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INTRODUCTION: CELL DEATH AS AN ADAPTIVE 
RESPONSE TO DAMAGE 

IN TRYING to understand why many cancer cells do not die 
after drug treatment, and are drug resistant, it is appropriate 
to ask why other tumour cells do die after the imposition of 
cellular damage. The determinants of drug sensitivity, of drug 
resistance and of selectivity have traditionally been defined by 
the principles laid down by Paul Ehrlich, the “father” of 
chemotherapy. These suggest that a chemical will have a 
selectively toxic effect if a target is uniquely expressed in a 
particular cell type and if enough of the active drug or toxin 
interacts with it to perturb cellular metabolism. Obviously 
these are critical requirements for the imposition of pharmaco- 
logical effects and much of this issue deals with mechanisms 
whereby they are circumvented. However, cells are not passive 
recipients of drug-induced perturbations. Instead, toxins 
initiate cellular responses to the imposition of damage. Per- 
haps the most important of these responses is cell death. 

Cell death, in the context of a multicellular organism, is not 
an arbitrary and passive event: the normal loss of cells in 
development and in homeostasis demands that death is con- 
trolled. That control is necessary not only for the maintenance 
of cellular numbers, where cell gain must be balanced by loss, 
but also to prevent the inflammatory response that would 
follow rupture of excess or damaged cells. The engagement of 
a controlled cell death is also an important mechanism for 
preventing the emergence of mutant and potentially malignant 
cells: DNA damage, as will be described below, is a potent 
activator of cell death in cell types where amplification of 
numbers would lead to the emergence of many mutant pro- 
geny. Those tissues in which cells respond readily to delete 
themselves by an “altruistic” apoptosis are less likely to 
undergo malignant transformation than those where this 
response to DNA damage is attenuated. This idea may lie at 
the heart of an understanding of why the common cancers are 
resistant to DNA damaging drugs, and is discussed below. 

What is critical about the concept of cell death as an 
“adaptive” response to damage is that it is genetically con- 
trolled. The resurgence of interest over the past five years in 
the phenomenon of cell death was largely stimulated by the 
discovery of genetic determinants of cellular survival and cell 
death. The finding that there was conservation of sequence 
between some of the death regulating genes required for the 
proper development of the nematode worm Cuenorhabditis 

eleguns and those of man [l] was particularly exciting, not least 

because it was congruent with the observations that controlled 
cell death also had a highly conserved morphology, described 
as “apoptosis” [2]. This suggested that both the control of 
engagement of cell death and the execution of the death 
process itself were evolutionarily conserved. 

SURVIVAL HIERARCHIES: SOME CELLS DIE 
MORE EASILY THAN OTHERS-A BRIEF REVIEW 

OF SOME OF THE PLAYERS DETERMINING 
SURVIVAL OR AI’OPTOSIS 

The determinants of cell survival and of cell death are both 
extrinsic and intrinsic to the cell. Raff suggested [3] that all 
cells are in the default position of being able to undergo 
apoptosis but are prevented from doing so by signals from 
neighbouring cells and their environment within a multicellu- 
lar organism. These signals arise through cell-to-cell contacts, 
from the extracellular matrix to which cells are attached [4-71 
and from circulating survival factors, such as insulin-like 
growth factor I and nerve growth factor [8]. Removal of 
cells from their contextual neighbours, from their contextual 
extracellular matrix or from a milieu of survival factors (such 
as peptide growth/survival factors) results in apoptosis. Thus, 
the survival of any cell may be determined by the concen- 
tration of these factors, the number of receptors available for 
the ligand and by the topological position of the cell with 
respect to both its neighbours and extracellular matrix. Many 
of these survival components, and their “downstream” effec- 
tars, such as BCR-ABL, RAS and the IGF-1 receptor, are 
altered in malignancy. In a metastatic tumour cell, survival 
must be independent of the normal positional/topological 
context of a tissue. This implies that to become metastatic 
intrinsic mechanisms of survival (the avoidance of default 
position of cell death) must be initiated to allow survival away 
from normal “social” controls. Again, the implications of this 
for cytotoxic drug therapy are that tumour cells may be 
intrinsically more resistant to undergoing cell death than many 
normal cell types. In addition, there are external signals which 
engage apoptosis: ligation of the APO-lifas receptor initiates 
a discrete cell death signalling cascade, presumably by remov- 
ing the action of internal inhibitors of the default position of 
cell death [9]. The expression levels of both the death-promot- 
ing ligand and its receptor will again determine a hierarchy 
amongst different cells as to whether they may readily engage 
apoptosis. 

A hierarchy of survival exists amongst cells according to the 
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relative provision of these various exogenous survival/death 
factors, The intrinsic determinants of a survival/death hier- 
archy are epitomised by members of the BCL-2 family. The 
BCL-2 gene was identified as a translocated product in follicu- 
lar lymphoma. Transfection of BCL-2 to myeloid cells did not 
provide a growth advantage nor allow growth in the absence of 
serum. Instead, expression of BCL-2 suppressed the apoptosis 
stimulated by the withdrawal of serum survival factors [ 10, 
111. In the search for homologues of BCL-2 a number of genes 
have now been discovered which encode both suppressors of 
apoptosis and accelerators of the process (reviewed in [12]). 
B&2 is the archetypal member of a family of proteins which 
undergo homo- and heterodimerisations to each other via 
binding through conserved BHl, BH2 and BH3 domains 
[13]. The isolation of the Bcl-2 homologue Bax as a protein 
which immunoprecipitated with Bcl-2 [14], and the finding 
that its expression accelerated apoptosis suggested a model 
whereby Bax-Bax homodimers promote apoptosis whilst Bcl- 
2-Bax heterodimerisation inhibits apoptosis by limiting Bax- 
Bax homodimerisation [12, 13, 151. How Bax-Bax homodi- 
mers accelerate apoptosis is unclear. Knowledge of the family 
of BCL-2-like genes has been expanding with recent discover- 
ies of sequence-related promoters of apoptosis (bad, bak, bcl- 
X,) and inhibitors of apoptosis (bcl-X3 [ 14, 16-191. The 
structural requirements for homo- and heterodimerisation and 
the degree of redundancy in binding were determined by the 
yeast two-hybrid system [20]. 

Taken overall, a model can be constructed whereby the 
survival of any particular cell type will be determined by the 
expression of a menu of genes which determine pro- or anti- 
apoptotic products. Although this menu is likely to be exten- 
sive, recent studies of ours into the survival hierarchies 
observed in the crypt epithelial cells of the small and large 
bowel have shown that the expression of BCL-2 is a major 
determinant of survival in epithelial stem cells of the colon: 
the relative incidence of apoptosis in the crypts of the normal 
small intestine is much greater than that of the colon, either 
spontaneously or after DNA damage, and we observed bcl-2 
protein only in the colonic epithelia [21]. The importance of 
the role of BCL-2 expression was formally tested by obser- 
vations of the amount of apoptosis observed in the epithelia of 
animals made homozygously null for the BCL-2 gene: in these 
animals, spontaneous and DNA damage-induced apoptosis in 
the colon now resembled that of the small intestine, where 
normally BCL-2 expression is absent [2 11. 

Interestingly, cancers of the small intestine are extremely 
rare, suggesting a hypothesis that cancers develop preferen- 
tially in those cells which are capable of surviving DNA 
damage. These must have proliferative capability. Prolifer- 
ation itself may be promoted by the carcinogenic process [22]. 
Observations such as these suggest that not only will the 
selectivity of DNA damage-induced cell death be determined 
by the menu of survival/death determinants in any cell type, 
but also that “survival thresholds” may be an important deter- 
minant of the genesis of cancer. This is one of the few ideas 
that ties fundamental events in carcinogenesis (the “survival” 
of DNA damaged cells) to resistance in chemotherapy (the 
“survival” of DNA damaged cells!). 

INTRINSIC DRUG SENSITIVITY AND RESISTANCE 
AND ITS RELATIONSHIP TO CANCER 

INCIDENCE: A HYPOTHESIS AND MORE 
HIERARCHIES 

Clinical experience suggests that there is a hierarchy of 
response to chemotherapy according to tumour type. Haema- 

topoietic tumours are generally responsive and the carcinomas 
intrinsically resistant. Epidemiological data also show a hier- 
archy of tumour incidence, with the carcinomas being the 
major tumour types and those of haematopoietic tissue being 
few in number [22]. Superimposition of these observations 
provides an interesting idea (Figure 1). If it is important for 
malignant transformation that the cell has a relatively high 
survival potential, sufficient for it to survive DNA damage 
without deletion by apoptosis (cf. the relatively cancer-free 
small intestine which readily deletes damaged cells [2 l]), then 
perhaps the greater incidence of tumours arising from some 
epithelia is determined not only by the fact that they are 
exposed to an excessive carcinogenic risk, as surface-covering 
cells, but also that they have a high survival capability, determ- 
ined by the expression of genes discussed above. One might 
expect that surface-covering cells exposed to the environment 
may naturally have a low threshold for the engagement of 
apoptosis. The prediction is that these common, high death 
threshold tumours would be resistant to chemotherapy- 
which they generally are-whereas those rarer tumours arising 
from haematopoietic cells might be more amenable to the 
engagement of cell death following cytotoxic therapy, which 
they are. The hypothesis places genes which determine sur- 
vival and death “thresholds” at the very centre of the question 
of what might determine “intrinsic” drug sensitivity and resist- 
ance [23, 241. 

THE INDUCTION OF APOPTOSIS BY 
ANTITUMOUR DRUGS: A CELLULAR “DECISION” 

NOT TO DIE AS A MAJOR FACTOR IN 
RESISTANCE 

All of the anticancer drugs in the current pharmacopoeia 
can induce the morphological features of a programmed cell 
death, or apoptosis (reviewed in [23-271). The original exper- 
iments both in z&o [28-291 and in vitro [30] had shown that 
the conserved nuclear change of chromatin condensation and 
margination at the nuclear periphery, and the formation of 
apoptotic fragments, which are engulfed by neighbouring 
cells, were associated with the death of both normal and 
tumour cells treated with many different types of cytotoxins 
or irradiation. It is therefore not surprising that the expression 
of genes which suppress apoptosis will suppress drug-induced 
apoptosis. 

SUPPRESSION OF DRUG-INDUCED APOPTOSIS 
AND THE DANGERS OF THE “UNDEAD” CELL 
There are two major classes of suppressors of apoptosis 

which have been shown to affect anticancer drug-induced 

SURVIVAL SENSITIVITY 

A NEURONES 
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Figure 1. A suggested hierarchy of cellular survival in different 
tissues, based upon their relative sensitivities to DNA damag- 
ing agents. In this model, tumour incidence reflects the dif- 
ficulty of cell deletion, and drug resistance the hierarchy of 
survival: epithelial tumours are therefore common and intrin- 
sically more resistant to therapy, whereas haematopoietic tis- 
sue gives rise to few tumours but is intrinsically sensitive to 

cytotoxins, causing problems of host toxicity. 
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apoptosis, and so provide truly pleiotropic resistance: mem- 
bers of the BCL-2 family of genes and components of survival 
signalling cascades. 

The BCL-2 family of proteins 
In a variety of cellular backgrounds, BCL-2 (Table 1) and 

BCL-X, expression has been shown to delay the onset of 
apoptosis induced by almost all classes of cytotoxic drugs. 
Most of the data from these experiments were accumulated 
by measuring changes in the short term viability of drug- 
treated cells which express BCL-2 versus BCL-2 non- 
expressers, either by vital dye exclusions assays or by temporal 
measurements of apoptosis, performed by scoring cells with 
condensed chromatin. What is singularIy missing from many 
such experiments is clonogenic data to show that cells which 
do not engage an early drug-induced apoptosis are able to use 
their period of extended viability (being “undead”) to repair 
damage-induced checkpoint controls and initiate prolifer- 
ation, sufficient to provide significant numbers of viable 
daughter cells. Indeed, in a recent publication, the controlled 
expression of BCL-2 in HeLa cells provided a delay in aphidic- 
Olin-induced apoptosis, but no clonogenic survival advantage 
[3 11. However, in murine lymphoma cells, derived from a 
spontaneous tumour from TP-53 homozygous null animals, 
BCL-2 expression produced an almost lo-fold resistance to 
400 Rads of y radiation in clonogenic assays. Delay in 
apoptosis was shown for a variety of other agents and it was 
claimed that the increase in clonogenicity, and not just a delay 
in cell death, extended to treatment with dexamethasone, 
etoposide, cisplatin and mitomycin-C [32]. Whether or not 
ectopic expression of BCL-2 universally provides pleiotropic 
drug resistance, associated with the long-term survival of cells, 
is also complicated by findings that certain cell types do not 
appear to be protected by BCL-2 apoptosis, but are instead 
protected by the expression of its homologue BCL-X, [33- 
35]. It is possible that ectopic BCL-2 cannot alone provide 

survival sufficient to promote clonogenicity when it is 
expressed against some genetic backgrounds; a number of 
accessory proteins are emerging as playing a role in the hetero- 
and homodimerisation of bcl-2 protein to itself and its pro- 
apoptotic partner bax, and it is possible that these are 
necessary for the provision of a sufficient delay in damage- 
induced apoptosis, allowing repair. 

It could be claimed that the expression of BCL-2 or BCL- 
X, provides a genuine multidrug or pleotropic resistance, 
since its inhibition of drug-induced apoptosis crosses the 
entire spectrum of the pharmacopoeia, and not just the natural 
products. It is remarkable that cells treated with agents which 
induce considerable amounts of DNA damage maintain 
viability for considerable periods and may then, in some cases, 
go on to form colonies. The maintenance of viability with 
DNA damage in place, not only allows time for repair but, 
potentially, the fixation of mutations and chromosomal dam- 
age induced by the drugs. This is an extremely dangerous 
scenario, particularly if that tumour has a mutant ~53 pheno- 
type since this may promote genetic instability. 

Are there strategies which can be used to counteract the 
suppression of drug-induced apoptosis by BCL.-2? Ectopic 
expression of the death promoting Bcl-X protein in BCL-2- 
expressing MCF-7 human breast carcinoma cells sensitised 
them to the cytotoxicity of both etoposide and paclitaxel [36]. 
Strategies like this, delivering apoptotic accelerators such as 
bax and bcl-X, or inhibitors of bcl-2, or bcl-X, by expression 
of mimetics which prevent pro-apoptotic homologues from 
binding to bcl-2 protein, would seem to offer an important 
route for the circumvention of this type of pleotropic drug 
resistance. 

Survival signals: inhibitors of drug-induced apoptosis 
The survival of a cell in a multicellular organism is strongly 

dependant upon signals provided by other cells, as outlined in 
the Introduction. These arise from cell-cell contacts, cell- 

Table 1, The effect of overexpression of BCL-2 on the sensitivity of various cell types to the major classes of 
antitumour drugs 

Dw Cell type [Ref. J 

Nitrogen mustard 
Camptothecin, CPT-11 

Etoposide 

Cispiatin 
Doxornbicin 
Gamma irradiation 

Fluorodeoxyuridine (and other 
th~idylate synrhase inhibitors) 
2-Chloro-2’-deoxy adenosine 
Methotrexate 
Cytosine arabinoside 

Dexamethasone 

Vincristine 

4-Hydroxy-cyclophosphamide 

Murine lymphoid FIS. 12 
Murine lymphoid FL5.12; 
murine leukaemia L12 10 
Murine bone marrow BAF3; human neuroblastoma NBL, 
murine S49.1 and WEHII 7.2 T lymphoid, murine bone 
marrow; murine B cell lymphoma CH3 1 
Murine bone marrow BAF3; human neuroblastoma NBL 
Murine Ml leukaemia; murine bone marrow 
p53-/- murine T lymphoma cells; murine bone marrow 
BAF3 

t571 
[57, 581 

[48,59,60] 

[61,621 

159,601 
161,631 
[32, 591 

Human lymphoid MUTU-BL [641 

Human pre B cells (697) 
Murine Ml leukaemia; human pre B cells (697) 
Murine Ml leukaemia; murine S49.1 and WBH117.2 T 
lymphoid 

1651 
(4% 631 
[48,631 

Human pre B cells (697); murine S49.1 and WEHII 7.2 T 
lymphoid; human pre B cells (697) 
Murine 549.1 and WEH117.2 T lymphoid; human pre B 
cells (697) 

[48,66,67] 

14% 671 

Human pre B cells (697) [481 

EJC A 32/6-B 
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matrix contact or by trophic factors. The prototypical survival 
factor is nerve growth factor which, in post mitotic cells, is 
necessary for the continued survival of neurones [37]. The 
delivery of discrete signals for survival, independent of those 
for proliferation, by so-called growth factors and by cytokines, 
was somewhat unexpected in a context wider than the neuro- 
trophic factors [8]. Thus, the apoptosis-inducing ability of 
artificially elevating C-MYC expression in primary rat fibro- 
blasts was quite specifically inhibited by insulin-like growth 
factor 1 (IGFl), which was a poor mitogen [38], and removal 
of cytokines such as IL-3 from a factor dependent haematopoi- 
etic cell line induced not only a cessation in proliferation but 
also apoptosis [39]. How these survival signals impinge on 
the engagement of apoptosis is unclear and their relative 
importance in the hierarchy of providing survival (whether 
they are “upstream” or “downstream” of BCL-2 for example) 
is also unknown. 

The effects of a discrete survival signalling pathway on 
drug sensitivity have been investigated using a temperature- 
sensitive mutant of the V-abl oncogene as a mimic of the BCR- 
ABL oncogene [40]. An IL-3 dependent murine mast cell line 
(IC2.9) underwent apoptosis when IL-3 was withdrawn at the 
non-permissive temperature for the expression of V-abl (39”) 
but maintained viability, without proliferation, in the absence 
of IL-3 but with v-abl active (32”). Treatment with melphalan 
at the non-permissive temperature provided complete protec- 
tion against the onset of apoptosis over 120 h, at which time 
100% of the cells not expressing active V-abl were dead. This 
complete maintenance of survival was more profound than 
any of the patterns of suppression of apoptosis observed in the 
presence of elevated levels of BCL-2 (Table 1). The authors 
could find no change in the cellular levels of bcl-2 protein nor 
in its phosphorylated state. Analysis of the DNA damage 
showed that the “undead” cells had a full complement of 
DNA cross links [4 11. Expression of V-ubl elevated diacylgly- 
cerol levels and was associated with the specific translocation 
of protein kinase isoform 811 to the nucleus, although how this 
might inhibit the engagement of apoptosis remains speculative 
[42]. The translocation of the C-ABL oncogene to form 
the BCR-ABL fusion (Philadelphia chromosome of chronic 
myelogenous leukaemia) also provides a significant survival 
advantage to drug treated cells and it is possible that the 
progression of CML is brought about by the survival of drug- 
treated cells. 

The involvement of &IS in survival signalling was sug- 
gested by the earliest study of the effects of oncogenes on 
apoptosis [42], where it was suggested that levels of spon- 
taneous apoptosis were suppressed by C-H-R&. Expression 
of C-H-RAS in rat rhabdomyosarcoma cells provided a sur- 
vival advantage after treatment with doxorubicin and, most 
importantly, gave a 3- to 5-fold increase in clonogenicity in 
soft agar [43]. The drug resistance of the C-H-RAS transfec- 
tants was not due to any change in the cell cycle of the 
cells nor to intracellular drug accumulation. Since mutational 
activation of R/IS is a frequent event in human cancers, its 
involvement in the suppression of drug-induced cell death 
merits further attention. 

“SENSING” DNA DAMAGE: THE ROLE OF TP53 IN 
DETERh%INING DRUG SENSITIVITY AND 

RESISTANCE 
The majority of antitumour drugs damage DNA, either 

directy 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 the failure of “sensors” 
could lead to drug resistance (as well as promoting 
carcinogenesis). The tumour suppressor TP53, the so-called 
“guardian of the genome” [44], has recently been suggested 
to be a direct “sensor” of DNA damage. It localises to single- 
stranded regions of DNA and to the termini of non-specific 
DNA templates [45]. ~53 therefore acts as the “sensor” of 
DNA damage and the pattern of transcriptional regulation 
that ensues is critical in determining, according to cellular 
background, the outcome of a p53-dependent DNA damage 
response. One critical response is cell death but, according to 
cellular background, ~53 can also initiate a cell cycle check- 
point which will promote repair of lesions which may be 
more lethal during DNA replication in S-phase [46]. As a 
transcriptional activator, ~53 increases the transcription of 
WAF-I, producing an inhibitor of cell cycle progression at Gl 
[47]. Waf-1 is associated with the cyclin-dependent kinases 
required for Gl to S-phase progression so that functional ~53 
in a tumour (>50% of human tumours have been estimated to 
be mutant or null for TP53), might-paradoxically-promote 
survival, making p53-defective tumours more sensitive to 
DNA damage. However, this depends upon what other genes 
~53 is activating or suppressing. p53 has been shown to 
activate the transcription of the accelerator of cell death, bax 
(see above) [48]. Whether the promotion of transcriptional 
activity of ~53 is important for the promotion of cell death 
was not supported by studies of Caelles and coworkers [48] 
who showed that DNA damage-induced, TP53-dependent 
apoptosis did not require new RNA or protein synthesis. 
Indeed, it was shown that Bcl-2 can relieve the ~53 transcrip- 
tional repression and so inhibit cell death. Whatever the role 
of ~53, loss of functional ~53 may promote pleiotropic drug 
resistance to DNA damaging agents. The importance of ~53 
in promoting DNA damage-induced apoptosis was demon- 
strated by studies of immature thymocytes in vitro or intestinal 
epithelia in viva from homozygous TP53 null animals, gener- 
ated by recombinant gene knockout procedures [49-5 I]. Cells 
which had been y-irradiated did not undergo apoptosis in 
comparison with those which were homozygously TP53 posi- 
tive. TP53 null thymocytes also failed to undergo apoptosis 
after treatment with the topoisomerase II inhibitor etoposide 
but, importantly, did undergo normal levels of apoptosis after 
treatment with the non-DNA damaging corticosteroid 
dexamethasone, suggesting that the non-DNA damage- 
induced pathway was discrete and p53 independent. 

Lowe and colleagues [50, 521 showed that in fibroblasts, 
sensitised to undergo apoptosis by the expression of the 
adenovirus gene EIA, treatment with 5-fluorouracil, etoposide 
or doxorubicin was significantly less cytotoxic against a TP53 
null (-i-) background, 24-72 h after treatment. However, 
Kastan and colleagues [53] irradiated normal and TP53 null 
murine fibroblasts (which were therefore isogenic) and 
determined that there was no difference in survival as meas- 
ured by a clonogenic assay. However, the authors claimed 
that one possible difference between their result and those 
obtained using thymocytes [49, 501 was that fibroblasts did 
not undergo apoptosis, a somewhat curious suggestion. 
Irradiation of proliferating lymphoid cells from TP.53 null cells 
did not prevent apoptosis unless the cells were transfected 
with BCL-2 suggesting that TP53-independent modes of cell 
death may be initiated in some cell types [32] and that BCL-2 
acts “downstream” of p53. Thus, strategies to restore TP53 to 
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cells with a null phenotype or TP53 mutations may not be 
effective if BCL-2 is expressed. In a study of Burkitt’s lym- 
phoma and lymphoid cell lines, the mutation of TP53 made 
cells significantly resistant to y-irradiation, etoposide, cisplatin 
and nitrogen mustard as measured by viability (trypan blue 
exclusion) at 72 h after treatment. Whether this reflects a 
delay in the kinetics of cell death rather than true changes in 
sensitivity is unclear [54]. The potential of a TP53 wild- 
type tumour to sustain DNA damage, but to enter the Gl 
checkpoint, and therefore to be resistant to DNA damaging 
agents, was subverted in experiments by O’Connor and col- 
leagues by transfection of the papillomavirus type 16 E6 gene, 
the product of which stimulates the proteolysis of the ~53 
protein, into human breast carcinoma cell line MCF-7 [54]. 
This cell line is TP53 wild type but resistant to cisplatin. 
Expression of E6-induced sensitivity, not only because of the 
release from a Gl checkpoint but also because ~53 upregulates 
Gadd45, a protein which stimulates excision repair. Downreg- 
ulation of ~53 therefore reduced excision repair as well as 
allowing cisplatin-damaged cells to enter S-phase. Cisplatin- 
induced DNA damage was insufficient to induce apoptosis in 
non-proliferating immature mouse thymocytes, a cell type that 
is exquisitely sensitive to irradiation and to etoposide [55]. 
However, if the small population of dividing thymocytes was 
examined, these were sensitive to cisplatin. This suggests that 
the quality of DNA damage is an important aspect of the 
signalling for the initiation of apoptosis. Presumably the intra- 
strand crosslinks induced by cisplatin, and the distortion they 
induced in DNA, are not “sensed” until replication forks 
collide with them, perhaps generating strand breaks. Similar 
conclusions were reached by Fan and colleagues [54] when 
studying the induction of a ~53 G, checkpoint by y- 
irradiation, etoposide, cis-platinum and nitrogen mustard: the 
former two agents induced a strong G, checkpoint compared 
with the latter two, presumably because ~53 only detects 
strand breaks. 

The significance of the mutation of TP53 and of allelic loss 
to the progress of human neoplasia as an indicator of a 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 doubt- 
ful. As multistage carcinogenicity progresses, it is likely that 
the survival potential of the cancer cell is increased by a 
variety of oncogenic events. Only as this occurred would the 
progressing tumour be able to survive the increasing genetic 
instability associated with malignancy. Even in the presence 
of wild-type TP53, drug sensitivity is not assured-it may 
operate to promote a checkpoint, permitting repair. The back- 
ground in which ~53 functions is critical. Restoration of ~53 
may indeed hold promise, but its position in the hierarchy 
(upstream of BCL-2) should not be forgotten (discussed with 
respect to chemotherapy in [32]). Nor should it be forgotten 
that TP53 null cell lines such as the HL-60 myeloid leukaemia 
are exquisitively sensitive to DNA damaging agents, such as 
etoposide. There are as yet undiscovered p53-independent 
mechanisms of “sensing” DNA damage, and a hunt for these 
will yield further insights into resistance mechanisms where a 
DNA damage signal becomes uncoupled from an appropriate 
response. A likely candidate pathway involves the activation 
of the transcription factor, interferon regulatory factor (IRF- 
l), which is necessary for DNA damage-induced cell death in 
mitogen-activated T lymphocytes [56]. 

CONCLUSION 
If it is the goal of chemotherapy to eliminate tumour cells 

with proliferative potential then a secure way of doing so is to 
kill them. Inducing cell death is not so simple, as the past forty 
years of drug research have told us, and as outlined in this 
paper. The idea that there are hierarchies of “thresholds” for 
cell death may explain the nature of “intrinsic” drug resist- 
ance. This idea fits neatly with ideas about the ease of tumour 
generation (“tough cells may be cancer prone”). At last the 
determinants of these hierarchies are being defined. How to 
modulate them selectively is a question familiar to many of us. 
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