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Anti-Cancer Drugs: Molecular Mechanisms of Action
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Abstract: Genetic alterations are responsible for all cancers. These mutations produce, in turn, alterations in
key proteins of certain signaling pathways. Amongst the best known and studied alterations related to
malignant transformations are those which occur in Ras protein and p53. In most cases mutations in Ras and
p53 lead to the appearance of practically most malignant transformations. Mutated Ras genes exist in
approximately 20 to 30% of all human cancers. Ras proteins are switches that regulate diverse functions such as
cell proliferation, differentiation and apoptosis. Normal p53 expression, also known as the “genome guardian”,
is a key molecule for suppressing cell proliferation.

The great importance of these proteins rests on their intimacy with the events leading to cell proliferation or
death. The comprehension of the extent of transformation on Ras and p53, and of the diverse biochemical
pathways of intracellular signaling, activated by them, is of extreme importance for the understanding of
malignant transformation, as well as its control, through the creation, for example, of new drugs which
contribute to the elimination of these cells.

To clarify the consequences originated by transformed Ras, p53 and their biochemical interlinks in the different
intracellular pathways, besides the possible intervening points and pharmacological controls presently used
in combating cancer, are the aims of this review.
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The advances in our understanding of the basic molecular
mechanisms involved in the control of cell growth,
differentiation and survival have provided a framework for the
pharmacological manipulation of many diseases.

carcinomas. Thus, aberrant Ras functioning is believed to
contribute to the development of at least a major subset of
these neoplasms. In contrast mutated ras genes are rarely
associated with the development of breast, ovarian or cervical
carcinomas (< 5%). Therefore, aberrant Ras functioning may
not be important in promoting or maintaining the malignant
and invasive properties of these tumors [5].

We now know that three types of genetic alterations or
mutations underlie the pathogenesis of virtually all cancers.
These mutations arise in oncogenes, tumor suppressor genes
and genes that govern the exact replication of DNA, e.g.
DNA repair enzymes and cellular checkpoint genes [1].

The three ras genes encode four closely related 21 kDa
proteins [6] in human cells (Harvey, Kirsten and N-ras), the
Kirsten-ras gene (K-ras) by far the most commonly mutated
form of ras found in human cancers [7]. K-ras encodes two
proteins, K-Ras4A and K-Ras4B, that differ only in their
carboxy-terminal 25 amino acids. K-Ras4B is the
predominant protein species expressed in mammalian cells
[5]. However, all three types of mutated ras genes are capable
of transforming mammalian cells in culture.

Mutations involving the genes of Ras or p53 proteins
encompass, in turn, many known malignant transformations.

Our aim in this review is to discuss the main alterations,
caused by Ras and p53 transformations, and their
interactions beyond the main intervention points of their
intracellular signaling pathways (Fig. 1).

Ras PROTEIN AND CANCER
Ras proteins function as biological switches that are

regulated by their association with guanine nucleotides
(GDP and GTP) [8,9] and regulate multiple signal
transduction pathways controlling biological processes as
diverse as cellular proliferation, differentiation and apoptosis
[10]. Normal Ras proteins typically reside in the inactive
GDP-bound state. Upon initial stimulation at the surface by
a variety of extracellular ligands, Ras guanine nucleotide
exchange factors (Sos and RasGRF/CDC25) are activated to
stimulate the exchange of bound GDP for GTP to form the
active GTP-complexed Ras protein [11]. This active state is
transient, and Ras GTPase activating proteins (Ras GAPs;
p120 and NFI-GAP) stimulate the intrinsic GTP hydrolysis
of Ras to cycle it back to the inactive GDP-complexed state
[12].

Among the oncogenes associated with human cancers,
the ras oncogenes stand out as particularly attractive targets
for the creation of cancer therapeutics. Mutated ras genes
exist in approximately 20-30% of all human cancers but are
most commonly found in pancreatic cancer, colon cancer and
adenocarcinoma of the lung [2,3,4]. Frequency is not
uniform with respect to tumor type, thus suggesting that ras
mutation contributes to the development of some, but not all
tumors [5]. For example, ras mutation are highly prevalent
in pancreatic (90%), lung (40%) and colorectal (50%)
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Fig. (1). Ras and p53 pathways. Ras and p53 activate multiple effector pathways. Each of these events triggers a downstream cascade
that leads to the modification of proteins affecting many aspects of cell growth and survival.

activation of Ras [13]. Once activated Ras binds to at least
three types of effector protein: kinases of the Raf family,
phosphoinositide (PI) 3-kinase and RalGDS proteins [14].

then causes the translocation of Ras to the inner surface of the
plasma membrane [5, 24]. This tetrapeptide sequence is
generally referred to as the CAAX box or CAAX motif, and
consists of cysteine followed by two aliphatic amino acids,
and any other residue (usually serine or methionine) which is
present in all Ras precursor proteins [25-27].

Ras activation of the Raf serine/threonine kinases and the
activation of the ERK mitogen-activated protein kinases
(MAPKs) remain a key signalling important for Ras biology
[13], as it initiates further cytoplasmic and nuclear events to
alter cell growth and differentiation [15,16,17]. This pathway
will be mentioned in full detail due to its importance for the
control of malignant transformation.

Three enzymatic reactions occur in these residues:
prenylation, proteolytic removal and carboxymethylation.
Prenylation of the cysteine residue occurs within minutes of
synthesis: the cytoplasmic Ftase catalyzes the covalent
addition of a C15 farnesyl isoprenoid moiety, from a farnesyl
pyrophosphate (FPP) donor to the cysteine residue of the
Ras CAAX motif. This modification is rapidly followed by
proteolytic removal of the AAX residues and
carboxylmethylation of the now farnesylated cysteine residue.
H-Ras, N-Ras and K-Ras4A undergo additional modification
of upstream cysteine residue(s) by the fatty acid palmitate,
whereas K-Ras4B contains a lysine-rich sequence directly
upstream of the CAAX motif [25]. Of these three reactions,
the first and most important for the Ras biological activity is
the prenylation of the cysteine residue [28].

Phosphoinositide (PI) 3-kinases, once activated, promote
the conversion of phosphatidylinositol (4,5)-bisphosphate
[PtdIns(4,5)P2] to phosphatidylinositol (3,4,5)-triphosphate
[PtdIns(3,4,5)P3]. One established target of (PI) 3-kinase is
Akt/PKB (protein kinase B) [18] which, among other
functions, promotes cell survival. PI-3kinase may also
activate Rac GTPase, and this Rho family protein is an
important mediator of oncogenic Ras transformation.
Akt/PKB and Rac facilitate activation of the NF-kB
transcription factor by Ras [19, 20] and exert an anti-
apoptotic role in the Ras pathway [21].

Although the CAAX-signaled modifications are essential
to promote Ras membrane association, the palmitate
modification or the lysine-rich sequence serves as a second
membrane-targeting signal to facilitate full plasma membrane
association [25], along with additional sequence information.
However, while each carboxy-terminal modification increases
protein hydrophobicity and contributes to Ras membrane
association, the initial farnesylation step alone is sufficient to
promote significant membrane association and transforming
potential [29]. Therefore, inhibitors of Ftase may serve as
potent anti-Ras drugs, as it will be discussed below.

The mutant ras genes present in human tumors encode
single amino acid mutations (at residues 12, 13 or 61) that
render these oncogenic Ras mutant proteins insensitive to
GAP stimulation. Hence, they remain constitutively active
in the absence of external stimuli [11, 22].

Ras proteins that are encoded by mutated ras genes are
unable to cleave GTP, and remain trapped in their GTP
bound state. The pathophysiological consequence of these
mutations is that Ras driven cell proliferation signal is held
in the “on” position and inappropriately stimulates
continuous cell proliferation [23]

PHARMACOLOGICAL INTERVENTION ON RasRas proteins are initially synthesized as inactive
cytoplasmic proteins. However, a series of rapid post-
translational modifications, signaled by a consensus carboxy-
terminal tetrapeptide sequence, present in all Ras proteins,

Ras function is regulated by GDP/GTP cycling. This fact
suggests two possible approaches for antagonizing Ras
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Fig. (2). Chemical structures of FTIs. (A) Farnesyl diphosphate analogues; (B) and (C) peptidomimetics (CAAX mimetics).

activity. First, the generation of variant “super” Ras Gaps
that can stimulate GTPase activity of oncogenic Ras
proteins, and thus convert them to inactive proteins, has
been attempted. Unfortunately, this has been unsuccessful.
Second, since the inactive and active forms of Ras differ in
protein conformation [11, 22], compounds that preferentially
recognize the active GTP-bound form may specifically target
mutated Ras proteins.

FTase INHIBITORS (FTIs)

FTIs comprise a novel class of antineoplasic agents
developed to inhibit FTase [34]. In mammalian, there are
two prenyltransferases: farnesyltransferase (FTase) and
geranylgeranyltransferase type I (GGtase). Both enzymes are
heterodimeric proteins (approximately 94kDa), composed of
common alpha sub-units and divergent albeit homologous
beta sub-units [32,33]. The sequence CAAX box determines
the process. FTases prefer protein substrates with serine-,
methionine- or glutamine-ending CAAX box while GGtases
prefer proteins with CAAX boxes that terminate with leucine
[35].

A technically more feasible approach became apparent
with the finding that Ras requires prenylation to induce
malignant transformation. Ras must be anchored at the
plasma membrane to transmit signals through the MAP
kinase pathway. As Ras does not contain a transmembrane
domain, localization is accomplished by the post-
translational addition of a lipid (farnesyl) moiety to its
carboxy-terminal. Subsequently, many investigations were
initiated exploring farnesyltransferase, the enzyme
responsible for this modification, as an anticancer drug target
(Figs. 2 and 3) [30-33].

The discovery that the tetrapeptide sequence (CAAX
sequence) was necessary and sufficient to serve as substrate
for Ftases motivated researchers to design new Ftase
inhibitors [36].

The FTase inhibitors were of particular interest since the
oncogenic activity of Ras is dependent on its farnesylation
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[29]. FTase inhibitors produce reverse oncogenic
transformation of cell and tumor lines which constitutively
express active mutant Ras [37].

Raf regulation of cell survival is independent of MEK/ERK
pathway, and involves the activation of NF-kB transcription
complex. NF-kB proteins are conserved transcription factors
implicated in the regulation of inflammation,
morphogenesis, differentiation, proliferation and apoptosis
[52, 53].

Initially, farnesyltransferase inhibitors (FTIs) were
envisaged as a general mean of impairing the membrane
localization of oncogenic Ras proteins.

Ras, ARF AND p53Like acylation with myristate [38] or palmitate [39] and
modification with glycosil phosphatidylinositol [40],
prenylation has been viewed as a mechanism for post-
translational attachment of proteins to membranes [41].

Expression of active forms of Ras leads to elevated levels
of p53. The mechanism by which Ras induces p53 is not
completely understood. There are three known pathways:
expression of ARF, of DMP1, a transcription factor, and of
the tumor suppressor protein PML. Ras and Raf promote the
expression of ARF [54], which then binds to and promotes
nucleolar sequestration of Mdm2 [55, 56]. The sequestration
of Mdm2 allows the increase of p53 levels, leading to the
induction of target genes which promote cell cycle arrest
[57].

Peptidomimetics of CVIM, the CAAX Box sequence of
K-Ras4B, were initially used as the first inhibitors of FTases
(FTIs) rationally synthesized [36]. At first it was believed
that these peptides could block as much the activity of
FTase as of the enzyme geranylgeranyltransferase I (GGTase
I), which transfers a geranylgeranyl isoprenoid to the protein.
Although this is true for H-Ras, the same can not be said in
relation to K-Ras. Subsequent work demonstrated that, in
the presence of FTIs, K-Ras could still be prenylated by the
related enzyme GGTase I in vivo [42, 43].

DMP1 is a transcription factor that may induce ARF-
dependent cell cycle arrest. DMP1 is a 120- to 130-kD
nuclear phosphoprotein consisting of 761 amino acids. It is
composed of a central DNA-binding domain containing three
Myb-like repeats flanked at the amino- and carboxy-termini
by acidic transactivation domains [58, 59]. DMP1 binds to
nonameric consensus DNA sequences [CCCG(G/T)ATGT],
and competes with eukaryotic transcriptional regulators (Ets)
(for review, see [60]) for DNA recognition sites that contain a
GGA core. DMP1 is able to physically associate with any of
the three D-type cyclins, which can inhibit its ability to bind
DNA with no requirement of CDK4 or CDK6 [59, 61].
DMP1 can induce the expression of ARF which could
explain its ability to elicit p53-dependent cell cycle arrest
and senescence [62].

As K-ras is also a substrate for geranylgeranyltransferase
I, inhibition of farnesyltransferase alone is not sufficient to
preclude membrane attachment of this oncogenic protein.
This finding led investigators to explore the combination of
an FTI with a geranylgeranyltransferase inhibitor (GGTI).
This approach was limited by the large number of
geranylgeranylated proteins found at the cellular level, some
of which are required for normal cell physiology. Although
the development of FTIs was based on the premise that they
would selectively target Ras, there is extensive evidence for
non-Ras proteins being the more relevant target for some
drugs.

The inhibition of the Ftase enzyme may rely on
processes other than the known blockade of Ras activity.
Other farnesylated proteins frequently mentioned as target
"X" of FTIs may be more important in this process than Ras
[44]. Among these novel targets, one has to mention the
members of the Rho family, mainly RhoB [45, 46] and
RhoE [47], besides important proteins involved in the cell
cycle progression, such as CEMP-AND and CEMP-F
(center-mere-binding proteins) [48]. RhoB, an endosomal
protein related to receptor trafficking, is a protein that, when
non-farnesylated, leads to selective growth inhibition and
apoptosis in tumor cells [49].

PML is a RING finger protein localized in large nuclear
structures called promyelocytic oncogenic domains (PODs),
ND10, or PML nuclear bodies (for review, see [63]). PML
was initially identified in acute promyelocytic leukemia
(APL), in which it forms a reciprocal translocation with the
rar gene [64, 65, 66, 67]. Although the biochemical action of
PML is not known, it may function in transcription control
by recruiting transcription factors to the PODs [68, 69]. Ras
expression promotes the formation of a ternary complex
constituted by p53, PML, and the p300/CBP
acetyltransferase in PODs. Under these circumstances, p53 is
acetylated on lysine residues 320 and 382 what enhances its
DNA binding activity.We may conclude that the search for farnesylated protein

X is far from complete and further efforts must be made to
identify these targets [13].

p53 AND ITS MECHANISM

Ras, Raf AND MEK It has been suggested that the tumour suppressor TP53,
the so called “guardian of the genome” [70], is a direct
“sensor” of DNA damage. It locates single stranded regions
of DNA and termini of non-specific DNA templates [71].

Ras interacts with the active form of Raf, a
serine/threonine kinase. The classic pathway regulated by
Raf to control apoptosis is directly related to its kinasic
activity. Raf kinases phosphorylate and activate Mek1 and
Mek2, both specific kinases. Mek1 and Mek2 in turn
phosphorylate and activate Erk1/p44 and Erk2/p42,
mitogenic protein kinases which play key roles in the
stimulation of cell division [50, 51]. The molecular steps
involve transcriptional regulation as well as modifications of
pro-apoptotic proteins. Functionally, these pathways can be
divided in MEK-dependent and MEK-independent cascades.

The p53 tumor-suppressor gene encodes a 393-amino
acid sequence that resides in the cell nucleus [72], and has
the general molecular structure of a transcription factor with a
transcriptional activation domain at the amino-terminal (aa:
1–42), a sequence-specific DNA-binding domain within the
central part (aa: 102–292), and an oligomerization domain
(aa: 323–356) together with a regulatory domain (aa: 360–
393) at the carboxy-terminal [73-77].
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Normal p53 expression suppresses cellular proliferation.
In response to stressful stimuli (including DNA damage,
hypoxia, radiation, oxidative stress, heat shock, metabolic
changes, nucleotide depletion, or exposure to certain
cytokines), the p53 gene is activated, binds in tetrameric
form [78, 79] to four palindromic copies of its consensus
sequence [73], and its protein accumulates in the nucleus,
triggering downstream cascades that terminate in cell cycle
arrest or apoptosis.

auto-regulatory feedback loop between p53 and Mdm2. It is
currently accepted that mutant p53 cannot activate the
transcription of Mdm2, and for this reason p53 accumulates
within the nucleus. Moreover, in some tumors, p53 is
inactivated by over-expression of Mdm2 rather than by
mutation. In addition, the INK4a-ARF locus encodes two
proteins—p16 (INK4A) and p14, which affect the function of
the retinoblastoma susceptibility gene (Rb) protein and p53,
respectively. p14 inhibits cell cycle progression by
promoting Mdm2 degradation and stabilizing wild-type p53.
p16 (INK4A) is a member of a family of specific inhibitors
for CDK4 and CDK6 [89].

Therefore, the activation of p53 is central to the fate of a
cell that encounters a hostile environment [80]. p53 also
functions as a transcription factor that can bind to specific
DNA sequences and activate the transcription of genes
containing binding sites in their promoter regulatory regions
[80].

Two independent events describe the instability of the
complex constituted by p53 and Mdm2. The first is the
phosphorylation of serine residues in the amino- and
carboxy-termini of p53 [90]. The second and main
mechanism involves the reduction of MDM2 expression in
response to genomic stress. Mutations involving
phosphorylation sites of p53 do not alter the expected
activation of this molecule after genotoxic stress [74].
Subsequent work demonstrated however that, in spite of the
relevance of p53 phosphorylation for a fast activation of the
molecule, the maintenance of high levels of p53 expression
by ARF, whose expression is controlled by E2F, is also
very important [91].

Although under certain circumstances trans-regulatory-
independent mechanisms may be of significance for p53
function, there is compelling evidence that trans-regulation
of downstream genes is essential for this action, especially
for tumor suppression [81].

p53 transcriptionally activates a number of key enzymes
mediating the pathway leading to cell cycle arrest or
apoptosis, including p21/WAF1/Cip1 (which arrests the cell
cycle by inhibiting cyclin-dependent kinase complexes and
binding to proliferating cell nuclear antigen [PCNA]), Bax
(which promotes apoptosis), GADD45 (which arrests the cell
cycle by binding to PCNA), and insulin-like growth factor-
binding protein 3 (which enhances apoptosis by blocking the
mitotic activity of insulin-like growth factors) [82].

The DNA binding sites of p53 protein are located inside
three loop-helix structures [92, 93]. Although different from
the classic "zinc fingers", these loops are connected and
stabilized by a divalent atom of zinc [94]. The p53
homologue proteins, p73 and p63, also present this structure
and mutations at this region account for 80% to 90% of the
malignant transformations [94].

In addition, p53 helps to regulate angiogenesis, since it
functions as a transcription factor for the vascular endothelial
growth factor (VEGF) [83], the basic fibroblast growth factor
(bFGF) [84], thrombo-spondin [85], and a thrombospondin-
like factor, brain-specific angiogenesis inhibitor [86]. Wild-
type p53 downregulates endogenous VEGF and bFGF
production, thereby limiting tumor growth by limiting the
induction of neovascularization caused by the overproduction
of these angiogenic factors [85, 86]. Mutant p53 loses this
important regulatory function, allowing neovascularization to
proceed uninhibited.

The actual site of the mutation is important, since
mutations in the DNA-binding domain have the greatest
effect on function. Most missense mutations in cancers are
located in this domain, and mutations here lead to the
production of a p53 protein that fails to bind to DNA in the
normal sequence-specific fashion.

The carboxy-terminus of p53 regulates its binding to
DNA in a negative way [77]. The amino-terminal seems to
participate in a cooperative manner: free peptides
corresponding to p53 carboxy-terminus (aa 361-382) bind to
proline-rich regions (aa 80-93) of the amino-terminal [95].
This binding promotes conformational changes in the p53
molecule, leading the cell to apoptosis [95]; via Fas
(APO1)/Fas ligand pathway [95].

The number of downstream genes trans-repressed and
trans-activated by p53 is presently estimated at 70 and 80,
respectively [74].

In addition, p53 is regulated by another nuclear protein,
MDM2, which modulates the observed accumulation of p53
in response to stress. MDM2 is a 491-amino acid
phosphoprotein that binds to p53, blocking its biological
activity. MDM2 also targets p53 for destruction by way of
the ubiquitin proteosome pathway [80].

Following genotoxic stress, p53 protein rapidly
accumulates and becomes activated. The kinetics and the
duration of p53 accumulation can vary considerably in
different cell types in response to various damaging agents
[89]. p53 is widely recognized as a protein functional during
the cell cycle. Cell cycle arrest at G1 phase by p53 is
dependent upon the transcriptional activation of
p21/WAF1/CIP1 [96, 97]. p21 is a cyclin-dependent kinase
(CDK) inhibitor. Rb protein phosphorylation is mediated by
CDKs. The hypophosphorylated Rb sequesters the
transcription factors of the E2F family known to promote the
S phase [98].

The Mdm2 gene itself, on the other hand, is trans-
activated by p53, resulting in a negative feedback control of
p53 activity [87].

It has been hypothesized that phosphorylation of Mdm2
or p53 itself by stress-activated protein kinases prevents the
interaction between Mdm2 and p53, and hence allows the
accumulation of p53.

However, high p53 levels were shown to trans-repress
Mdm2 gene activity through promoter 3 located in intron 3
of this gene [88]. This finding adds a further element to the

The p53-promoted blockade in G2 involves inhibition of
Cdc2, a cyclin-dependent kinase required for the entrance in
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mitosis. Cdc2 is inhibited by three transcriptional targets of
p53: Gadd45, p21 and the 14-3-3 sigma [99], although some
data also indicate that 14-3-3 sigma is mainly under the
transcriptional control of the p53 homologue p73 [100].

MEK-ERK pathway can elicit strikingly different effects on
the cell cycle depending on the level of activation [110,
111].

p53, Ras AND CELL CYCLEp53-dependent apoptosis is not so well understood. Bax,
which is known to antagonize the anti-apoptotic activity of
Bcl-2, seems to be the mediator used by p53 in its apoptotic
activity [101, 102]. The activation of BAX gene by JMY
(p300 cofactor) in the p300/CBP (CREB-binding protein)
transcriptional co-activator multi-protein complexes, which
present variations in variant splices of JMY, determines, at
least in part, whether p53 is going to mediate the cell cycle
arrest or apoptosis [103].The activation of caspase cascade
seems to be another way for p53-induced apoptosis.
Members of the TNF receptor superfamily, especially
Faz/APO1 and TRAIL/DR5, were also discovered to be
involved in p53-dependent apoptosis. The activation of these
receptors rapidly leads the cells to apoptosis mediated by
caspase cascade [95, 104, 105]. This pathway is also
triggered when p53 regulates enzyme homologues of quinone
oxidoreductase, proline oxidase and glutathione transferase.
These enzymes induce apoptosis by producing reactive
oxygen intermediates (ROI) with subsequent mitochondrial
damage and caspase activation [106].

The cell cycle inhibitory effects of Ras, or its effector
protein kinase, Raf, have been described in a variety of cells
[112, 113]. This is likely to be achieved by the ability of
Ras to infuence the activity of cyclin-dependent kinases
(CDKs) that phosphorylate pRb and its family members
[114, 115]. The phosphorylation of pRb promotes the
activity of those E2F transcription factors required for the
expression of genes that promote S-phase progression [116,
117]. In contrast to promote cell cycle progression, Ras and
its various effectors also have the ability to elicit cell cycle
arrest and, in the case of primary cells, to induce a form of
irreversible arrest that has features of replicative senescence
[118, 119].

Ras activation, working through Raf, can induce the
expression of CDK inhibitors (CKIs) of the INK4 or Cip/Kip
family [120, 121]. CKI induction inhibits the activity of
CDKs leading to arrest in the G1 and/or G2 phases of the
cell cycle.

Mdm2 EXPRESSION BY Ras AND Raf NEW BIOCHEMICAL TARGETS
The induction of p53 by a variety of agents leads to the

transcriptional induction of Mdm2 which, in turn, promotes
p53 degradation [107, 108]. However, Mdm2 is also
induced by mitogenic stimulation or oncogenic
transformation of cells [109, 110]. Mdm2 gene is regulated
by Ras-induced Raf/MEK/MAP kinase pathway, in a p53-
independent manner. Raf-induced Mdm2 degrades p53 in the
absence of the Mdm2 inhibitor p19ARF. This regulatory
pathway accounts for the observation that cells transformed
by oncogenic Ras are more resistant to p53-dependent
apoptosis originated from DNA damage [110].

Other biochemical pathways, besides those activated by
p53 and Ras, have been explored to design anticancer drugs.
Among them, the serine/threonine kinases such as protein
kinases C (PKCs), cAMP-dependent protein kinases (PKAs)
and Auroras, besides proteases, as the caspases, have been
mostly investigated.

PKC exists as a family of at least 12 closely related
isozymes [122]. Each isoform plays different roles in cell
growth, proliferation, differentiation or apoptosis [123]. Due
to their important roles in many different cancers, PKCs
could be potential targets for developing novel cancer
therapies. Treatments utilizing antisense oligonucleotides
directed against PKC-alpha are in clinical development for
several cancers [124, 125]. Bryostatin, a compound that

Activation of Ras-induced Raf/MEK/MAP kinase may
therefore play a key role in suppressing p53 during tumor
development and treatment. Indeed it is clear that the Raf-
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inhibits PKC-alpha is a good example [126-128]. Utilization
of inhibitors of other PKC isoforms has not yet been tested
[129].

members of the human Aurora kinases are over-expressed in
a variety of human cancers (for a full review see [138]). This
fact, added to the involvement of Aurora kinases in mitosis,
opens a great area of studies for the design of new drugs to
control their function.

PKA is involved in controlling cell growth and
differentiation [130], and is present in mammalian cells in
two distinct isoforms: PKAI and PKAII [131]. The PKAI
isoform is over-expressed in human cancer and is directly
involved in EGFR mitogenic signaling [132]. PKAI has
been proposed as a relevant target for cancer therapy. Down-
regulation of PKAI by pharmacological tools, including
antisense oligodeoxynucleotides targeting its RI alpha
subunit (AS-PKAI) causes growth arrest and differentiation in
a variety of cancer cell lines in vitro and in nude mice [131,
133].

Apoptosis is mediated by proteases called caspases.
Perturbed regulation of apoptosis underlies many diseases
including cancer. The link between selective cell suicide and
cancer emerged when Bcl-2 was found to inhibit cell death
[139]. Bcl2 and its homologues, Bcl-x1 and Bcl-w, potently
inhibit apoptosis in response to many cytotoxic insults
[140]. The Bcl-2 family members regulate apoptosis and
mitochondrial integrity [141], and represent key targets for
therapeutic intervention [142]. Small molecules have been
used as inhibitors of the Bcl2 family, for example BH3 I-1
and BH3 I-2 [143], and chelerythrine [144] (Fig. 4).

The Aurora kinases have essential functions in cell
division [134, 135]. In mitosis, Aurora kinases are required
for chromosome segregation, condensation and orientation in
the metaphase plate, spindle assembly, and the completion
of cytokinesis. Three mammalian Aurora kinases appear at
specific locations during mitosis. Aurora-A, the "polar
kinase", primarily associates with the separating centrosomes
while Aurora-B, the "equatorial kinase", is a chromosomal
passenger protein [134], and Aurora-C is localized to the
centrosome from anaphase to telophase [136, 137]. All three

PHARMACOLOGICAL INTERVENTION ON
TOPOISOMERASE AND p53

DNA topoisomerases are critical enzymes involved in
replication, transcription, chromatin assembly and other
aspects of DNA metabolism. All cells have two major forms
of topoisomerases: the type I enzymes, that make single-
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Fig. (5). Chemical structures of (A) anthracyclins; (B) camptothecins; (C) epipodophyllotoxins; (D) amsacrine.
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stranded cuts in DNA, and the type II enzymes, that cut and
pass double-stranded DNA. The type II topoisomerases are
specific targets of classes of drugs that comprise complex-
stabilizing (epipodophyllotoxins, anthracyclines) (Fig. 5)
and catalytic (merbarone, bisdioxopiperazines) (Fig. 6)
inhibitors [145].

thereby creating a single stranded DNA break. Cleavable
complexes are also formed in the vicinity of DNA lesions
and in the presence of the anti-tumor agent, camptothecin
[156].

While many agents appear to inhibit the catalytic activity
of topoisomerase I, most bind to DNA very tightly, and
have little specificity for topoisomerase I (berenyl and
ethidium bromide) (Fig. 7) [157]. However, drugs that bind
the minor groove of DNA may be more specific inhibitors of
topoisomerase I, although many minor groove binding drugs
also stabilize a covalent complex between DNA and
topoisomerase I.
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The catalytic cycle of topoisomerase II has been shown to

involve several discrete steps, including recognition/binding,
cleavage, strand passage, religation, and enzyme turnover
[158].

Fig. (6). Chemical structures of merbarone and ICRF-193 (an
example of bisdioxopiperazine).

Topoisomerase II has also been shown to bind the
regulatory sequences of the carboxy-terminal region. A
substantial role in the induction of apoptosis by
topoisomerase II inhibitors such as etoposide and
doxorubicin, which cause accumulation of p53-interacting
enzyme–DNA adducts has been suggested [146]. In
mammalian cells, there are two isozymes of topoisomerase
II, a 170 kDa form termed p170, or alfa, and a 180 kda form
termed p180, or beta [147, 148]. These two proteins are
products of different genes, located in human chromosomes
17q21-23 [149] and 3q [150], respectively. These isoforms
are differentially expressed through the cell cycle:
topoisomerase II alpha is preferentially expressed in
proliferating cells during S phase [151], whereas
topoisomerase II beta appears to be expressed at all points in
the cell cycle, with no appreciable differences between
proliferating and non-proliferating cells [152].

The anti-tumor importance of the catalytic cycle of
topoisomerase relates to the fact that the clinically useful
drugs (etoposide, doxorubisin, amsacrine, toporecan, etc)
(Fig. 5) appear to be able to increase the amount of species
that include the enzyme covalently attached to DNA, thereby
turning the enzyme into a cell poison, leaving the DNA
strands broken [153, 154, 158]. Drugs accomplish this by
blocking the religation of the cleaved DNA, or by increasing
the rate of DNA cleavage without inhibiting religation [154].
For both biochemical mechanisms, drugs stabilize a
“cleaved complex” of DNA and topoisomerase.
Consequences of the formation of a covalent complex with
DNA include interference with nucleic acid metabolism, the
induction of genetic changes due to the presence of a DNA
strand break, and the initiation of an apoptotic pathway.

DRUG RESISTANCE
Topoisomerases have been shown to be targets of

clinically important anti-tumor agents [153, 154]. For
example, topoisomerase I is a very specific target of
camptothecin and its analogues such as topotecan, 9-amino-
camptothecin, irinotecan (CPT-11) [155] and
indolocarbazoles (rebeccamycin and staurosporine) which
also inhibit PKC [95].

The majority of anti-tumor drugs damage DNA, either
directly or indirectly. The idea that this damage per se is not
lethal but has to be “sensed” by the cell and coupled to the
execution of apoptosis suggests that failure of the “sensors”
could lead to drug resistance (as well as promotion of
carcinogenesis). As mentioned above, p53 has been
described as a “sensor” of DNA damages.

Mammalian DNA topoisomerase I is a multifunctional
enzyme which is essential for embryonic development.
Topoisomerase I is a recombinase, which can mediate
illegitimate recombination. A crucial intermediate reaction
during relaxation of DNA is the formation of a DNA-
topoisomerase I complex (the cleavable complex) wherein
topoisomerase I is covalently linked to the 3’-end of DNA,

Mutations in p53 have been found to be associated with
drug resistance in vivo as well as in animal models [159,
160, 161]. Epidemiological studies of p53 mutations and
drug responsiveness yielded controversial results in a large
variety of tumors treated with different regimens of cytostatic
drugs [162-165]. Most trials show an association between
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Fig. (7). Chemical structures of berenil and ethidium bromide.
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p53 mutation and chemotherapy resistance when dealing
with hematological malignancies. The influence of p53 on
sensitivity to anticancer agents is, however, by no means
clear in malignant tissues of non-hematological origin. The
significance of the mutation of p53 and of allelic loss to the
progress of human neoplasia as an indicator of poor
prognosis, is unquestionable. Whether the loss of p53
function alone is responsible for pleiotropic drug resistance
to DNA damaging drugs observed in many advanced
cancers, is doubtful [166].
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