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Mechanisms of Action of DNA-Damaging Anticancer Drugs in Treatment
of Carcinomas: Is Acute Apoptosis an “Off-Target” Effect?
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Abstract: DNA damage induces apoptosis of cells of hematological origin. Apoptosis is also widely believed to be the
major antiproliferative mechanism of DNA damaging anticancer drugs in other cell types, and a large number of laborato-
ries have studied drug-induced acute apoptosis (within 24 hours) of carcinoma cells. It is, however, often overlooked that
induction of apoptosis of carcinoma cells generally requires drug concentrations that are at least one order of magnitude
higher than those required for loss of clonogenicity. This is true for different DNA damaging drugs such as cisplatin,
doxorubicin and camptothecin. We here discuss apoptosis induction by DNA damaging agents using cisplatin as an ex-
ample. Recent studies have shown that cisplatin induces caspase activation in enucleated cells (cytoplasts lacking a cell
nucleus). Cisplatin-induced apoptosis in both cells and cytoplasts is associated with rapid induction of cellular reactive
oxygen species and increases in [Ca®']; Cisplatin has also been reported to induce clustering of Fas/CD95 in the plasma
membrane. Available data suggest that the primary responses to cisplatin-induced DNA damage are induction of long-
term growth arrest (“premature cell senescence”) and mitotic catastrophe, whereas acute apoptosis may be due to “off-

target effects” not necessarily involving DNA damage.

INTRODUCTION

Despite major efforts by the pharmaceutical industry to
develop target-specific anticancer drugs, DNA damaging
drugs remain cornerstone agents for cancer therapy. Topo-
isomerase I and II inhibitors, alkylating agents and platinum
compounds all induce robust clinical responses in many can-
cers, without, however, generally being curative. DNA dam-
age-inducing drugs induce complex phenotypic effects on
cells, effects that are both cell context-dependent, drug-
dependent and drug concentration-dependent. The perhaps
most well studied anti-proliferative effect of this class of
agents is apoptosis. In addition, a number of other effects are
provoked, including induction of premature senescence,
apoptosis and necrosis [1]. The purpose of this article is to
discuss the mechanisms of action of DNA damaging drugs at
the cellular level, based on cisplatin as an example.

Cisplatin is one of the most potent anticancer drugs and
one of the very few which can be curative. Cisplatin is used
in the treatment of several cancers, such as ovarian, testicu-
lar, cervix, head-and-neck, small-cell lung cancer and uri-
nary bladder cancers [2]. Cisplatin undergoes aquation in the
intracellular environment characterized by a low chloride ion
concentration. The aquated compound forms covalent bonds
to the N7 positions of DNA purines resulting in intra- or
interstrand crosslinks [3-5]. The main DNA repair pathway
for these adducts is the nucleotide-excision-repair pathway
(NER) [6].
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CISPLATIN INDUCES APOPTOTIC SIGNALING

It was initially believed that cisplatin cytotoxicity was
due to inhibition of DNA synthesis [7]. The drug was later
shown to induce internucleosomal cleavage of chromatin,
consistent with apoptosis [8]. This observation has generated
considerable interest with regard to the mechanism of action
of cisplatin and with regard to the mechanisms of resistance
to the compound. Cisplatin has also been frequently used as
a model agent for induction of DNA damage-induced apop-
tosis in vitro.

At the concentrations utilized in the literature, cisplatin
induces apoptosis within 24 — 48 hours, a time frame which
is convenient in signal transduction experiments. DNA dam-
age signaling mechanisms have been postulated to induce
apoptotic signaling. Most studies point to an interplay be-
tween regulators and effectors of the DNA-repair and apop-
tosis-execution machineries. Following DNA damage, the
p53 tumor-suppressor protein is activated and subsequently
trans-activates different sets of downstream target genes.
Cisplatin can also induce the accumulation of the p53-related
gene p73 in a c-ABL dependent manner [9]. Interestingly,
p73 induction does not occur in mismatch repair deficient
cells [9]. Resistance to cisplatin correlates with the presence
of mutant p53 in the National Cancer Institute (NCI) panel of
60 human tumor cell lines [10]. Reconstitution of mutant
tumor cell lines with wild-type p53 increases sensitivity
[11,12]. In contrast to these findings which strongly suggest
that p53 is a resistance factor for cisplatin, other studies
show no or even negative correlation between p53 status and
sensitivity to cisplatin [13], see [3].

p53 has been shown to control the expression of the
death domain-containing adaptor protein PIDD that, together
with the adaptor protein RAIDD, activates procaspase-2
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[14]. Caspase-2 acts upstream of mitochondrial release of
cytochrome ¢ [15]. Caspase-2 is capable of cleaving the
proapototic Bcl-2 family member Bid [16]. Caspase-2 acti-
vation appears to be a response to severe stress, occurring at
high cisplatin exposures and leading to rapid cell death [17].
Other mechanisms of DNA damage-induced apoptosis have
been described, such as induction of E2F1 [18]. It has also
been reported that DNA damage induces E2F1 acetylation,
which is required for its recruitment onto apoptotic gene
promoters [19].

The MAPK family members c-JUN N-terminal kinase
(JNK) and p38 are strongly activated in response to various
stress signals, including exposure to cisplatin and other anti-
cancer drugs, exposure to ionizing and ultraviolet irradiation
to and hyperosmotic stress [20]. Cisplatin induces sustained
activation of p38 MAPK in sensitive ovarian carcinoma
cells, whereas activation is only transient (< 3 hours) in re-
sistant cells [21]. Several studies have suggested that the JINK
pathway contributes to cisplatin-induced apoptosis [21-24].
In other studies cisplatin-induced JNK activation signals pro-
survival [25,26]. These disparate observations might reflect
the nature of different cell types and specificity or transient
versus persistent activation patterns, respectively [27].

The Bcl-2 family proteins are central regulators of apop-
tosis [28] and a number of studies have implicated these pro-
teins in cisplatin sensitivity [29]. There are, however, inter-
esting divergences. Beale and coworkers [30] showed that
expression of Bcl-2 led to cisplatin resistance when assayed
at 48 hours of exposure. However, Bcl-2 conferred an in-
crease in sensitivity when assayed at 96 hours, and did not
affect sensitivity when assayed as clonogenic survival. Other
investigators have made similar observations [31-34] and
these results have led to questions with regard to the rele-
vance of apoptosis as a major factor in conferring sensitivity
of carcinoma cells to anticancer drugs. As discussed by
Brown and Wouters [35], apoptosis is measured in short
term assays where the rate of cell death is very important.
When clonogenic survival is used to assess cell death, apop-
tosis-regulating genes such as p53 and Bcl-2 play little or no
role in the sensitivity to anticancer drugs and radiation.

APOPTOSIS VERSUS SENESCENCE AND MITOTIC
CATASTROPHE

Apoptosis is not the only anti-proliferative response elic-
ited by cisplatin. The drug has also been shown to induce
premature senescence [36] and mitotic catastrophe [37]. Mi-
totic catastrophe is a form of cell death resulting from ab-
normal mitosis and leading to the formation of interphase
cells with multiple micronuclei. Premature senescence is
currently thought to be related to replicative senescence [38].
Proliferation arrest associated with replicative senescence is
mediated by signaling pathways involving ATM (Ataxia
telangiectasia mutated) and p53. The p53 pathway is thought
to be activated by telomere uncapping [39,40]. The same
signaling mechanisms may be involved in premature senes-
cence induced by DNA damaging drugs [41].

The saying that “if you don’t get older you are dead” is
true both for humans and for cells: apoptosis and senescence
are obviously mutually exclusive cellular outcomes. The
factors that decide whether cisplatin and other DNA damag-
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ing agents will trigger apoptosis or senescence are not clearly
understood. In one scenario, senescence and apoptosis repre-
sent graded responses to increasing DNA damage. In more
complex scenarios, cisplatin induces senescence and apopto-
sis by different (or partially different) mechanisms.

The concentrations used to induce apoptosis are much
higher than those required to inhibit clonogenic outgrowth
(10 - 50 uM for induction of apoptosis versus approximately
0.5 - 1 uM for loss of clonogenicity, see [42]). We have sug-
gested that inhibition of clonogenic outgrowth by cisplatin is
primarily due to induction of senescence [42]. Our data show
that premature senescence, but not apoptosis, is induced by
the same (low) concentration range of cisplatin that is suffi-
cient to induce DNA damage [42]. We also find that cis-
platin-induced apoptosis and senescence differ in sensitivity
to pharmacological inhibitors: whereas apoptosis is inhibited
both by the calcium chelator BAPTA-AM and by the super-
oxide scavenger Tiron, senescence is insensitive to both
these agents [42].

ARE REPAIR-DEFECTIVE CELLS MORE SENSI-
TIVE TO CISPLATIN-INDUCED APOPTOSIS?

A large number of studies have demonstrated that DNA
repair deficient cells show increased sensitivity to cisplatin.
These studies were generally performed using clonogenic
assays and out-growth assays (typically 3 day assays) and
drug concentrations around 1 uM (see [43,44] and references
therein). Deficiencies in the NER pathway, including the
xeroderma pigmentosum (XP) and excision repair Cross-
complementing (ERCC) gene products, were found to be
associated with cisplatin sensitivity [45-47]. ERCCI1 was
expressed at 2.6-fold higher levels in tumors resistant to cis-
platin [48], and down-regulation of ERCC1 lead to sensitiza-
tion to cisplatin [47].

Treatment with cisplatin has been reported to increase
phosphorylation of ATM at Ser-1981 [42,49], but also to
decrease it [S0]. ATM phosphorylation was not observed in
cells defective in the NER pathway [49]. This defect is ex-
pected to lead to impaired signaling to downstream media-
tors such as p53 and CHKI1/CHK2 and, paradoxically, to
impaired apoptosis. The literature is not consistent with re-
gard to whether DNA repair-deficient cells are more or less
sensitive to cisplatin-induced apoptosis (see [49,51]). It is,
however, often stated that defects in DNA repair will lead to
impaired apoptosis, and that repair defects therefore will
drive oncogenesis [52]. This view is inconsistent with the
idea that DNA damaging drugs induce apoptosis.

CONTRIBUTION OF A NUCLEUS-INDEPENDENT
MECHANISM TO APOPTOSIS

The use of high cisplatin concentrations to induce apop-
tosis is not unproblematic. In analogy with the use of phar-
macological inhibitors at high concentrations, it must be
considered whether such high concentrations lead to “off-
target” effects, i.e. effects that are independent of damage to
the pri-mary target, nuclear DNA. We originally reported
that cisplatin induces apoptotic responses in enucleated cy-
toplasts [53]. Similar findings have been reported by other
groups using cisplatin [54] and oxaliplatin [55]. It seems
unlikely that the cytoplasmic signaling mechanism is an arti-
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fact that can be triggered by any stimulus: other studies have
identified a number of other pro-apoptotic agents which do
not induce caspase-activation in cytoplasts [56]. On the con-
trary, the cytoplasmic signaling mechanism is likely to be
important for apoptosis induction by cisplatin. First, the
dose-response of activation of caspase-3 in cytoplasts and
intact cells is similar [42,54]. Secondly, apoptotic signaling
in cytoplasts and intact cells is inhibited by the same phar-
macological inhibitors (see below).

ON THE NATURE OF CYTOPLASMIC TARGETS OF
CISPLATIN

What could be the nature of a cytoplasmic target of cis-
platin? First of all, one has to consider whether DNA neces-
sarily is the target macromolecule. It is well known that cis-
platin reacts with proteins due to its electrophilicity toward
methionine, cysteine and histidine [57,58]. In fact, protein
adducts have been calculated to be more abundant than DNA
adducts: 25 uM cisplatin induces 5 x 10* DNA adducts and >
10° protein adducts per cell [59]. Cisplatin has also been
shown to complex specifically with phosphatidylserine in
plasma membranes [60]. Although this massive production
of protein adducts could possibly trigger signaling events
and could contribute to the anti-proliferative activities of
cisplatin, mechanisms not involving DNA have rarely been
considered.
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An important clue to the nature of the mechanism of
apoptosis induction by cisplatin is the time kinetics of signal-
ing induced by this agent. Cisplatin induces rapid increases
in cellular superoxide levels [42] and increases in Ca’"
[61]. We showed that increases in Ca2+(i) are followed by
activation of calpain and cleavage of Bid [53,61]. These sig-
naling events are not expected to result from DNA damage-
induced signaling but are likely to be parallel phenomena.
We have shown that the Ca*" chelator BAPTA-AM inhibits
caspase-3 activation both in intact cells and in enucleated
cytoplasts [53] and that ROS scavengers inhibit apoptosis in
cells and cytoplasts [42]. We therefore hypothesize that cis-
platin induces ROS production in cells, that this will lead to
oxidation of the redox-sensitive channels in the ER, and re-
lease of Ca®" to the cytoplasm (Fig. 1). We and others have
found that cisplatin induces expression of the ER chaperones
GRP78 and GRP94 and caspase-12 cleavage [53,62]. Cis-
platin-induced apoptosis may therefore at least in part be due
to an ER stress response.

An alternative, or additional, non-nuclear mechanism of
apoptosis induction involves caspase-8. Cisplatin induces
clustering of Fas receptors and interaction of the receptor
with FADD [63] (Fig. 1). Overexpression of FADD sensi-
tizes tumor cells to cisplatin-induced cell death and down-
regulation of FADD decreases drug sensitivity. Cisplatin
activates acid sphingomyelinase resulting in increases in

W CISPLATIN TARGET

Fig. (1). Potential cytoplasmic mechanisms leading to cisplatin-induced apoptosis.

Cisplatin induces cellular superoxide (O%). The source of superoxide is not known (in the figure, superoxide is assumed to originate from
mitochondrial respiration; there are other possibilities such as NADPH oxidases [69]). Superoxide is hypothesized to induce release of Ca2+(i)
from the ER [42] and to activation of calpain and cleavage of Bid [53,61]. Cisplatin activates acid sphingomyelinase, resulting in increases in
ceramide and resulting in redistribution of CD95 into plasma membrane rafts [64]. Clustering of Fas receptor leads to interaction of the re-
ceptor with FADD and activation of caspase-8 [63]. Mitochondrial DNA (mtDNA) is more susceptible than nuclear DNA to various DNA
damaging agents [65] and cells that lack mitochondrial DNA were reported resistant to cisplatin [54].
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ceramide, resulting in redistribution of CD95 into plasma
membrane rafts [64].

Another candidate cytoplasmic target is the mitochon-
drion (Fig. 1). Mitochondrial DNA (mtDNA) is more sus-
ceptible than nuclear DNA to various DNA damaging agents
[65] and cisplatin induces at least two orders of magnitude
higher adduct levels in mtDNA compared to nuclear DNA
[54]. It was also recently reported that rho’ cells (that lack
mitochondrial DNA) are resistant to cisplatin [54]. How
damage to mtDNA is sensed and a signal transduced to the
apoptosis machinery is not known; no such systems have
been described. It should also be pointed out that rho’ cells
may overexpress MnSOD and that such cells can be resistant
to various agents known to induce ROS (menadione, paraquat
and doxorubicin) [66]. The resistance of rho’ cells to cis-
platin could therefore be a consequence of resistance to oxi-
dative stress.

It has also been reported that addition of cisplatin to iso-
lated mitochondria induces release of cytochrome c¢ within
minutes and to mitochondrial disruption within a few hours
[54]. Whether these events are due to increases in cisplatin-
DNA adducts is not known, and it is difficult to see how
damage to mtDNA leads to cytochrome c release in a cell
free system. Our studies show that cisplatin induces altera-
tions of mitochondrial membrane potential after several
hours in melanoma cell lines (our unpublished data).

CISPLATIN ACTIVITY IN VIVO

Cisplatin is generally given at doses between 50 — 100
mg/m°, corresponding to approximately 1 — 2 mg/kg.
Whether such concentration of cisplatin induce apoptosis in
vivo is not clear. In one report, injection of cisplatin into
mice using a dose of 1 mg/kg did not result in detectable
apoptosis, but instead led to an increase in binucleated cells
with micronuclei [67].

We have observed induction of apoptosis in vivo, as evi-
denced by caspase-cleaved cytokeratin-18 fragments in se-
rum, in mice treated with 5 mg/kg cisplatin (MHO and
AMH, unpublished data). Whether this is a clinically rele-
vant concentration is unclear.

OTHER DNA DAMAGING ANTICANCER DRUGS

An obvious question is whether the arguments made here
regarding cisplatin also are true for other DNA damaging
agents. We believe that they often do. Doxorubicin has been
shown to induce different cellular responses at different con-
centrations [68]. Examination of the literature shows that
doxorubicin is usually given at dose of 1 pg/ml for induction
of apoptosis (corresponding to approximately 1.7 puM). In-
spection of the NCI data base (60 cell line screeen; www.
dtp.nci.nih.gov) shows that the IC50 of doxorubicin in a 6
day outgrowth assay is approximately 10 nM. The IC50 of
the topoisomerase-1 inhibitor camptothecin in a 6 day out-
growth assay is also approximately 10 nM, but the agent is
used at concentration of 1 UM or higher for induction of
apoptosis in the literature. It therefore seems that investiga-
tors, knowing that these various agents kill cells by apopto-
sis, use the required amount of drug to achieve the desired
outcome.
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CONCLUSIONS

We argue that it should be seriously considered that the
primary response to DNA damage-inducing agents may not
be apoptosis but induction of premature cell senescence and
or mitotic catastrophe. In contrast, induction of acute apopto-
sis of carcinoma cells by these agents, studied in hundreds of
publications, may due to “off-target effects” induced by high
drug concentrations.
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