed poorly in the clinic. Many
andogswere subsequently prepared by total

synthesis and by conversions of camptoth-
ecin itself. The more promising o these
newer analogs are much more solublein wa
ter and less serum protein bound, helping
them to overcome some of the defects of
camptothecin itself.

Metabolism. Hydrolysis to the less-active
and toxicring-opened lactone occursreadilyin
vivo under physiological conditions(Fig.3.16).
Further, the lactone binds to serum proteins
approximately 200 times more than does
camptothecin itself. By massaction, thisshifts
theequilibrium toward ring opening. Thelac-
tone-opened analogs are significantly more
water soluble than the lactone forms but are
generaly rather lessactive.

3.2.1 Irinctecan (CPT-11)

3.2.1.1 Clinical Uses. Irinotecan (24)isan
analog hydroxylatedin the quinolinering and
further converted to an amine-bearing pro-
drug carbamatelinker. It isgiven by i.v. infu-
sion, often in combination with 5-FU and leu-
covorin (which combination is particularly
toxic) for the treatment of metastatic carci-
nomaaf the colon or rectum (225). Irinotecan
and its metabolites are much less serum pro-
tein bound than topotecan and have a some-
what longer half-life in serum. Irinotecan,
however, is poorly orally biocavailable and is
also subject to asignificant first-pass metabo-
lism.

3.2.2 Topotecan

3.2.2.1 Clinical Uses. Topotecan (23) is
used for ovarian (226,227) and small-cell lung
cancers (228-235). Topotecan is rapidly me-
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tabolized by hydrolysisand the mgjority of the
drug (75-80%) is hydrolyzed in the plasma,
with a half-life of a couple of hours. N-De-
methyltopotecan and its glucuronide are
found to alesser extent.

3.2.2.2 Contraindications and Side Effects.
Extravasation of the camptothecin-derived
drugs leads to tissue damage, and the drugs
are strongly emetic and neutropenia is com-
mon. Hypersensitivity to irinotecan is ob-
served and isa contraindication. Diarrhea oc-
curs by various mechanisms. Prior exposure
to pelvic/abdominal irradiation enhances the
risk of severe myelosuppression and deaths
have been observed attributed to consequent
infections (236).0rthostatic hypertension, va:
sodilation, insomnia, dizziness, alopecia, rash,
anorexia, constipation, dyspepsia, anemia,
weight loss, dehydration, colitis/ileus, renal
function, and fertility impairment are also
seen with irinotecan but are generally consid-
ered to be mild (237).

3.2.2.3 Pharmacokinetic Features. The
pharmacokinetic features of topotecan are
very complex. Thedrugissubject to alteration
by esterases and the products are variously
glucuronidated as well as oxidized by CYP
3A4, soissubject toanumber of possibledrug-
druginteractions (238).After oral administra-
tion, about 30-40%0f thedrugisbioavailable
(239-241). After i.v. dosage of prodrug irino-
tecan, rapid metabolic conversion by hydroly-
sis of the carbamoyl moiety to an active phe-
nolic metabolite (SN-38) occursas aresult of
theaction of liver carboxylesterase; thisisfol-
lowed by glucuronidation to a metabolite that
Ismuchlesspotent. M etabolite SN-38isabout

|
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1000-fold more active than irinotecan itsdlf
and accounts for the bulk of the antitumor
activity of the drug. Fortunately, SN-38 has
much less affinity toward serum proteinsand
thisshiftstheequilibrium toward retention of
the activelactone form. Irinotecan isalso con
verted in part to a metabolite in which the
piperazine ring is oxidatively opened to pro-
duce an acid analog (presumably through its
lactam) (242).About 11-20%d activeirinote-
canisexcreted intheurine but the mgjority of
the drug and its metabolites are excreted in
thebile. There appearsto be a significant pa
tient-to-patient variation in ability to metabo-
lizeirinotecan (236).

3.2.2.4 Molecular Mode of Action and Re-
sistance. The camptothecins are inhibitors of
theaction of mammaliantopoisomerasel. The
normal function of thisessential enzymeisto
produce temporary single-strand breaks by
which the topography of DNA can be altered,
so that the molecule can be processed. In the |
presence of camptothecin and its analogs a
ternary complex forms (camptothecin analogs
+ DNA *+ enzyme) that results in single-
strand breaksthat cannot beresealed and this
leads to defective DNA. In particular, when
thereplicatingfork of DNA reachesthe cleav-
able complex generated by camptothecin de
rivatives, irreversible strand breaks result,
causing a failure in DNA processing, thus
causingthecellstodie. The camptothecinsare
thus S-phase poisons (Fig. 3.17). The specific
molecular details are still obscure, however
(237).

Resistanceto the camptothecinsis believed
to result in part from excretion mediated by
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P-glycoprotein and MRP-3 (multidrug resis-
tance-associated protein) mechanisms (237,
243), although a number of other biological
effects are seen in in vitro studies (244-247).
Their meaning in clinical casesis as yet un-
clear. In some resistant cells, reduced level sof
hydrolases capable of cleaving irinotecan to
SN-38 seem to contribute. Another mode of
resistance involves decreases in content and
potency of topoisomerase | (237, 248,249).
3.225 Medicinal Chemistry. Several pa
pers and reviews on the varioustotal synthesis
and analog studies of camptothecin and re-
lated molecules have been published (250-
254).

The objectives o much of this work are
dear. Drawbacksof camptothecin that haveto
beovercomeareits poor water solubility, ease
of hydrolytic lactone opening to the undesir-
dde add form, high serum protein binding,
andthereversibilityof itsdrug-target interac-
tion. The solubility problem has been ap-
proached, interestingly, in quite opposite di-
rections Some groups have sought to increase
waier solubility and othersto make the mole-
cuieseven morelipophilic. Each approach has
warked significantly.

After considerable effort it was discovered
that placing substituentsat the C-9 and C-11
positions considerably decreased serum pro-
tein binding, even with the lactone-ring
opened analogs, and yet thisdid not interfere
with antitumor activity. Among the analogs
that have received clinical examination but
 have not (vet) been marketed are lurotecan
E (26), 9-nitro and 9-aminocamptothecin (255),
L and DX-8951f (256). A number of other ana-
b logs stand out from the many that have been
§ meck Among these are the hexacyclic 1,4-ox-

CHs OH o
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(CHa),Si 0
\
But

(25)
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(26)

azines (257), Ring E homocamptothecins,
7-cyanocamptothecins (258), and the silate-
cans (25)(259).Thelatter arestructurally un-
usual, in that very few candidate drugs con-
tain glicon atoms. Furthermore, the best
analogs are quite lipid soluble and, despite
this, display superior stability in human blood
and decreased albumin binding combined
with significant potency. A summary of camp-
tothecin SARs isillustrated in Fig. 3.18.

Much effort has been expended also to en-
hance the water solubility of the camptoth-
ecins by inventive formulations. A number of
prodrugs have also been madein attemptsto
enhance stability and water solubility. Among
these are the C-16 esters, such as the bu-
tyrates and propionates, some sugar-contain-
ing molecules, and the C-11 carbamates, o
which irinotecan is the most successful to
date.

Topotecan is likewise hydroxylated in the
quinoline ring but with a dimethylamino-

H H

The "boxed"’ functiond groups can e changed
with relention ¢ dgnificant bidogcd adtivity.
Na dl such changes, howeve, are successful

Figure3.18. Summary of camptothecin structure-
activity relationships.
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methylene moiety adjacent. It isadministered
i.v. for thetreatment of ovarian and small-cell
lung cancer. Aswith theother camptothecins,
topotecan undergoes a reversible pH-depen-
dent hydrolysisof its lactone moiety. It isthe
lactone form that is pharmacologically active.
The drug has a complex excretion pattern,
with a terminal half-life of about 2-3 h, and
about 30% of the drug appearsin the urine.
Kidney damage decreasesthe excretion of the
drug. Binding of topotecan to serum proteins
Isabout 35%. The clinical side effectsdf topo-
tecan are similar to those df irinotecan.

Thechiral center of thecarnptothecinsissS;
the R-enantiomers are much less (10- to 100-
fold) potent.

3.2.2.6 Quantitative Structure-Activity Re-
lationships (QSARs). Many synthetic campto-
thecin analogs have been prepared in at-
temptsto stabilizetheactivelactone form and
to enhance water solubility. A QSAR correla
tion has been published based on the NCI da-
tabaseinformationfor 167 camptothecin ana-
logs. The key functionsthat emergedfromthis
arethe presence and comparative positions of
the E-ring hydroxyl and lactone carbonyl and
the D-ring carbonyl (260).

3.2.2.7 Recent Developments and Things to
Come. Topoisomerase | inhibition is a popu-
|lar areadf contemporary research and a num-
ber of analogsarein various stages of preclin-
ical and clinical workup. It seems likely that
the immediate future will see the emergence
o additional agentsinthis class (261-264).

3.3 Isopodophyllotoxins

Thelignan podophyllotoxin (27) isan ancient
folk remedy (classically used for treatment of
gout) found in the May apple, Podophyllum
peltatum (265,266). I nterestingly podophyllo-
toxin binds to tubulin at a site distinct from
that occupied by taxol and the vinca bases,
although its molecular mode of action does
not involve this in any obvious way, and
modern clinical interest lies in its isomers
instead. The isopodophyllotoxins are semi-
synthetic analogs resulting from acid-cata-
lyzed reaction with suitably protected sug-
ars followed by additional transformations.
This results in attachment of the sugarsto
the ring system, with opposite stereochem-
istry to podophyllotoxin itself. Etoposide
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(28) and teniposide (29) are the most prom-
Inent anal ogs so produced and these possess
a different mode of action than that of podo-
phyllotoxin {267)! Another diastereoisomer,
picropodophyllotoxin (30), is produced by
epimerization of podophyllotoxin at the lac-
tone ring but it has not led to interesting
analogs.

3.3.1 Etoposide

3.3.1.1 Therapeutic Uses. Etoposideisin-
jected for the treatment o refractory testicu-
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lar tumors (268), small-cell lung cancer, and
other less thoroughly established tumor re-
es (269-271).

3.3.1.2 Side Effects and Contraindications.
Hypersensitivity to etoposide or to the ecremo-
phor EL vehicle are contraindications (272,
273). Myeosuppression, alopecia, nausea,
miting, anorexia, diarrhea, hepatic damage,
leukopenia, and thrombocytopeniaare among
other side effects. In a small number of pa-
nts treated with etoposide, a therapy-re-
ad leukemiaresults (274,275).

3.3.1.3 Pharmacokinetics. The drug is
en by slow iv. infusion and also can be
given orally. About half of the administered
dose is bioavailable and follows a biphasic
elimination kinetic profile after infusion
{276). Oxidativede-O-methylationisseen asa
resuit of the action of human cytochrome
: 50 3A4 (277). Hydrolysis of the lactone is
B oo conjugates are excreted in the urine
{278). About half of the administered dose is
excreted unchanged in the urine. Etoposide
binds 76-96% to serum proteins and is dis-
cad therefromby bilirubin, soliver damage
require reduction in dosage (279, 280).
The drug does not effectively pass the blood-
brain barrier {281). The drug distributes best
into smdl bowel, prostate, thyroid, bladder,
#pleen, and testicle but does not stay in the
body for extended times after cessation of
freatment (282).

3.3.1.4 Mode of Action and Resistance.
oposide administration causes DNA single-
and double-strand breaks and DNA-protein
inks. This effect appears to be based on inhi-
hition of topoisomeraseIl (283,284). Further-
more, it isnot an intercalator nor doesit bind
eclly to DNA in the absencedf theenzyme.
action is most prominent in the late S or

£

Sable ternary
complex

Fi gure319. lllustration of theformationof a
ternary complex between DNA, DNA topo-
isomerasell, and an isopodophyllotoxin glyco-
side.

early G-2 cdl-cycle phases; thus cells do not
enter the M-phase. The details of the interac-
tion between topoisomerase II, DNA, and
the isopodophyllotoxins are still emerging.
Human toposiomerasell isa homodimericen-
zyme responsible for manipulating DNA su-
percoiling, chromosomal condensation/decon-
densation, and unlinking of intertwined
daughter chromosomes. These steps require
energy gained by hydrolysisof ATP. Etoposide
(andteniposide) act by stabilizingthecovalent
topoisomerase 11-DNA intermediate and this
stabilized ternary complex containing en-
zyme-cleaved DNA acts as a cellular poison.
Figure 3.19 illustratesthe formation of ater-
nary complex between DNA, DNA topoisom-
erase II, and an epipodophyllotoxinglycoside.
During one topoisomerase II catalytic cycle,
two ATPatomsare hydrolyzed. Etoposideand
teniposideinhibit release of the ADP resulting
from hydrolysis of thefirst ATP in a manner
yet to be determined precisely, although the
net result is that the ATPase activity of the
enzymeisinhibited and resealing is prevented
(285). Resistance takes the form of P-glyco-
protein-related efflux (286), decreased expres-
sion and biosynthesis of topoisomerase 11
(287), or mutations in human topoisomerase
ITa (288) or p53 tumor-suppressor gene (289).

3.3.1.5 Medicinal Chemistry (290, 291).
Although etoposideiswiddy used, it isinconve
niently water insoluble. A water-soluble pro-
drug, etopophos, has been introduced. This
agent israpidly and extensively converted back
to etoposide after injection (267,292).

3.3.2 Teniposide

3.3.2.1 Therapeutic Uses. Teniposdeisin-
jected for the treatment of acute nonlympho-
cytic leukemia, Hodgkin’s disease and other
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Figure 3.20. Summary o isopodophyllotoxin gly-
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lymphomas, Kapos''s sarcoma, neuroblastoma,
and other less thoroughly validated tumor situ-
ations. Unfortunately, in a number d children
treated for leukemia, later development o ate-
niposide-generated leukemiamay occur (267).
3.3.2.2 Pharmacokinetics. The drug is
given by dow i.v. infusion and also can be
given oraly. About half o the administered
dose is bioavailable and follows a biphasic
elimination kinetic profile after infusion. The
drug does not efficiently pass the blood-brain
barrier. Itstissuedistribution and persistence
aresimilar to those of etoposide (282). Hydro-
lysisd thelactone isseen and conjugatesare
excreted in the urine after oxidative demeth-
ylation, more so than with etoposide (277).
3.3.2.3 Mode of Action and Resistance.
Teniposide administration causes DNA sin-
gle- and double-strand breaks and DNA-pro-
tein links. This effect appearsto be based on
inhibition of topoisomerase II because the
drugisnot an intercalator nor doesit bind to
DNA. Itsactionismost prominentinthelateS
or early G-2 cdll-cyclephases; thuscellsdo not

Sows
dynamics
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enter the M-phase. Resistance takes the form
of P-glycoprotein-related efflux, decreased
bi osynthesi sof topoisomerasell, or mutaticons
in p53 tumor-suppressor gene (293).

3.3.2.4 Structure-Acfivity Relationships.
Figure 3.20 illustrates the comparatively lim-
ited information relating to isopodophyllo-
toxin glycosides.

Detailed reviews of the properties of the
isopodophyllotoxinsare available (294 -297).

4  DRUGS INTERFERING WITH TUBULIN
POLYMERIZATION/DEPOLYMERIZATION

Microtubulesprovideasort of cytoskel etonfor
cells so that they can maintain their shapes.
They also form a sort of "rails," along which
the chromosomes move during mitosis. These
microtubules are constructed by the con-
trolled polymerization o monomeric tubulin
proteinsaof whichtherearetwotypes, aand 8.
Figure 3.21 illustrates this process. The
dimeric vinca alkaloids interfere with paly-
merization, thus preventing cell divison by
preventing the formation of new microtu-
bules. The taxus alkaloids, on the other hand,
promotethe polymerizationinto new microtu-
bules but stabilize these and prevent their re-
modeling. This prevents cdl growth and re-
pair. These mechanisms are compatible ‘with
themodesdf action of other antitumor agents,
thereby allowing for synergy when combined
with these substances in cocktails.

4.1 Taxus Diterpenes

41.1 Paclitaxel/Taxol. Taxol (31), a diter-
pene ester, was discovered initially as a minor
component in the bark of the Pacificyew at ap-
proximately the sametime ascamptothecinwas
found by thesamegroupin quiteanother source

Miaoubue

Figure321l. Tubulin polymerizationto microtubules and their disassembly.




@3,298) Ittook agreat many yearsfor taxol to
metotheclinicbecauseitsinitial performance
tumor-bearing micewascomparativelyunim-
g pressive. The progress to market was acceler-
§ 380 maerialy by the discovery o a novel (at
e ime) molecular mode o action. Taxol stim-
ulates theformation d microtubul esfrom tubu-
and stabilizesthis polymer, which stopscells
m dividing (299-301).

Aller an enormous effort, semisynthesis
om 10-deacetylbaccatin 111 (88), itself avail-
le in quantity from the much more renew-
le needlesof various abundant yew species,
oved economica and also allowed the syn-
ess d many analogs, o which docetaxel

(33)
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(31) R = Ph: R! = COCH;
(32) R=*BuQ; Rl =H

(32)isthe most prominent (302).Many partial
and total syntheses of taxol have been re-
ported but none of these has asyet proved to
be practical. Despitealong tradition allowing
the discoverer to name an important com-
pound, taxol was renamed paclitaxel for com-
mercial purposesby the CRADA winner, Bris-
tol-Myers Squibb.

4111 Clinical Uses. Taxol iswiddy used
in combinations for the therapy o refractory
ovarian, breast, lung, esophageal, bladder,
and head and neck cancers.

4112 Side Effects and Contraindications.
Taxol isa very toxic drugand it must be used
with care. Bone marrow suppression (neutro-
penia) is a maor doselimiting side effect
(303). A few patients develop severe cardiac
conductionabnormalities (304). Patientswith
liver abnormalitiesmay be especialy sensitive
to taxol. Fertility impairment and mutagene-
Sisis seen in experimental animals, so taxol
should only begivento pregnant patientswith
special care. Hypersensitivity is not uncom-
mon and isoften associated with the solvent in
which this especialy water insoluble drug
must be administered (cremophor EL, a poly-
ethoxylated castor ail) (305). Periphera neu-
ropathy occurs frequently and requires re-
duced dosage. In contrast to many other
antitumor agents, extravasation, although
causingdiscomfort and loca pathologies, does
not generally lead to severe necrosis. Gastro-
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intestinal distress (diarrhea, fever, anemia,
mucositis, nausea, and vomiting), alopecia,
edema, and opportunistic infections are also
reported by many patients. Paclitaxel is me
tabolized by the P450 system, so coadminis-
tration of drugs requiring processing by
CYP2C8 and CYP3A4 requires caution. This
statement isalso true of docetaxol (306).

4.1.1.3 Pharmacokinetics. Thedrugisgen-
eraly given by long-time (3or 24 h) infusion at
3week intervalsor short-time (1h) infusionsat
weekly intervals and is heavily protein bound
(90-98%) Attemptstoinfusethedrugover very
long times (96 h) have been made but involve
significant practical limitations. Thedrug isex-
creted after a biphasc mode, with an initial
rapid serum declineasthedrugisdistributed to
the tissues and the overflow excreted. Return
from peripheral tissuesisdow and accountsfor
the second part of the excretion curve. The ex-
cretion half-lifeisfairly long (- 13-55 h) (307-
309). Extensive clearance other than by urine
takes place, giventhat only 1-13%af thedrugis
found in the urine. Metabolismis primarily oxi-
dative, with the main metabolite being the 6a-
hydroxy analog and lesser amounts of the 3'-
parahydroxybenzamide and the 6a-hydroxy,
3-parahydroxybenzamide analogs being de
tected (310-312).

4.1.1.4 Molecular Mode of Action and Re-
sistance. Taxol bindsto the p-tubulin compo-
nent and stimulatesthe formation of microtu-
bules. These, however, do not break down, so
the cell isunableto repair and to undergo mi-
tosis (301). Resistant cellsin culture are often
seen to produce P-glycoproteinto excrete the
drug (313), and also to have mutationsin the
B-tubulin component (314,315). Whether this
iIsresponsiblefor clinical resistanceisstill be-
ingstudied. Overexpressionof theErbB2 gene
occurs fairly often in breast tumors and this
leads to overproduction of a transmembrane
growth factor receptor belonging to the ErbB
receptor tyrosine kinase subfamily. Cellswith
this characteristic have reduced responsive-
nesstotaxol (316). Other growth factor anom-
alies involving, for example, EGFRviii and
HER-2 are aso seen in somecdl lines (317).

412 Docetaxel/Taxotere. Docetaxel (32)
Isa semisyntheticanalog o taxol prepared by
avariety of chemical means, startingwith the
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more abundant 10-deacetylbaccatin III (33)
(302). It hasfound a significant placein anti-
cancer chemotherapy butisstill asignificantly
toxicdrug that must be used with care.

4.1.2.1 Clinical Applications. Docetaxd is
administered by i.v. infusionfor thetreatment
of breast cancer, non-small-cell lung cancer
and avariety of other lesswell established an-
titumor indications (318).

4.1.2.2 Side Effects and Contraindica-
tions. Many of theadverse effectsof docetaxe
are similar to those of taxol itself. The drug,
however, is administered in polysorbate 80
rather than cremophor, so allergy is more
commonly tothedrugitself and can be severe.
Poor liver function greatly enhances patient
sengitivity to docetaxel. Severefluid retention
can also be observed. Patients are often ad-
ministered corticoids before being exposed to
docetaxel to assist in their tolerance o the
drug. Myelotoxicity is potentially severe, 0
blood cell counts should be monitored. The
toxicity of docetaxel isexaggerated when liver
diseaseis present (319).

4.1.2,.3 Pharmacokinetics. In contrast to
paclitaxel, docetaxel haslinear pharmacokinet-
ics at thedosesused in theclinic. Aswith pacli-
taxel, metabolism takes place in the liver
through cytochrome P450 enzymic oxidation
and the metabolites are excreted primarily in
the bile. Theinvolvement of P450 3A4 and 3A5
requirescarein coadministeringdrugsthat are
adso metabolized by these common enzymes
(320). The metabolitesare generally less toxic
and less potent than docetaxd itself (321).

4.1.2.4 Mode of Action and Resistance.
See paclitaxel.

4.1.2.5 Chemical Transformations. Although
severa total syntheses of taxol have been
achieved duringthelast few years, low overall
yields and high costs preclude them from be-
ing of commercial importance. Fortunately,
isolation of the two taxol biosynthetic precur-
sors, baccatin III and 10-deacetyl baccatin I1I,
initially from the regenerable needles of the
yew species T. baccata and subsequent devel-
opment of highly efficient semisynthesis o
taxol and taxotere from the above precursors
have apparently solved the present supply
problem of these precious drugs. Moreover,
the semisynthetic routes have aso provided
meansto carry out extensive SAR studiesand
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g conseguent access to a large number of taxol
P analogs. The SAR studies on taxol have dem-
onstrated that the C-3 phenylisoserinate side
chain is an essential component for bioactiv-
ty, wherein limited modifications can be car-
ried out at the 3'-phenyl and the 3'-N-benzoyl
| sites toward attenuating activity. Similarly,
| the presence of an intact oxetane ringin the
¢ diterpenoid core appears to be essential for
hioactivity. Additionally, although the oxy-
gen-bearing functionalities at C-7, C-9, and
(10 dlow various modifications, an acetoxy
at C4and an aroyloxy group at C-2 are indis-
pensable for optimum activity. Interestingly,
A-ring-contracted taxol analogs (A-nortaxol)
were found to retain tubulin assembly activ-
ty, albeit with significantly diminished cyto-
toxicity (322-325).

The SARs o the taxol series are summa-
rized in Fig. 3.22.
4.1.2.6 Biosynthesis. Taxol is one of the
structurally more complex members of the
diterpene family, characterized by the pres-
nee of the unusual taxane ring system. The
ial steps in taxol biosynthesis involve the
E cyclization of geranylgeranyl diphosphate to
| taxa-4(5),11(12)diene, forming the taxane
eore structure. Subsequent cytochrome P450-
mediated hydroxylation at C-5 of the olefin is
folloved by severa other cytochrome P450-
| dependant oxygenationsat C-1, C-2, C-4, C-7,
§ G9, C-10, and C-13 (theprecise order of these

4-acetate required

W@_ﬁrmﬁtid;
meta-substitution |

Figure 3.22. Structure-activityreationshipsof thetaxol series.

regiospecific oxidations, however, is not yet
known) and CoA-dependent acylations of the
taxane core, en route to taxol (326). Biosyn-
thetically, the N-benzoyl phenylisoserine side
chain has been shown to originate from phe-
nylalanine and its further elaboration in-
volves alate-stage esterification at C-13 of an
advanced baccatin I1I intermediate (327).

The biosynthetic pathway between gera-
nylgeranyl diphosphate and taxol remainsto be
fully elucidated but apparently passes through
taxa-4(5),11(12)-diene and taxa-4(20),11(12)-
diene-5a-0l, asshownin Fig. 3.23.

4.1.2,7 Things to Come. Recent interest
has developed about the properties of the
epothilones. These apparently bind to tubulin
at approximately the taxol site but resistance
by P-glycoprotein expulsion is apparently not
significant with these fermentation products
and they are active against a number of taxol-
resistant cell lines. Elutherobin is another
natural product bindingto thetaxane-binding
sitebut thisagent iscross-resistant with taxol
(328). Theclinical future of these agentsisas
yet uncertain and they have inspired much
synthetic and biochemical attention.

4.2 Dimeric Vinca Alkaloids

The dimeric indole-indoline alkaloids were
initially isolated from the Madagascan peri-
winkle, Catharanthus rosea (formerly named
Vincarosea). The plant was originally investi-
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Figure3.23. Biosynthesisaf taxol.

gated asa follow-up to folkloric reports of hy-
poglycemic activity, and it was hoped to be of
value in treating diabetes mellitus. This did
not proveto betrue but, duringtheinvestiga-
tion of extracts, certain fractions produced
granulocytopenia and bone marrow suppres-
sionin animals. The activealkaoidswereiso-
lated from a matrix of indole alkaloids and
were found to be active antileukemic agents
against P-1534 cells. Development for human
use followed after extensive experimentation.
Four o these unsymmetrical dimeric aka
loids ultimately found use as antitumor
agents. The best agents contain C-linked vin-
doline and 168-carbomethoxy velbanamine
units. Apparently minor structural differ-
ences between the alkaloidsled to major dif-
ferencesin potency and utility (329). Because
d their relative scarcity and medicinal value,
these dimers have been attractive synthetic
targets and a rich synthetic and biosynthetic
literature has grown up around them. Inspec-
tion o their structures readily leadsto thein-
ference that they are the products of unsym-
metrical free-radical coupling. After much
work, two groups, those of Potier in France
(330, 331) and of Kutney in Canada (332),
succeeded in stereoselective dimerization.
Treatment of the abundant alkaloid catha-
ranthine as its N-oxide with trifluoroacetic
anhydride leads to a fragmentation into an

enamine that can be intercepted by vindo-
line, another comparatively abundant alka-
loid, and the product reduced by sodium
borohydride. Under low temperature condi-
tions the condensation is stereospecific in
the desired manner. This is believed to re-
flect a concerted interaction. Whenthereac-
tion is run at higher temperatures, a mix-
ture of diastereomers is produced instead.
Thisisbelieved to betheresult of astepwise
condensation. Variation of this chemistry
leads to the formation of useful synthetic
analogs and interconversions into natural
analogs as well. Figure 3.24 illustrates the
partial chemical synthesis of vinca dimers
with the natural stereochemistry.

Itisinterestingto notethat dolastatin10, a
marine natural product with exceptional anti-
tumor properties, also binds near to thevinca
alkaloid binding domain and inhibits tubulin
polymerization (333,334).

4.2.1 Vinblastine (Velban)

4,2,1.1 Medicinal Uses. Vinblastinesulfate
(34)isgiven i.v. with great care, to avoid dam-
aging extravasation (123), for the treatment d
metastatic testicular tumors (usually in combi-
nation with bleomycin and cisplatin). Various
lymphomas also may respond. It has only lim-
ited neurotoxicity, thusenhancingitsutility.
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4212 Side Effects and Contraindica-
ons. Vinblastine causes severe tissue necro-
sisupon extravasation. Mild neurotoxicityand
myelosuppression occur and these effects
should be monitored to prevent significant
toxicity to the patient. Theother sideeffectsof
vinblagine are common to antitumor agents
alopecia, ulceration, nausea, etc.).

4.2.1.3 Pharmacokinetic Features. Vin-
lastine iS extensively metabolized in the liver
nd the metabolitesare excreted as conjugates
isthe bile About 15%df the drug isfound un-
c¢hanged in the urine (335, 336). Oxidative deg-
raddion o the catharanthus alkal oidsoccursin
pat catayzed by the action o myeloperoxidase.
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Figure3.24. Partial chemica synthesisd vincadimerswith the natural stereochemistry.

Cleavage occursbetween C-20' and C-21' andis
structurally facilitated by the presenced aC-20’
hydroxyl moiety (337). Peroxidase and cerulo-
plasmin also catalyzeoxidativetransformations
d vinblastine (338,339).

4.2.1.4 Medicinal Chemical Transforma-
tions. Hydrolysisdf the acetyl group at C-4 of
vinblastine abolishesitsantileukemicactivity.
Furthermore, acetylation of the free hydroxyl
groups aso inactivates the molecule. The
dimeric structureisrequired asisthe stereo-
chemistry o the point of attachment. Hydro-
genation o the alefinic linkage and reduction
to the carbinol aso greatly diminish potency.
Thus the antileukemic activity is substan-
tially dependent on the specific structural
groups present in the molecule.

4.2.1.5 Molecular Mode of Action and Re-
sistance. Vinblastine blocks cels in the
M-phase. It binds to the g-subunit of tubulin
initsdimer in aone-to-onecomplex, thus pre-
venting its polymerizationinto microtubules.
Thebindingsiteisnear to, but different from,
that of colchicinesbut similar to that of may-
tansine and rhizoxin (although the conse-
quences o binding of the latter are different
from those of vinca binding). Nontubulin oli-
gomers form from the component parts as a
consequence, and preformed tubulin depoly-
merizes and the complex with vinblastine
crystallizes (340). Failure to produce func-
tional microtubules prevents proper chromo-
some formation and thus prevents cell divi-
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son. The blocked cells then die (become
apoptotic). Other cellular processes depen-
dent on microtubulesareasointerfered with,
although the blockade of chromosome forma-
tion is regarded as central to their action
(341). Resistance mainly takes the form of
elaboration of P-glycoproteinsthat export vin-
blastine, and this cross-resistance is broad
enough to include the other vinca akaloids
and other antitumor agents as well (342). Re-
sistanceisaso attributed to alterationsinthe
tubulin subunits (343).

4.2.2 Vincristine (Oncovin, Vincasar PFS)

4.2.2.1 Medical Uses. Vincristine (35)is a
common component o antitumor cocktail sused
in treating acute lymphoblastic leukemia and
solid tumors o youngsters and in adult lym-
phoma. It is commonly used with corticoste-
roids. Study of itsusein the form d liposomes
has dso been carried out (344).1tsuse produces
limited myelosuppression, o it isan attractive
component in cocktails. The reduced myelotox-
icity may be attributable to oxidative degrada-
tion o the drug by myeoperoxidase, a heme-
centered peroxidase enzyme present in acute
myeloblasticleukemiabut not i n acute lympho-
blasticleukemia (345,346).

4.2.2.2 Pharmacokinetic Features. Vincris-
tineisextensively metabolizedintheliver and
the metabolites are excreted as conjugatesin
the bile. About 15% of the drug is found un-
changedin theurine.

4.2.2.3 Side Effects and Contraindica-
tions. Vincristine causes severe tissue necrosis
upon extravasation (123).Neurotoxicity isasg-
nificant potential problem with vincristine and
Isoften treated in part by reducing the dose o
the drug (347). Myeosuppression adso occurs
but to a lesser extent and this effect should be
monitored to prevent significant toxicity to the
patient. Gout can occur with vincristineadmin-
Istration and can becontrolled by used allopuri-
nol. The other side effects o vinblastine are
common to antitumor agents (alopecia, ulcer-
ation, nausea, diarrhea, etc.).

4.2.2.4 Resistance. Resistance to vincris-
tine is mediated in part by export resulting
from the multidrug resistance protein and, in-
terestingly, is characterized by cotransport
with reduced glutathione (348).
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4.2.3 Vinorelbine (Navelbine)
4.2.3.1 Medicinal Uses. Vinorelbine (37)
Isused against non-small-cell lung cancer and

37)

against breast cancer (349-353). It appearsto
be intermediate in its neurotoxicity and my-
el osuppression compared to that of the other
vincaantitumor agents (354).

4.2.3.2 Pharmacokinetic  Features. Vi-
norelbine is extensively metabolized in the
liver and the metabolites are excreted as con-
jugates in the bile. About 15% of the drugis
found unchanged in the urine.

4.2.3.3 Side Effects and Contraindica-
tions. Vinorelbinecausesseveretissue necross
upon extravasation as wdl as phlehitis (355).
Prior i.v. administration o cimetidine partialy
avoids this. Mild neurotoxicity and myelosup-
pression occur and these effects should be mon-
itored to prevent significant toxicity to the pa
tient. Its most notable toxic side effect appears
to be granulocytopenia. Theother sideeffectsd
vinorelbine are common to antitumor agents
(aopecia, ulceration, nausea, etc.).

4.2.3.4 Things to Come. Vindisne (36) is
ananal ogpreparedfromvinblastine(34).Itsan-
titumor spectrum, however,ismoreclosdy sm-
ilar to that o vincristine. Clinical studiesshow
activity against acute leukemia; lung cancer;
breast carcinoma; squamous cell carcinoma o
the esophagous, head, and neck; Hodgkin’s dis
ease; and non-Hodgkin's lymphomas. | tstoxici-
ties include myel osuppression and neurotoxic-
ity. Despitethese promising findings, it has yet
to beintroduced into theclinic (356).

Vinflunine (38)is a dimeric alkaloid, con-
tai ningtwo gem-fluorineatoms, prepared by a
mechanistically interesting process using su-
per acidic reactants on vinorelbine. Thiscom-




| no
CH,

(38)

' pound has improved antitumor potency in a
-variety of model tumor systems, shows less
drug resistance (357), and hasentered clinical
rials (358, 359).

Some additional reviews of this topic are
vailable (328,360-362).
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1 PROTECTIVE AGENTS AGAINST
IONIZING RADIATION

1.1 Introduction

The protective action of certain substances
against the damaging effects of ionizing radi-
ation was first noted in 1942 (but not pub-
lished until 1949) by Dae, Gray, and
Meredith. A decreasein theinactivation of two
enzymes by X-rays was observed upon addi-
tion of several substances, including colloidal
sulfur and thiourea, to agueous preparations
o the enzymes (1) Radioprotectiveeffectsfor
abacteriophagewereobserved by Latarjet and
Ephrati in1948, using cysteine, cystine, gluta-
thione, thioglycolic acid, and tryptophan (2).
Radioprotection o mice against X-rays was
achieved shortly thereafter in three different
laboratories, in Belgium, the United States,
and Britain, by usedf cyanide(3), cysteine(4),
and thiourea (5), respectively. These protec-
tive effects were attributed at thetimeto in-
hibition of, or reaction with, cellular enzymes.
The importance of sulfur-containing mole-
cules for radioprotection was thus demon-
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strated from the very earliest experiments
with living systems, although the reasonsfor
selection of sulfur compoundswere not clear.

The importance of the mercapto (or thiol)
function wasdemonstrated in 1951 by Bacq et
al. (6), a Belgian physiologist, who removed
the carboxyl group of cysteine and obtained
2-mercaptoethylamine (MEA, or cysteamine;
NH,CH,CH,SH), which proved to be a much
stronger protective agent in mice than any
previously tested. The presence of the amino
group was also considered essential for good
radioprotection, and most of the mercaptans
and other sulfur-containing molecules, later
synthesized, also contained an amino or other
basic function. MEA and its derivatives, par-
ticularly those having greater lipophilic char-
acter, are still regarded as the most potent o
the whole-body radioprotective agents.

Since 1952 other types of structures with
radioprotective activity have been found, in-
cludinga number of physiologicalyimportant
agents, notably serotonin, but none has yet
exceeded the amino alkyl mercaptansin effec-
tiveness on a molar basis. Various explana-
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1Protective Agents against lonizing Radiation

tions have been put forward for the protective
activity of the thiols, but it was not until more
knowledge was available regarding the radi-
cals generated by ionizing radiation, and their
effect on DNA, that present concepts became
established.

Research attempts to explain the action of
chemical radiation protectors have involved
the use not only of mammals but also of plants,
bacteria, distinct types of nonmammalian
j cells, and even some synthetic plastics affected
t by ionizing radiation. This discussion at-
L tempts to categorize the various types of
 chemical structures that afford some protec-
| tion against the deleterious effects of ionizing
: radiation in mammals and to describe the
most widely held mechanistic theories of ra-
| dioprotection.

12 Radiation Damage

Biologic effects of radiation have been re-
viewed in detail by a number of authors, in-
f cluding von Sonntag (7), Pizzarello and Wit-
 cofski (8), Casarett (9), Okada (10), and
| Dertinger and Jung (11). Ionizing radiation
! can have three types of biological effect: per-
turbation of cellular regulation, mutation, or
| cell death. Most of the research on radiopro-
¢ tection has focused on cell death and conse-
k quences at the level of tissue injury and death
 ofthe organism. In mammals, death can result
f from damage to the blood-forming organs,
 gastrointestinal system, or central nervous
 system, depending on radiation dose. Hemato-
b poietic death from bleeding, infection, or ane-
E mia is the endpoint that was used in most of
} the early studies on radioprotection, and fol-
f lows 7-30 days after exposure to a potentially
' lethal single dose (~400 rads) in mice. These
f whole-body effects of relatively high doses of
¢ ionizing radiation are most easily explained in
E terms of depletion of stem cells by cell killing
f that in turn is most directly explained by DNA
i damage that occurs at the time of irradiation.
E However, the mechanisms of some other radi-
 ation effects, such as carcinogenesis, terato-
| genesis, and delayed vascular injury, could in-
b cude altered cellular regulation and
secondary DNA damage. The full spectrum of
hiologically relevant mechanisms of radiation
injury has not been fully elucidated. Many
mechanisms of molecular damage that have
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been elucidated may not berelevant to biolog-
ical damage. It istherefore difficult to classfy
radioprotectors according to mechanism.
They are organized in this discussion mostly
according to chemical features, although it
should be kept in mind that structurally ssim-
ilar compounds could be acting by completely
different mechanisms, and even a single com-
pound may protect by different mechanisms
depending on the modd system used for the
study.

Absorption of radiation energy by biologi-
cal moleculeshasbeen consideredto beeither
direct or indirect (12-14), although they both
can result in the same kind of damage to a
target molecule. Direct action invol vesabsorp-
tion of radiation energy by atarget molecule,
such as DNA. The absorbed energy is suffi-
cient to cause the gection of an electron from
an atom of the target molecule (hence the
term ionizing radiation), leaving the target
molecule with an unpaired electron: that is,
converting it into afree radical. Indirect ac-
tion involves the absorption of radiation en-
ergy by a molecule (such as H,0) other than
the target molecule, and subsequent transfer
of the energy to the target moleculesby reac-
tion of radiolytically produced nontarget free
radical with the target molecule. In either
case, the result isa target molecule free radi-
cal. Subsequent reactions of the target mole-
cule free radical can result in permanent
chemical alteration, leading to a biologica
consequence. Reaction of the target molecule
free radical with a hydrogen donor, such asa
thiol, canrestorethelost el ectron, thusrestor-
ing the target molecule (13). Repair usually
refers to an enzymatic process, whereas the
term restoration is the preferred usage to de-
scribe thistype of chemical radioprotection.

Another mechanism of radioprotection is
to scavenge the nontarget free radicals pro-
duced by radiation before they can react with
the target molecule. The most important dif-
fusiblefreeradical involvedin theindirect ef-
fectisthe hydroxyl radical, formed by radioly-
sisdf water. Hydroxyl-radical scavenging can
be the most effective mechanism o radiopro-
tection of target moleculesin dilute solution.
However, radioprotection of mammalian cells
by hydroxyl-radical scavengingis difficult to
achieve because these highly reactive mole-
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culeswill react with cellular constituentsvery
rapidly at the high solute concentrations that
existin cells, and avery high concentration of
hydroxyl-radical scavenger is required to in-
tercept the hydroxyl radicals beforethis hap-
pens (7).

1.3 Antiradiation Testing

Much of the early testing of radioprotective
agents employed either X-raysor y-raysfrom
an external source. Animalsfor initial in vivo
testing most often have been mice or rats;
guinea pigs have been used less frequently.
Large animal radioprotector testing, with
dogsor monkeys, hasbeen limited tothemore
effective compounds, as determined from
screening with miceor rats. Further informa-
tion on thistesting, through the use of 30-day
survival [lethal dose for 50% survival at 30
days (LDgq50)] @s a criterion for protection,
may be found in texts devoted to radiobiology
(15, 16) from that era, the 1960s.

Various physiological effects may be ob-
served, depending on the dose and type o ra-
diation, aswell ason the type of animal used.
In theory, the appearance of any observable
symptom of radiation damage may be used as
the basis of a testing procedure but, histori-
cally, lethality hasgenerally beenthecriterion
for protection. Sufficient numbers of animals
must be employed for statistical significance,
andinthecased miceirradiated with alethal
dose of X- or y-rays, the endpoint for survival
is generally taken to be survival for 30 days
after irradiation. Testing results are ex-
pressed most commonly asthe percentage sur-
vival for the observation period compared to
the survival of control animals. Another
method of expressiond test dataisintermsof
the dose reduction factor (DRF, which isthe
ratio o the radiation dose causing an effect
such asLDg, inthetreated animalsor cellsto
thedose causing the same effect in the unpro-
tected animalsor cells). Recently, radioprotec-
tion studieshave been most frequently carried
outincel culture(17). Particular mechanisms
of protection may be more effective with re-
gard to certain endpoints (17). For example,
protection against mutagenesis has been ob-
served at lower concentrationsof aminothiols
than are required for protection against cell
killing.

Radiosensitizers and Radioprotective Agents

The dose of protective agent employed is
usually the maximum tolerated dose (MTD),
that is, the dose causing no del eterious effects.
I n a drug-screening program, candidate com-
pounds are usually tested at their MTD leve
by use of aradiation dose that islethal to al
control animalsin 30 days. Thetimeinterval
between administration of the drugand irra-
diation of theanimalsisusually 15-30 minfor
intraperitoneal dosingand 30-60 minfor oral
dosing. Drugsbelieved to act by inducing hyp-
oxiaor other metabolic changes usually must
be administered several hours beforeirradia-
tion. The rate of irradiation in screening pro-
grams has commonly been 50-250 rads/min.
At lower dose rates, the time for maximum
effectivenessaf the radioprotector can be ex-
ceeded before the total radiation dose is ad-
ministered. | naddition, repair processescould
become significant before the irradiation is
complete. Chronicradiation studieshave been
carried out with repeated administration d
protector, but results have been less decisive
(18).

Several concepts should be kept in mind
with regard totesting resultsof radiation pro-
tectors (1).Because many compounds have
been tested at the maximum tolerated dose,
the best protectors are not necessarily the
most active on a molar basis, but rather the
most effective at a given level of toxicity (2).
Although many of these compoundsare asac-
tive as the parent compound, some are acti-
vated metabolicaly, or may act indirectly by in-
ducing an endogenous protective mechanism.

Other testing procedures used to a lesser
extent include the inhibition of bacterial or
plant growth and the prevention of depoly-
merization of polymethacrylateor polystyrene
(19) or of DNA (20). Other test proceduresfor
evaluation o radioprotectors have included
the plague-formingability of coliphageT (21),
effect on Eh potential (22), inhibition of the
formation of peroxidesaof unsaturated lipidsor
13-carotene (22), inhibition of chemilumines-
cenced y-irradiated mouseti ssue homogenates
(23), and use of spleen colony counts (24).

1.4 Protective Compounds

Themoreextensively investigated compounds
have been discussed in books by Thomson
(16); Bacq (25, 27); Balubukha (26); Nygaard
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. 1Protective Agents against lonizing Radiation

-~ and Smic (27); Livesey, Reed, and Adamson
. (28);and Bumpand Malaker (17).A catalog of
compounds tested for radiation protection up
0 1963 was compiled by Huber and Spode
29). Extensive reviews on protective agents
ince1963 have been written by Melchingand
treffer (30), Overman and Jackson (31), Ro-
antsev (32), Foye (33), Klayman and Cope-
land (34), Y ashunskii and Kovtun (35), and
urpand Brown (36). Reportsaf twointerna-
ional Symposiaon radioprotective and radio-
ngitizing agents have been published by Pa-
letti and Vertua (37) and by Moroson and
Quintiliani (38).A series dof symposiaon radi-
ion modifiershas also been held (39). Chap-
ason radioprotective agents have appeared
n Annual Reportsin Medi ci nal Chemistry in
' 19%5and 1967 (40) and in 1968 and 1970 (41),
£ and in Military Radiobiology in 1987 (42).

. Inthefollowing discussion of structure-ac-
tivity rel ationships, results on radioprotection
P of miceare compared unless otherwise stated.
! Rdevat details concerning radiation dose,
. compound dose, route of administration, or
J draind test animal, variations of which can
g dter resultssignificantly, may befoundinthe
g origindl references.

. 141 Thiolsand Thiol Derivatives. 2-Mer-
. captoethylamine (MEA, cysteamine) and its
L derivativeshaveconstituted the most effective
£ class of radioprotectivecompounds. Since the
| initid discoveries o the protective action in
E mied cysteineby Patt et al. (4) and itsdecar-
E boxylated derivative, MEA, by Bacg et al. (6),
§ hundreds of derivatives and analogs of the
E mercaptoethylaminestructure have been syn-
i theszad and tested for radioprotective activ-
ity. In the United States, the Walter Reed
E Army | nstitute of Research (WRAIR) funded a
f lage synthetic program and developed a
| screening procedurefor compounds mainly of
L thistype, duringthe period from 1959t01986.
i A compilation of the compoundstestedin this
£ program was made by T. R. Sweeney o the
E WRAIR in 1979. Many European countries
| also supported research programs on the de-
E vdopmatt of radioprotective compounds and
E hae been joined more recently by Chinaand
t Inda Other types of agents have been found
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with protective activities, but sulfur-contain-
ing molecules have been by far the most nu-
Mmerous.

Severdl structural requirements for activ-
Ity inthisserieshave becomeestablished. The
presence of afreethiol group, or athiol deriv-
ative that can be converted to a free thiol in
vivo, isessential for activity. Thepresencedf a
basic function [amino, amidino, or guanidino
(43)] (1) located two or three carbon atoms

I|\ITH NH

NH,C—, NH,CNH—CH,CH,SH

(1)

distant from the thiol group is favorable for
the best activity. Activity for these basicthiols
drops off drastically with more than a three-
carbon distance (44). The benefit arising from
the basic group has not yet been explained,
however. Several acyl thiol derivatives (2),

*NH3CH,CH,SX X =805, PO3H, CSy™

(2)

such asthe thiosulfuric acid (45), phosphoro-
thioic acid (46), and trithiocarbonic acid (47), .
most likely liberate freethiol intheanimal.

Some radioprotectors may act by releasing
endogenousnonprotein thiolsnormally bound
by disulfidelinkageswithserumor interstitial
proteins. An increase in tissue nonprotein
thiol levelsresultsafter administration of the
thiosulfate and phosphorothioate of MEA
(48).

Alkylation of the nitrogen of MEA causes
loss of activity in some cases, but has also re-
sulted in some of the most potent of the MEA
derivatives, of which WR2721 (3)is the best

*NH3;CH;CH;CH;NHCH3CH;SPO3zH™
(3)

known. The N-B-phenethyl and N-B-thienyl-
ethyl derivatives have good activity (49). Dial-
kylation of the nitrogen of MEA usually re-
sults in some loss of activity. Whereas the
N,N-dimethyl and N,N-diethyl derivativesre-
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tain much of theactivity of the MEA, the N,N-
dipropyl and N,N-diisobutyl derivativesretain
alittleactivity, and thedi-n-butyl derivativeis
inactive (44).N,N'-Polymethylene bridging of
the MEA structure provides compounds (4)

XS(CH3)9NH(CH,), NH(CH3)»SX
4)

that areactive, where X isPO;H, andr is3 or
4, but inactive where X isSOzH (50).
Alkylation of the carbon atomsaof the MEA
structure hasgiven varied results. Activecom-
pounds have been found among C-monoalkyl
derivatives, with 2-aminopropan-1-thiocl hav-
ing moderate activity and 1-aminopropan-2-
thiol having good activity (51, 52). Whereas
a,a-dialkyl-B-aminoethanethiols are inactive
(53, 54), some B,B-dialkyl-B-aminoethane
thiosulfates and phosphorothioates (5) have

i
NHg—(E*—CstX
R

X =803, POsH"

(5)

substantial activity (55). 2-Amino-1-pentane-
thiol and 2-amino-3-methyl-1-butanethiol also
have good activity (65). C-Trialkyl derivatives
of MEA (54), sec-mercaptoalkylamines (56),
and 2-mercapto-2-phenethylamine(57)arein-
active. Generally, the presence of a phenyl
group in the MEA structure blocks activity
(68). «,a-Dimethyl-2-aminoethanethiol, de-
rived from penicillamine,isnot protective but
has radiosensitizing activity (59).

Alkylation or arylation of the mercapto
group generally resultsinlossof activity. The
S-benzyl derivative of MEA hassome activity,
probably resultingfrom in uiuo debenzylation
(60).

Attemptsto determinewhether the stereo-
chemical structureof theaminoalkanethiolsis
important have revealed that a given stereo-
iIsomer may provide greater radioprotection
than others. A small differencein activity was
found for the cis and trans isomers of 2-ami-
nocyclohexane-1-thiol (61). The cis forms of
2-mercaptocyclobutylamine and 2-mercapto-
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cyclobutyl-N-methylaminehave higher radio-
protective activities in mice than those o the
transforms. No correlation could befound be-
tween protectiveactivity and ability to protect
against either induction of DNA single-strand
breaksor inactivation of proliferativecapacity
of hamster cellsin vitro (62), however. Onthe
other hand, thetransformswerelesstoxicand
somewhat more effectivein competingfor free
radicals in DNA. The D and L isomers o
2-aminobutylisothiuronium bromide have
been separated, and theD isomer wastwiceas
activein miceasthelL isomer (63).Theoptical
Isomersof dithiothreitol show agreater differ-
ence in protective ability, the Dg isomer pro-
tecting 50% of mice exposed to 650 rads,
whereas thelg isomer afforded no protection
(64). The) isomer was also lesstoxic.

Other functional groupsinthe MEA struc-
ture have generally caused diminution or loss
of protective ability. The presence of a car-
boxyl group frequently causes lower activity;
cysteine, for instance, has the same dose re-
duction factor (1.7)in miceasthat of MEA or
MEG, but amuch larger doseisrequired (65).
This may be explained by the charge, or Z
value, of the RSH molecule, which determines
the concentration of thiol in the immediate
vicinity of DNA, whichhasbeenshowntobein
agreement with scavenging and chemical-re-
pair reactions (66). The negative charge of a
carboxyl group would thusbe repelled by neg-
ative chargeson DNA and prevent close accu-
mulation of the thiol, necessary for DNA pro-
tectionand repair.

N-Monosubstituted derivatives of MEA
containing thioureide or sulfone substituents
are inactive, although sulfonic acid zwitteri-
ons, HS(CH,),NH, " (CH,),S0,~, arestrongly
protective(67). The presencecf hydroxyl often
favors activity [e.g., L(+)-3-amino-4-mer-
capto-1-butanol gives good protection to mice
(68)1. An additional thiol group diminished ac-
tivity in a series of 2-akyl-2-amino-1,3-pro-
panedithiols, which showed little activity in
mice(67). Dithiothreitol (Cleland'sreagent, 6)

HS—(fH —C|H —SH
OH OH
(6)
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has protective ability (64), and Carmack et al.
64) found no protection from the oxidized di-
i thiane form. | tsprotectiveactivity invivo may

pe attributable to release of other nonprotein
f' thiols from mixed disulfides. Also, this may
SR < d arequirement for a suitable redox po-
tential. Dithiothreitol is so readily reduced
that it quickly becomes oxidized in biological
f systems. It is a good protector in uitro, under
conditions where it remains reduced. N-Car-
bamoyl ethyl derivatives of the phosphoro-
® thioate of MEA, however, had high protective
activity (69).Sodium 2,3-dimercaptopropane
sulfonate (Unithiol, 7), which was studied in

HS—CHz—(EH— CHy—SO3Na
SH
(M

¢ Russia, was claimed to be more protectiveand
L less toxicthan MEA (70).

- 8-Acylation of the MEA structure has pro-
ided some very active compounds, particu-
larly where zwitterions have resulted. The
thiosulfate (Bunte salt) (45), phosphorothio-
- ate (46), and trithiocarbonate (47)of MEA, all
- of which form zwitterions, have protective ac-
 tivities comparable to that of MEA. Corre-
- sponding zwitterions of mercaptoethylguani-
. dine (MEG) aso give protection to mice
corresponding to that of MEG (47, 71). Of
hexe Sacyl derivatives, the phosphorothio-
. ates have been particularly effective; S(3-
¢ amino-2-hydroxypropyl)phos-phorothioate
(8) and S-(2-aminopropyl)-phosphorothioate

NH3+—CH2——(|3H—CH2—SP03H-
OH
®)

E have DRF valuesin micedf 2.16 and 1.86, re-
k spectively, comparedtoaDRFvaluedf 1.84for
E MEA (72). S-[2-(3-Aminopropylamino) ethyl]-
E phosphorothioate(3), better knownasWR2721,
E from the screening program at the Walter
f Reed Amy Institute of Research (73), has
f high antiradiation activity and has been
. studed in numerous investigations. 3-Ami-
nopropylphosphorothioate (71), however, and
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N-substituted derivatives of 2-aminoeth-
ylphosphorothioate are essentially inactive
(71). Numerous publications concerning the
synthesisand screeningactivitiesof theamino
thiol derivatives submitted tothe Walter Reed
Army Institute of Research, leadingtothe se-
lection of WR2721 as the most effective com-
pound resulting from this screening program,
have not been included here.

A comparison of the relative activities and
toxicities of thiols with the corresponding
thiosulfates showed the thiosulfatesto beless
toxicand comparablein activities (52, 74). Ina
series of 2-N-alkylaminoethanethiol s,consi st-
ing of 66 compounds, the thiosulfates were
generally superior tothecorrespondingthiols,
disulfides, or thiazolidines (74), given intra-
peritoneally (i.p.) to mice. Another compari-
son of the relative effectivenessaf thiolswith
the common mercapto-covering groups, the
disulfide, thiosulfate, and phosphorothioate,
was made with a series of 84 derivatives of
2-mercaptoacetamidine (75). Although gener-
alities were not evident, by thei.p. route, the
(3,5-dimethyl-1-adamantyl) methyl phospho-
rothioate (9) was the most effective com-

NH,*

CH; CH,—NH—C—SPOzH"

9)

pound. Perorally, thedisulfidesappeared to be
superior, the most effective compound of
which was the 1-adamantyl-methyl disulfide.
I n aseries of N-heterocyclicaminoethyl disul-
fides and aminoethiosulfuric acids, the thio-
sulfates were generally more active and less
toxic than the disulfides, administered either
1.p. or perorally (76). The most effective com-
pound of this series was 2-(2-quinoxali-

N
~
O:NJ'NH_CHQ_CHQ_SQOQ,H

(10)
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nylamino) ethanethiosulfate (10)Itisbelieved
that the phosphorothioate group aidsin cellu-
lar transport (77).

Two inorganic phosphorothioates, diam-
monium amidophosphorothioate (11)and di-
ammonium thioamidodiphosphate (12) gave

v
S-NH,*
NH,—p
STNH,*
(11)
0 0
i i
i i
NH; —P-—S—P—NH,
O-NH,* O NH
(12)

DRF values, respectively, of 2.30 and 2.16 at
relatively low doses (72). Alkylation o the
arnidophosphorothioatelowered or eliminated
activity, however (78).

In aseries of straight-chain aliphatic thio-
esters of MEA, the best protection was found
with the acetyl and octanoyl derivatives (79);
the benzoyl ester was essentially inactive. N-
Acetyl and N, S-diacety! MEA showed minimal
activity (80).1n a series of hemimercaptals o
MEA derived from glycolic acid, the most ac-
tive protected mice at one-half the LD, dose,
with activity comparableto that o MEA (81).

1nTH2+ Br-
Br NHst—CHy;—CHy;—S—C—NHj;
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Other basic functional groups can replace
theamino group in the MEA structureto pro-
vide protective thiols. The inclusion o the
guanidino group has providedvery active com-
pounds, notably 2-mercaptoethylguanidine
(MEG, 1) and 2-mercaptopropylguanidine
(MPG) (80). Solutions of these compounds
were obtained by akaline rearrangement o
the aminoalkylisothiuronium (AET or APT,
13) salts. When these compounds are em-

]ﬂTHg_FBI'_
NHz—(CHy)s or 35— S—C—NH,

(13)

ployed for radiation protection tests, the hy-
drobromides of the aminoalkylisothiuronium
bromidesarerearrangedinneutral or alkaline
media. This rearrangement has been termed
"intratransguanylation.”" Thus, AET or APT
yields solutions of MEG or MPG (Equation
4.1). These compounds are usually not iso-
lated by this procedure, but they may be iso-
lated asthe sulfates (82) or the trithiocarbon-
ate esters (47).

Although AET is not subject to air oxi-
dation, as are most thiols, it is affected by
moisture, resulting in conversion to 2-amino-
2-thiazoline. The disulfide, bis(2-guanidino-
ethyl) disulfide (GED), is readily prepared,
however, and is relatively stable. With more
than three carbon atoms between the amino
and isothiuronium functions, rearrangement

CH;—CH, o

><NH me— NH;—C—NH—CH,—CH,—SH
+
HsN l ’ 4.1)
CHQ_CHZ
| I + NH4+

Ny

|
NH,
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oes ot readily occur, and theisothiuronium
ts give little protection. 2-Aminobutylthio-
udourea dihydrobromide, however, re-
quires about one-fourth the molar quantity of
T for comparable protection in mice (63).

Replacement of the amino group by
idino has also resulted in compounds with
good protective activity, particularly with
‘Bunte salts of a-mercaptoacetamidines (14)

NH,*
RZN—C—(‘JH—SSO3“
R

(14)

-(83).Amongthe most effectiveof theamidino-
ylthiosulfuric acids are several terpene de-
rivatives, including the bornyl (84). Other
-amidinesrelated to MEA and MEG have been
effective; 3,3'-dithiobis(propionamidine) (85)
d propionamidines containing isothiuro-
nium groups (86), for instance, have good
activity.

Use of strongly basic nitrogen heterocycles
ving pK, values of 10-12.5 has aso pro-
ed protectivecompoundshaving thedithio-
bamate group as the sulfur-containing
nction. Reaction of imino-N-alkyl pyridines,
imidines (87), quinaldines, and acridines
) with carbon disulfide gave imino-N-car-
ithi oates (15) having moderate protective
ects in mice.

C)
I
—N—(C—8~
lTT/‘
R
(15)

i Substitution of the hydrazino group for
amin0 has not provided many active com-
unds Protection of mice has been reported
N,N'-bis(mercaptoacetyl) hydrazine (89),
well as for N-acetylthioglycolic hydrazide,
CH,CONHNHCOCH,, and its disulfide
).

- Oxidation of the thiol group of the MEA
-gructure has provided products with radio-
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protective properties, particularly with the
disulfides. The disulfides of MEA (cystamine)
and MEG (GED) are as active as the parent
thiols, although GED is moretoxicthan MEG
(91). The argument has been advanced that
the thiol is the active form of these com-
pounds, given that somein vitro systems pro-
tected by MEA are not protected by cystamine
(92), and the reduction of cystamine to MEA
during irradiation of mice has been observed
(93, 94). In the case o GED, appreciable
amounts of this disulfide were found in vivo
after administration of either MEG or GED
(95). In theory, disulfides should be as effec-
tive asthiols becausethey arereadily reduced
to thiolsintracellularly. The converseis aso
true, in that thiolsare easily oxidized in vivo
and therefore lose activity.

Cystine is nonprotective in mammals,
probably because of itsinability to penetrate
some cellular membranes (93). Mixed disul-
fides of MEA have provided good protection,
particularly those derived from o-substituted
mercaptobenzenes, where zwitterions are
formed with carboxyl, sulfonyl, or sulfinyl an-
ions (16) (96). It is possible, however, that in

= |—S—S——CH2—CH2—NH3+
N ——X

(16) X = COq7, SO57, SOy~

vivo the unsymmetrical disulfides are dispro-
portionating to the two symmetrical disul-
fides, giving rise to cystamine. Mixed disul-
fides containing N-decyl MEA are aso
effective(97), asisthe mixed disulfideof thio-
lacetic acid and N-acetyl MEA (98).Disulfides
lacking basic groups have generaly been
found inactive, although a bis(butanesulfi-
nate) disulfide (17), derived from (18)by dis-
proportionation, was highly active (99). The

NaOZS“(CH2)4— S—8— (CH2)4_SOQN8
17
CchONH“‘ (CH2)4— S—S— (CH2)4_SOZN3

(18)
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bis(butanesulfinate) trisulfide was aso very
active, protecting 100% o mice against a le-
thal dosed radiation. Two thiocarbamoyl dis-
ulfides (19; R = H, CH;) also gave good pro-
tection (100).

i
RzN_C‘_S_“S_C'—‘CHQ,
Y
(19)

Higher oxidation states of the sulfur in
MEA and MEG moleculeshave been obtained,
and some protective activity has been found
with these derivatives. The thiolsulfinates of
both MEA (101) and MEG (102) have been
prepared, as well as the corresponding thiol-
sulfonates (20) (103).

RNH—CH,—CH,—S—S—CH,—CH,~NHR

O=—Wm—0O

(20) R =H, C—NH,

Protective activity has been reported for
both the thiolsulfonate (103) and the thiol-
sulfinate of MEG (104), aswell asfor the thi-
olsulfonates of N-acetyl and N-decyl MEA.
Taurine and hypotaurine (the SO;H and
SO, H derivatives, respectively, of MEA), both
metabolitesdf MEA in mice (105), provide es-
sentially no protection (27).

Thiazolidines have been prepared from
MEA or its N-substituted derivatives by reac-
tion with aldehydesand ketones. A number of
thiazolidines have shown good protective ac-
tivity in mice, which has been attributed to
ring opening in vive to give the amino thiols
(106). N-Substituted thiazolidines having oxy
or thio cycloakyl, aryl, or heterocyclic alkyl
groups (21) have good activity (107).Thiazoli-
dine-4-carboxylic acid, derived from cysteine,
affords40%protection to rats (108). Thiazoli-
dineswith particularly good activity are 2-pro-
pylthiazolidine (106), the 2-(3-phenyl propi-
onate ester) derivative (22) (109), and the

Radiosensitizers and Radioprotective Agents

RO—(CHy),—N
L

S
(21) R = cycloakyl, aryl or heterocyclyl

HN S

>

H.C (I:H—cozEt

CHy— 06H5 '
(22)
CH3—(CHy);—S—(CHy) 5_’1@
S
(23)

N-pentylthiopentyl derivative (23) (110).The
latter compound was active oraly. 2-Amino-
thiazoline, which is derived from AET at pH
2.5, hasprotectiveactivity (111); it isprobably
convertedto N-carbamyl cysteamineat pH 9.5
(112). 2-Mercaptothiazoline has been found
activeintwolaboratories(16, 60); othershave
founditinactive (111,113).

1.4.2 Other Sulfur-Containing Compounds.
A number of dithiocarbarnates have signifi-
cant radioprotective effects, although the or-
der of activity islessthanthat d MEA and its
derivatives. The simplest compounds of this
type, either with the nitrogen unsubstituted
or bearing small alkyl groups, up to n-butyl,
have shown the most activity (114, 115).
2-Methylpiperazinedithioformate (24), how-

(24)

ever, provides protection more nearly compa
rableto that of MEA (116). Themechanism by
whichthedithiocarbamatesprotect isbdieved
to differ from that of the aminothiols. Xan-
thates have not been found protective (117).
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herelated thiocarbamyl derivatives(25) and
26) have been reported to provide good pro-
tection (118).

S S
NHz—g—S_g—NHg
(25)

S S
NHz—gﬂ—NHml(lJ—NHz
(26)

Reection of cysteine with carbon disulfide
gves the trithiocarbonate dithiocarbamate
(27)(119), which is equivalent in protective

S (@)
'S“g*S”CHz—CH—l(ll—O‘ 3NH,*
hITH—"C*—S—
g
(27)

adivity in mice to that of MEG but is only
one-third astoxic. A metabolismstudy in mice
soned the dithiocarbamate group to be ap-
prediddy stablein vivo, but the trithiocarbon-
ateto be unstable (120). Trithiocarbonates of
MEG and MPG and several derivatives o
MEG (28) also provided good protection to
 eeagaingt alethal dose of X-radiation (47).

i i
RNH—C—NH—CH,—CH,—S—C—8"~

(28)

I Thioureas and cydlic thioureas have shown
Lonly margind or no protection. Thioureaitself
prateds mice only in massivedoses (1800-2500
9) (5).S-Alkylisothioureas,with alkylsup
fo nbutyl, have shown moderate protective
effects (121). Dithiooxamideis nonprotective,
but symmetrica N,N’-dialkyldithiooxamides
provice some protection (113). 1,5-Diphenyi-
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thiocarbohydrazide and several derivatives
havefair activity (122).

Simple, nonbasic thiols have no value as
radiation protectors. Conflicting results have
beenreported for thedithiol BAL aswdll asfor
thioctic acid (27). 2,3-Dithiosuccinic acid is
protective in mice vs. 700R (123), but most
other dithiolsareinactive, with the exception
of dithiothreitol (64). 2-Mercaptoethanol pro-
tects bacteria (124) but not mice (125);it has
also been found to be radiosensitizing (126).

Other sulfur-containing compounds with
significant radioprotective ability include di-
methyl sulfoxide (127) when given in large
doses; other sulfoxidesafford little or no pro-
tection. Large doses are required becausethe
mechanism o protection may be hydroxyl-
radical scavengingrather than hydrogenatom
donation to radicals or DNA. Organic thiosul-
fates, other than those that liberate MEA or
an active derivative o MEA, have generdly
failled to protect. Inorganic thiosulfate is a
good protector of macromol ecul esi nvitro or of
the mucopolysaccharidesaf connective tissue
In vivo (128);it does not protect animal cdls,
however, because o itsinability to penetrate.
Sodium cysteinethiosulfate (29), derived from

Na+“03SSS —CH,— (l;'H‘_ COsH
NH,

(29)

the cleavage o cystine with thiosulfate ion,
hasgood activity, being protectiveof theintes-
tines and kidneys of mice (129). The related
S-sulfocysteine, havingonelesssulfur atom, is
almost devoid of activity (130).

Mercapto acids have shown little protec-
tion, with the exception of thioglycolic acid,
whichisdlightly protective, inactive, or sensi-
tizing, depending on the system tested (27).
The B-aminoethyl amide of thioglycolic acid,
HSCH,CONHCH,CH,NH,, has good activity
(81), however.

Monothio acids and their derivatives are
generally inactive, although severa dithio
acid dianions, obtained by condensation of
carbon disulfide with cyanomethylene com-
pounds (30) show some protection of mice
(131). The most active of thisseriesisthe di-




162

thio acid derived from 2-cyanoacryloylpyrroli-
dide (81), which provides 80% protection to
mice against alethal dose of y-radiation (76).
Dithio esters derived from pyridinium dithio-
aceticacid betai ne (32) al so show some protec-

NC S"K*
\ /
C=C
/ \
R S™K*

(30) R=CN, CO,Et, CzH5CO

NC SK*
Ve
N /A
N—C  *SK*
L/ N\
0
(31)
S
</ \> I
N*—CH,—C—SR X~
(32)

tive activity in both mice and bacteria (132).
Quinolinium-2-dithioacetic acid zwitterions
(33)provided good protection to mice, and the
more soluble bis(methylthio} and methylthio
amino derivatives (34) had slightly better ef-
fects (133). The corresponding pyridinium
compoundshad equally good activities, and both

\ ﬁ
A CcH,—C—%
N

CH;*
(33)
—~—CH=C
N \
| R
CH3+I_

(34) R= SCHg, NRz
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the quinolinium and pyridinium compounds
were protective at much lower dosage levels
(2-18 mg/kg) than those for the aminothiols
(150-600 mg/kg). Replacing the aromatic
function with aliphatic in these compounds,
yielding 3-amino-2-phenyldithiopropenoate
esters, R,NCH = C(C¢H;)CS,CH,, resulted in
only fair or poor protection (134).

Thiols that occur naturally have not been
found appreciably protectivein animals, with
the exception of glutathione (135), which has
moderate activity. Pantoyl taurineapparently
has some activity (136). Bacq (25) presented
arguments that make it appear unlikely that
coenzymeA isinvolved in radioprotection.

Selenium compounds have generally been
ineffective in animal tests. Selenium analogs
of the well-known radioprotectors, 2-amino-
ethaneselenol, 2-aminoethaneselenosulfuric
acid (52), and 2-aminoethylselenopseudourea
(137) are much more toxic than their sulfur
analogs and are nonprotective. Sodium
selenate (138) has been reported to be effec-
tive in rats administered postirradiation.
Some selenium-containing heterocycles (e.g.,
sel enoxanthene, selenoxanthone, and seleno-
chromone) have been described as effectivein
rats (139). The investigation of organic sele
nium compounds as potential antiradiation
agents has been reviewed by Klayman (140).

1.4.3 Metabolic Inhibitors. Cyanide ion
has been found radioprotectivein severa lab-
oratories (3,1411,but it must beadministered
immediately before irradiation because of its
rapid detoxification (17). It has a number of
biological properties in common with thiols,
such asreduction of disulfidelinkagesand in-
hibition of copper-containing enzymes, but
unlike thiols, it also inactivates cytochrome C
oxidase, which controls oxygen consumption
In mammals. Amongother enzymeinhibitors,
azide (142), hydroxylamine (143), and 3-ami-
no-1,2 4-triazole (144) are weak protectors.
The latter two compounds are inhibitors
catalase, but no relation between this effect
and radioprotection was apparent.

Several organic nitriles sShow radioprotec-
tive effects, the most effective may be hy-
droxyacetonitrile (113). Fluoroacetate is pro-
tective (145) when sufficient time is alowed
before irradiation for its conversion to fluo-
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rocitrate, an inhibitor of citrate metabolism.
Other thiol group- or enzyme-inhibiting
agents, such as iodoacetic acid, malonic acid,
mercurials, and arsenicals have no protective
adility, but some of these agents have radio-
sengtizing effects.

1.4.4 Agents Involving Metal lons. A num-
ba o metal-binding agents are radioprotec-
tive and are also known to inhibit enzymes.
Some metal complexes imitate the action of
enzymes, such ascopper complexes, which cat-
dyzethe decompositionof peroxides (146).1n
thisaspect, thecopper complex of 3,5-diisopro-
pylsdicylate has shown activity against y-ra-
diation (147), presumably by mimicking the
action o superoxidedismutase.

Copper complexes of the radioprotective
pyridinium and quinolinium dithioacetic acid
derivatives (133) also are able to mimic the
action o superoxide dismutase (148). These
effectsmay play arolein radiation protection.

Metal-binding agents already discussed in-
dudethe dithiocarbamates aswell asthe ami-
nothiols (149). EDTA protects mice only in
vay large doses (150), probably because very
litle EDTA entersthe cells. 8-Hydroxyquino-
line (oxine)istoo toxicfor animal studies, but
was found highly protective in a polymer sys
tem (125). Other common metal-binding
agents, such as N-nitroso-N-phenylhydrox-
ylamine and nitrilotriacetate, show apprecia-
de protection (151). Derivativesof 1,5-diphe-
nylthiocarbohydrazide, avid metal binders,
protect mice, rats, and dogs (122).

Some metal complexes have been tested
andfound toafford some protection. I ron com-
plexes of polyamines (152) are active, as well
as zinc complexesof MEA and MEG, the cop-
pa and iron complexes showing little or no
activity (149). Copper complexes of diethyldi-
thiocarbamate and dithiooxamide, however,
gve less protection than that of the uncom-
plexed ligands (125). Complexesaf chlorophyi-
lin, with Co, Mg, Mn, and V, are radioprotec-
tive in mice (153). Zinc aspartate has shown
ome protective properties (154).

145 Hydroxyl-Containing ~ Compounds.
Significant protection in animals by hydroxyl-
contai ningcompounds, including ethanol , was
a first considered the result of antioxidant
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properties. Glycerol, however, is protectivein
miceaswdl asin other systems (5, 150). Phe-
nols are protective in polymethacrylate tests
(125), but many of them are too toxic for ani-
mal tests. The catecholamines provide some
protection, possibly by lowering oxygen ten-
sion in the cells (27). A compound that in-
creased catecholamine levels in irradiated
rats, l-acetylhydrazinylthiophenylformami-
dine, protected against a half-lethal dose of
radiation (600R) (154). The protective effects
of gallicacid estersareattributed toinhibition
of chain oxidation processesinduced by radia
tion (155).Arachidoyl derivativesof pyrogallol
and the naphthols have shown some protec-
tive activity (156). Ionol (2,6-di-t-butyl-4-
methylphenol), injected after irradiation, pro-
longsthelife of mice and alleviates intestinal
damage (157).

Organic acids provide little or no protec-
tion, but the polycarboxylicacids, pyromellitic
and benzenepentacarboxylic, are protectivein
mice(158). These polyionicsubstances are be-
lieved to protect by causing hypoxiafrom os
moticeffects, rather than by chelating calcium
ion, which alsoisbelievedto have an effect on
radiation damage.

In a series of S-2-(3-aminopropyl-amino)
akylphosphorothioates, which are effective
protectorsin micewhen givenoraly, the pres
enced hydroxyl groupsinthealkyl chain gen-
erally lowerseffectivenessfor oral administra-
tion, but still allows good protection by i.p.
injection (159).

1.4.6 Heterocyclic Compounds. Several
relatively simple heterocyclic compounds pro-
vide significant protective activity in mice.
In a series of imidazoles, imidazole itsdlf,
benzimidazole, and 1-naphthylmethylimida-
zolewerethe most effectivecompounds(160).
Related imidazolidine-5-thiones were aso
protective. The cyclic analogs of AET, 2-ami-
noethyl- (35), and 2-aminopropylthioimidazo-
line, are moderately protective (161).

Of a large number of amine oxides tested
for radiation protection, quinoxaline 1,4-di-N-
oxide (36) (believed to act in part by radical
trapping) was the most effective (162). It is
protective in mice but radiosensitizingin the
dog (163). A more recent N-oxide, 2,2,6,6-tet-
ramethyl-4-hydroxypiperidine-N-oxide(Tem-
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CH,—NH*
N\

/C_ S— CHz_CHz_NHg

CH,—NH

(35)

(36)

pol) and itsreduced hydroxylamine are radio-
protective in mice without lasting adverse
effects (164). 3,5-Diamino-1,2,4-thiadiazole
(165) and 3-(B-amino-ethyl)-1,3-thiazane-2,4-
dione (166) (37)havesome protectiveactivity.

o) S

NH,—CHy,—CH,—N

(37)

Arninoethyl and aminomethyl purines and
pyrimidines gave one-third as much protec-
tioninmiceasMEA (167).8-Mercaptocaffeine
and its S-g-aminoethyl and S-g-hydroxyethyl
derivatives (38)had protectiveactivity in mice

0 ?H3
CH,—N N
¥ }\ />7SR- HCl
0 LlT N
CH,

(38) R= H, CHchzNHz, CHchZOH

similar to that of cystamine (168). These com-
pounds also enhance hemopoiesis and de
crease blood lossin irradiated animals.
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Good protection was provided by 6-acyl-2,3-
dimethyl-4,7-dimethoxybenzofurans (169), and
fair protection wasobservedfor severa 2-dial-
kyl-1,3-oxathiolanes (170).In alarge series o
1,3-dithiolanes tested, moderate protection
wasshown by 1,3-dithiolane itself and by its2-
and 4-methyl derivatives (171) (39). Although

R3———8§ Rl
><R2

—S

(39)
aryl 1,2-dithiole-3-thiones are known to raise
glutathionelevelsin cells(172), 4-phenyl-1,2-
dithiole-3-thione (40) and its S-methyl iodide
S—S

g]/:s

CeHjs

(40)

showed no activity in mice against a lethal
dose of y-radiation (134).

In a series of 2,1,3-benzothiadiazoles, the
4-hydroxy derivative (41) had the best protec-

OH

=N
S

4

(41)

tive effect in mice (173), either i.p. or oraly.
Several aminothiazines, including 2-amino-
4,6,6-trimethyl-1,3-thiazine (42), increased
surviva timein mice(174), without liberationd

HoC
W—NHz
HsC
N
CH,
(42)
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athiol group. 2-Pyridinemethanethiol ,structur-
dly related to cysteamine, showed good protec-
tive potency in mice, but 2-pyrazinemethane-
thd was inactive (175). The three isomeric
mercaptopyridinesal so were active.

1.4.7 Physiologically Active Substances. A
number d familiar physologic agents exert
sare radiation protection, which is generally
of alower order of activity than that provided
by the amino thiols. Many of these agentsare
bdieved to be radioprotective by virtue of
thar ability to lower oxygen tension in the
adlsor to depresswhole-body metabolism. Se-
rotonin [5-hydroxytryptamine (5-ITT)] has
e reported equal in activity to MEA (136).
It is effective at a dose well below the toxic
levd (113). It has been most often used asthe
credinine sulfate salt. Its activity has been
atributed to its vasoconstrictor effect leading
to hypoxia in radiosensitive tissues (176).
Psilocybine (4-hydroxy-N,N-dimethyltrypta
mine),however, amore potent vasoconstrictor
then serotonin, is inactive, suggesting that
this effect may not be of maor importance
(177).Thereisevidenced central nervoussys-
tem involvement in the activity of serotonin
(178).

5-Hydroxytryptophan is comparable in ac-
tivity to serotonin (179), and the 5-methyl
éher d serotonin (mexamine)isalso as effec-
tive, athough higher alkyl ethersare ineffec-
tive (180). Numerous indole derivatives have
e prepared as potential protectors, includ-
ing 5-acetylindole, which has some activity
(181), but none has exceeded serotonin or
mexaminein potency. A series o acyl deriva
tives d 5-methoxytryptamine showed good
protectiveeffectsin miceagainst alethal dose
of X-rays, the hexanoic and octanoic amides
bang the most potent (182). A synergistic ra-
dioprotective effect results from a combina
tion of AET, ATP, and serotonin in mice and
ras (183).

Centra nervous system depressants have
aty smal or moderate effects as radiation
protectors. Chlorpromazine has been exten-
. dvdy studied, but exerts only aslight effect,
: whichismost pronounced when administered
. 45h beforeirradiation, when astate of hypo-
thermia exists (184). Chlorprothixeneis aso
n effective when body temperature and
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metabolism are depressed (185). Reserpineis
effective when given 12-24 h before irradia-
tion (186), possibly by release of serotoninand
catecholamines (187).

Central nervous system stimulants gener-
aly are nonprotective. An exception is the
magnesium complex o pemoline (2-imino-5-
phenyl-4-oxazolidinone),which providesmod-
erate protection to mice against 750 R (188).
Of 21 analogs o imipramine, three showed
significant activity (189).

The different classes of autonomic drugs
provide some radiation protection; the caus-
ativefactor isbelieved to be productiond hyp-
oxia by various mechanisms. Epinephrine
provides some protection (190), but norepi-
nephrine, which decreases oxygen tension in
the spleen much less than does epinephrine,
givesvery little protection to mice (191). The
cholinomimetic compounds arecoline, tremo-
rine, and oxytremorineare aso protectivetoa
small extent in mice (192).

p-Aminopropiophenone (PAPP) appar-
ently protects by induction of tissue hypoxia
(193). It has been used in relatively small
quantities in combination with other protec-
tive agents, such asMEA and AET (194,195).
Theradioprotection afforded by PAPPisabol-
ished by increased oxygen pressure duringir-
radiation (196). PAPP and its ethylene ketal
also gave good protection orally to mice
against X-rays (197). p-Aminobenzophenone
also provided good protection in this test.
Monothio and dithio ketals d this compound
gave little or no protection (198).

Physiological changes can probably ac-
count for the radioprotective action of some
substances. Urethane (199), estrogens (200),
and colchicine (201) can stimulate blood cell
production by damaging bone marrow. If irra-
diation is carried out while there is an in-
creased leucocyte/lymphocyte ratio in the
blood, so that a greater percentage o more
radioresistant cellsare present, enhanced sur-
vival may result. The effect of colchicine may
also be attributable to inhibition of mitoss,
but there isevidence against this supposition
(201). Colchicineis protective only when ad-
ministered 2 or 3 days before irradiation, by
which time mitoticinhibition has ceased. Ure-
thane and the estrogens are similar in that
they must be given aday or more beforeirra-
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diation. The proestrogen tri-p-amisylchloro-
ethyleneiseffective when given 5-30 days be-
fore irradiation (202). Other inhibitors of
mitosis, however, can enhance survival; these
include demecolcine (Colcemid), sodium ar-
senite, epinephrine, cortisone, and typhoid
paratyphoid vaccine (203). Tranquilizers and
other psychotropicdrugs possess only moder-
ate radioprotective activities. These com-
pounds probably are active by depression of
whole-body metabolism through diminished
oxygen uptake (35).

Procaine (204) and severa derivatives of
procaineamide, particularly thep-nitro deriv-
ative (205}, have shown appreciableprotective
activity. 4-Hydroxybutyric acid and 6-phos-
phonogluconol actone, substances that stimu-
late turnover of NADP+H,, a physologic re-
ducingagent, provide protectionto mice (206).
An antihistamine, thenaldine, affords moder-
ate protection (204). Alloxan protects both
mice (207) and the pancreatic ultrastructure
d dogs (208).

1.4.8 Metabolites and Naturally Occurring
Compounds. A variety of compoundsin these
categories have been examined for radiation
protection, but few effective protectants have
been found. Some polysaccharides, such as
dextran (209), those extracted from typhoid
and proteus organisms (210), and a lipopoly-
saccharidefrom S. abortus(211), providesome
protection for mice, possbly by inducing
phagocytosis. Bacterial endotoxins, which are
lipopolysaccaridesaf molecular weight around
1,000,000, show relatively good protective
propertiesin both normal (200} and germ-free
mice (212). Typhoid/paratyphoid vaccine
showssimilar protective properties (213).

Vitaminsand coenzymesare not apprecia-
bly protective. Pyridoxal phosphate, however,
hasamoderateeffect (214), which may be con-
nected with a repair rather than a protective
process (215). Several thiol-containing deriva
tivesaf vitamin B,, including 5-mercaptopyri-
doxine (218), are also protective. Some of the
naturally occurring pyrimidinebasesand nu-
cleotides (217), including ATP (218), have an
effect in mitigating radiation damage, but
their value may be ascribed to postirradiation
repair. Protection from RNA, DNA, and deriv-
atives has been claimed, but their effects are
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more likely attributable to repair processes
(218-220). A protamine-ATP combination
providesgood protection to rats (221).

Among the commonly used antibiotics, the
tetracyclines have shown the most favorable
effectson survival rates of mice (222);thisis
believed to be the result of an increase in
metabolic activity. A gallate-tannin complex
(223) was active probably because of its an-
tioxidant effect. 5,7-Dihydroxyisoflavones
are effective when administered to mice per-
cutaneously but not intraperitoneally (224),
presumably because of protection of the cap-
illaries. O-B-Hydroxyethylrutoside is aso
protective in mice, possibly by strengthen-
ing vascular walls and reducing bacterial
invasion of the bloodstream (225). The ra-
dioprotective effect of rutin and other fla-
vonoids has been controversial.

A series of extractsfrom the Chinese drug
plants Carthamus tinctorius, Sargentodoxae
cuneata, Paeonia lactiflora, Salvia milti-
orrizha, and Ligusticum chuanxiong have
shown significant protection in mice versus
7.5-8.0 Gy o y-radiation (226). Their protec-
tive properties are believed to be related to
their inhibitory effects on radiation-induced
platelet hypercoagulation in the capillaries,
which preventsexcessivebleeding. Activecon
stituentsin the Ligusticum drug extract have
been found to be harman alkaloids, including
1-(5-hydroxymethyl-2-furyl)-9 H-pyrido-[3,4-

blindole (227). Acatylsdlicylic adid dso pro- [l

vides moderate protection at this radiation
dose.

1.4.9 Polymeric Substances. A synthetic |

polymer prepared from N-vinylpyrrolidone and
S-vinyl-(2,2-dimethylthiazolidyl)-N-monothiol
carbamate (43) was found protective in mice
possbly by liberation o thiol groups (228).
Other copolymers containing isothiouronium

—(—CH,—CH—CH,;—CH—),

1
1
]
]
L




1 Protective Agents against lonizing Radiation

salts, thiosulfates, and dithiocarbamate groups
gve gppreciable protection when administered
24-48 h before irradiation (229). Polyinosinic-
polycytidylic acid increasessurvival o mice, pos
sdy by increasing the stem cdl fraction in
bloodformingti ssues(230). Both poly(vinyl sul -
fate) (231) and heparin (232), a sulfated muco-
polysaccharide, increasesurvival rates, possibly
by affecting deoxyribonuclease activity.

1.4.10 Miscellaneous Substances. In a se-
nes d diethylsulfides and diethylsulfoxides,
his[2-n-butyrylamino)ethyl]-sulfoxide showed
the greatest radioprotectant activity (233).
Amayg 20 benzonitriles evaluated as radio-
protectants in mice, 3,5-dinitrobenzonitrile
doned significant activity (234). A series o
N-substituted 1-m-hydroxyphenyl-2-amino-
ethanols, which are derivatives of phenyleph-
rine, gave significant radioprotective effects
(235).Cinnamonitriles and hydrocinnamoni-
triles produced survival rates of 43-58% in
three derivatives of the former, the p-MeO,
pNO, and 2-chloro-p-MeO, after |ethal doses
of radiation (236). The S-phosphate of 5-mer-
captomethylcytosne exhibited protective ac-
tivity at adose of 6 Gy (237). Radioprotective
dfeds of two halogenated 1,3-perhydrothia-
zines have been described (238).

Radioprotective effects of isobombycol and
its enanthate and cinnamate in mice have
been reported (239). In a series of substituted
anilines tested in mice versus a near-lethal
doe of 6 mV photons, compounds with elec-
tronegative groups in the meta or para pos-
tions gave good protection to mice (240). No
corrdaions between protective activity and a
vaidy d molecular parameters could be
found, however. Schiff bases of salicylalde-
hyde 5-chlorosalicylaldehyde, and benzalde-
hyde with anilines reduced toxicity of the par-
atamines, but gaveerratic protectiveresults
(241). Thehighest protection wasobservedfor
mixtres o p-aminopropiophenone with its
Shiff bases or with the Schiff base of 1-(p-
aminophenyl)-1-propanol.

15 Mechanisms of Protective Action

The manner in which mammalian cells are
protected from the damaging effects of ioniz-
ing radiation is not known in complete detail,
dthough evidenceisaccumulating for several
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postulated pathways of radioprotection. Pro-
tection by meansaf radical trapping or antiox-
idant action, which can be demonstrated for
simple systems, such as polymers, may be op-
erativein animal cellsaswéll. It isaso prob-
able that other mechanisms are more impor-
tant in protection of cells, and possibly more
than one modeof protection may be operative
for a given type of agent. A number of the
physiologica agents that have been observed
to beradioprotectorsarebelieved to protect by
producing various levels of anoxia; the evi-
dencefor this has been discussed (27).

1.5.1 Protection by Anoxia or Hypoxia.
Protection by producing astate of cellular an-
oxiaor hypoxiaisbased on the phenomenon of
the "oxygen effect,” the increase by two- to
threefold of the damaging effects of radiation
attributed to the presence of oxygen. A num-
ber of radioprotective drugs possessthe phys-
iological function of producing anoxia or se-
vere hypoxiain various tissues; these include
the catecholamines, histamine, cholineesters,
p-aminopropiophenone, morphine, ethyl aco-
hol, and nitrite. Other physiological effects,
however, may contribute to their ability to
protect, particularly with serotonin. Although
the powerful protection afforded by this com-
pound is not completely explained, a correla
tion between vasoconstrictive effects and ra-
dioprotection was found for a series of
indolamines (242). Increasing the amount of
oxygen available to radiosensitive tissues re-
versed the radioprotective effect of serotonin,
hi stamine, and epinephrine, but caused much
less reduction of protection by MEA or cys-
teine (243). The amino thiols, notably cys-
teine, MEA, and AET, can decrease oxygen
consumption in the cells (244), but no appre-
ciable hypoxiaexistsduringthe protective pe-
riod (245). Enzymatic oxidation of radiopro-
tective thiols has been reported (246),
although the extent to which the resulting ox-
ygen depletion contributes to radioprotection
Isuncertain.

A series of reports (reviewed in Ref. 247)
provided evidence that WR2721 and its de-
phosphorylated thiol WR1065 haveamajor ef-
fect through their ability to cause loca tissue
hypoxia. The thiol also rapidly depletes the
oxygen content of mammalian cell suspen-
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sionsin culture (248). However, these results
are put in question by the lack of adequate
procedures to measure the oxygen concentra-
tion at critical sites for radiation protection
(249).

1.5.2 Inhibition of Free-Radical Processss.
Mechanismsaf protection involving “free-rad-
ical scavenging" are based on the assumption
that thefreeradicalsresultingfromradiolysis
of water arethe main cause of radiation dam-
age to the cells. Radioprotectors then would
react withtheseradicals, suchasH', HO", and
HO,"~, and prevent them from damaging bi-
ologicaly important molecules. This concept
receivedsupport when acorrelation wasfound
between the protective action of about 100
substances in two systems. an aerated aque-
ous solution of polymethacrylate and the
mouse (125). It is probable that radical scav-
engingisthe primary event in the prevention
of radiolytic fragmentation of the polymer
(250), but it is probably not of equal impor-
tance in the cell. Radioprotection of mamma-
lian cellsby the HO® scavenger dimethylsulf-
oxiderequiresconcentrationsof theorder of 1
M, and the degree of protection isinsensitive
to oxygen concentration (251). Radioprotec-
tion of mammalian cells by thiols can be
achievedat concentrationsof theorder of 1-10
mM but this radioprotection can be reversed
by exposure to molecular oxygen, indicating
that it is not the result of HO' scavenging
(2561). Diffusible radical scavenging could be
radioprotectiveif mechanismsother than dou-
ble-strand lesion formation are involved. In
that case, it is more likely that less-reactive
radicals than HO" would be involved, given
that lower concentrations of scavenger could
be effective. Cytoplasmicirradiation (preclud-
ing direct damageto DNA) can be mutagenic,
andthereareindicationsthat radical scaveng-
ing could be protective against this effect
(252).

Reaction of sulfhydryl compoundswithfree
radicals formed on macromoleculesis consid-
ered more likely than reaction with HO', to
account for radioprotection in mammalian
cells. Reaction rates with such radicals were
measured for several radiation protectors:
MEA, AET, APT, thiourea, cysteine, glutathi-
one, propyl gallate, and diethyldithiocarbam-
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ate (253). The fastest rates were observed for
diethyldithiocarbamate, MEA, and cysteine.
Cysteineand glutathione werefound to accept
electrons from irradiated proteins, whereas
cystine and some nonsulfur compounds did
not (254).

A number o antioxidant phenols, pyri-
dines, and gallic acid esters are believedto be
effectiveby virtue of their antioxidant action.
A direct relation between radical inhibitory
action and radiation protection has been ob-
served (255). Protection by aliphatic acohols,
including glycerol, generaly requires large
concentrations for maximum protection (1-3
M) in cultured mammalian cells (256), but
protective effects of radical scavengers have
been found at much lower concentrationsin
bovine erythrocytes (257) and theerythrocyte
membrane (258).

1.5.3 Mixed Disulfide Hypothesis. This hy-
pothesis of Eldjarn and Pihl (259) proposed
that radioprotective thiols form mixed disul-
fideswith thiol groups of proteins. The mixed
disulfides provide protection to the protein
thiolseither by interfering with indirect radi-
ation damage from radiolysis products of wa
ter or by facilitating energy transfer from the
directly damaged protein to the administered
thiol. Some arguments with this hypothesis
have arisen; many thiols do not protect, and
most thiols are capable of forming mixed dis
ulfides (260). However, equilibrium constants
for mixed disulfideformationarehighfor pro-
tectivethiolsbut low for poor protectors (261).

In their origina hypothesis, Eldjarn and
Pihl proposed that the mixed disulfide bond
would be cleaved by radical scavenging, but
subsequent studies with protein solutions in-
dicated that this may not be the case (262).

Disulfide formation may also protect by mod- - 4

erating radiation-induced rearrangements
(263). Radical scavenging may be an impor-
tant function of the mixed disulfides(264), but
mixed disulfide formation may also be a pre-
cursor for theliberationof cellular thiols, tobe
discussed under Section 1.5.4.

Another argument against this hypothesis

Is that many proteins are not damaged seri-
oudy by a dose of radiation that is lethal to
mammal s (265). Also, the nucleicacids,impor-
tant target molecules of the cdl nucleus, do

o A e am e WO H B o0 S

- — P, . A kAW




Protective Agents against lonizing Radiation

na contain thiol or disulfide groups. The nu-
clear proteins involved in cell divison have
been proposed, however, as likely sites for
mixed disulfide formation (266). RNA poly-
meraseis particularly implicated for this pro-
eess (267). Also, in favor o this hypothesis,
5S-MEA was found mainly bound to protein
at thetime df maximum protection (268).Cer-
tain enzymes, containing essential sulthydryl
groups werefound to be protected from X-ray
damage by mixed disulfideformation (269).

154 Biochemical Shock. A number of bio-
hemical and physiological disturbances take
placeinthecdlsafter administration of thiols,
and redlization of thefull extent of thecel lular
hanges produced led to the postulation of the
biochemicd shock™ hypothesis of Bacq (270)
and others. This states that protective thiols
udago mixed disulfide formations in the
f cellsleadingtoaseriesdf disturbancesinclud-
j. ing decreased oxygen consumption, decreased
carbohydrate utilization, and mitotic delay by
temporary inhibition of DNA and RNA syn-
i thess dong with cardiovascular, endocrine,
anfl permeability changes. The mitotic delay
¢ allowstimefor repair processesto restorenor-
ma. huclecacid synthesis.
g Other metaboliceffectsobserved after thiol
f administration include hypotension, hypo-
j thermia, and hypoxia(271). Anincrease in se-
rotonin level has also been noted in rats after
mjection o amino thiols (272). Release of en-
dogenous thiolsis another metabolic effect of
 the radioprotective thiols. This has been
¢ caused not only by amino thiols but also by
serotonin and hypoxXia-causingcompounds, as
E well asby theanoxicstate (273). Thisincrease
¥ in cdllular thiol content is often 30- to 40-fold
3 gredter than the amount of thiol supplied by
. the protective agent. Protective effects of the
R aminothiolsin Ehrlich ascites (274)and other
-‘:tumr cels (275), as wdl as in mice (276),
i show direct correlationswith thelevel sof non-
rotein thiols. The natural radiosensitivity of
mice Was related to the concentration of thiol
grouos in the blood-forming tissues of the
spleen (277), and development of radioresis-
 tancein cellswas attributed to increased con-
 centration of non-protein-bound thiols (278).
-Radioresistance in some tumor cells was be-
 ieved to be attributed to protein thiol content
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(279), although thelevel of hypoxiain tumor
cellsisalso afactor affecting radiation sensi-
tivity (280).

Further evidence of the importance of cdl-
lular thiol levelsin radioprotection isfound in
the following situations. Protection o the
chromosomal apparatus in Ehrlich ascites
cellsby MEA wasassociated with the increase
in nonprotein thiol levels (281). Both MEA
and cystamine increased plasma, liver, and
spleen concentrations of free thiolsand disul-
fides (282). Radioresistance of bacteria cells
wasbelievedtobetheresult of arepair system
dependent on the thiol content of the cells
(283). Revesz and coworkers considered that
glutathionewasa principal endogenousradio-
protector released by administered thiols
(284), but more recent research showed that
only asmall fraction of low molecular weight
protein-bound thiols was identified as gluta-
thione (285, 286).

1.5.5 Control of DNA Breakdown. The
ability of the disulfides of the radioprotective
amino thiolsto bind reversibly to DNA, RNA,
and nucleoproteins has been postulated as a
result of invitro studies(287). This, according
to Brown (288), can result in two restorative
effects: first, theloose ends of the helix result-
ing from single-strand rupture are held in .
place, so that shortening or alteration of the
chainisprevented; and second, thereplication
rate of DNA is decreased or halted, so that
repair can take place beforeradiation-induced
alterations are replicated. This binding, to-
gether with either radical scavenging (289) or
repair by proton donation, providesa possible
route of protection of the nucleic acidsby the
amino thiols. It reauires that the disulfide of
the amino thiol be present for binding, and it
also could explain why more than athree-car-
bon distance between amino and thiol func-
tions leads to a sharp drop in protective abil-
ity. Portions of the DNA helix unprotected by
histone have been found to accommodate an
aliphatic chain of approximately 10 atoms;
consequently, a disulfide with two or three
carbons between theamino and disulfidefunc-
tions would fit this exposed portion of the he-
lix. Other strongly protective derivatives of
MEA and MEG, such asthethiosulfate, phos-
phorothioate, trithiocarbonate, or acylthio-
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esters, readily undergo disulfide formation.
Arguments against this hypothesis include
the fact that not all of the exposed areas of
DNA are the same size. Also, in a series d
protective disulfides and thiosulfates o MEA
with N-heterocyclic substituents, the thiosul-
fates showed no binding ability for DNA, and
whereas the disulfides have appreciable bind-
Ing constants, there was no correlation be-
tween binding ability and protective activity
(290).

Protective effects for DNA have been
shown by thioureaand propyl gallate, as well
as by cysteine and cystamine, apparently
through antioxidant activity (291). Another
proposed explanation for the protection of
DNA by theamino thiolsisthat MEA renders
cel membranes more resistant to radiation
damage. Localization of repair enzymes and
nucleases on the nuclear membrane makesit
possible that radiation damageto the nuclear
membranecould result inirreversible damage
to DNA by nucleases, and interference with
repair of DNA (292).

Other observations regarding the tempo-
rary inhibition of nucleoprotein synthesis by
thiol protectors have been reported. Tempo-
rary inhibition of nuclear RNA synthesis in
the radiosensitive tissue of rat thymus was
found along with inhibition of thymidine
phosphorylation for a short period (292). Ra-
diosensitizers, such as penicillamine and
B-mercaptoethanol, inhibited thymidinephos-
phorylationfor alonger period. Someevidence
for mixed disulfide formation with proteins
(e.g., thymidine kinase) was aso found. Inhi-
bition d DNA synthesisinrat thymus, spleen,
and regenerating liver by MEA and AET was
believed to arisefrom a delay in the synthesis
o relevant enzymes, nuclear RNA polymer-
ase, and thymidine phosphorylating kinases
(294).Although MEA decreasesthe frequency
of radiation-induced single-strand breaks in
DNA o mammalian cells (295), this was not
considered to be the lesion responsiblefor the
killingof E. coli cellsby y-radiation (296).

1.5.6 Metabolic Effects. Alterationd cellu-
lar metabolism can affect radiosensitivity ei-
ther by changing oxygen concentration, and
thus altering the extent of initial DNA dam-
age, or by altering cell cycle progression, thus
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alowinggreater or lesser repair o potentially
lethal damage. Even in caseswhere it can be
demonstreated that a radioprotector can act
by a purely radiochemical mechanism, it is
possiblethat it could also act by altering me

tabolism (297) and the extent to which one .

mechanism dominates may be difficult to de
termine. Although a state of hypoxia consid-
ered sufficient to provideradiation protection
IS not brought about by most radioprotectors,
some effect on oxygen availability and oxida
tion-reduction potential of thecellsdoesresult
after their administration. A relation was oo
served between the duration o respirationin-
hibition and the radioprotective effect of cys-
taphos, the phosphorothioate of MEA (298).
Several phosphorothioates were also found to
induce vasodilationin the spleen, resulting in
altered blood supply to the body, and decreas
Ing tissue oxygen tensions (299). Aminoethyl
and aminopropy! thiosulfates also decreased
the oxidation-reduction potential in body tis
sues d rats and mice (300). They aso in
creased serotonin and histamine levels, and

decreased peroxidelevels. Several heterocyclic |

compounds, including aryl derivatives of tri-
azoline-2,5-dithione, decreased the oxygen

tensioninrat spleen, liver,and muscle(301);a |

correlation was observed between the de
crease in oxygen tension and radioprotective
effects of the compounds.

Radioprotective and radiosensitizing -
fectsaof various compoundshave been related
to an oxygen effect. A theory has been devd-
oped consisting o an " oxygen fixation hypoth-
esis' (302), in whichtarget free radical s react
el ther with radical-reducing species, resulting
in restoration, or with radical-oxidizing spe

cies, resultingin fixation o radical damageto |

a potentially lethal form. MEA and other thi-
ols protect by adding to the pool of radical-
reducing species, resultingin enhanced repair
of free-radical damage. Electron-affinic com
pounds radiosensitize by adding to the pool d
radical -oxidizingspecies, enhancing free-radi-
cal damage; N-ethylmaleimide has a similar
effect. Metal ions, however, do not alter sensi-
tivity to radiation inactivation of bovine car-
bonic anhydrase by oxidizing radicals, but do
exert a protective effect against inactivation
by reducing radicals (303).
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1 Protective Agents against lonizing Radiation

An explanation of the protective effects of
ethanal, and other hydroxy compounds, arose
frantheobservationthat ethanol addstothy-
mreunder y-irradiation (304).This prevents
formation of thymine dimers, deleterious to
thestructureof DNA. It also explainsthera-
ddionresistancedf bacterial spores, and pro-
tection d bacteria in glucose medium, where
hydraxy compoundsarein adeguate supply to
add to thymine.

Other cellular effects produced by the
f amino thiols may be involved in the complex
£ process of radiation protection. Release of en-
i zymesisone such effect, and various enzyme
f releases have been observed in rat plasma af-
b ter introduction of either MEA or 5-merecapto-
L pyridoxine, or by a state of hypoxia (305).
f Treatment with two nonprotective thiols,
E 2-mercaptoethanol and 4-mercaptopyridox-
. ine, did not affect the plasma enzyme levels.
f The liberation of cellular thiols, discussed ear-
f lier, may be attributed to enzyme liberation,
£ at least in part. Mixed disulfide formation may
[ beafactor in thisrelease, assuggested by the
§ biochemical shock hypothesis.

f The radioprotective thiols protect the
b erythropoieticsystem of animal's, *Fe uptake
E being used as the test for protection (306).
E MEA, AET, penicillamine, and 2-mercapto-
E ethanol all inhibit phosphorylation of 