
EwJ Cowr, Vol. 28, No. 1, pa. 281-285,1992. 09661947l92$5.00 + 0.00 

Plined in Great Britain ~1992PngmnarPmrplc 

The Role of DNA Repair Processes in 
Determining Response to Cancer Therapy 

Gillian Ross and Robert Brown 

INTRODUCTION 
THE MOLECULAR basis of the radiosensitivity and chemosensitiv- 
ity of human cells both normal and malignant, remains one of 
the most important areas of research in cancer biology. 

The field of mammalian DNA repair has undergone major 
developments over the last decade as a result of progress in 
somatic cell genetics and molecular biology. The aim of this 
paper is to review the contribution made by these areas to our 
current understanding of the role of DNA repair processes in 
determining the response of human cells to cancer therapy. 

Variations in DNA repair proficiency in an individual may 
determine susceptibility to environmental mutagens, carcino- 
gens, or cancer therapy. Evidence for the importance of DNA 
repair pathways comes most directly from the rare, inherited 
human disorders, in which defects in DNA repair mechanisms 
are associated with hypersensitivity to radiation and DNA 
damaging drugs. These disorders are pleiotropic in phenotype, 
but one feature is an associated cancer-proneness. See Table 1. 

Although these syndromes are themselves rare in the general 
population, heterozygote carriers have been estimated at fre- 
quencies of O. l-10%. It is conceivable that heteroxygous individ- 
uals may also have some impairment of DNA repair, and indeed 
relatives of ataxia telangectasia homozygotes have an increased 
incidence of some common solid tumours [l]. Thus a defect in 
DNA repair processes may be involved in susceptibility to 
carcinogenesis and such individuals may be more prevalent in 
the cancer treatment population than the population generally. 

The complexity of DNA repair processes in mammalian cells 
is well exemplified by our current level of knowledge of the 
ultraviolet radiation-DNA repair process. A large number of 
different cell lines have been established exhibiting hypersensi- 
tivity to ultraviolet radiation in nitlo, both from rodents, and 
patients with xeroderma pigmentosum [2, 31. Using cell fusion 
techniques, it is possible to demonstrate that such lines represent 
different genetic defects leading to expression of the ultraviolet 
hypersensitive phenotype, i.e. they belong to different ‘genetic 
complementation’ groups. One interpretation of this would be 
that a large number of genes are involved in repair of ultraviolet 
induced DNA damage. 

DNA REPAIR PATHWAYS 
DNA repair may be defined as those cellular responses 

associated with the restoration of normal nucleotide sequence 
and stereochemistry of DNA. Much of our knowledge of these 
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processes has been obtained in yeast, bacteria, and only more 
laterly, rodents and humans [4, 51. However, the major DNA 
repair processes appear to have been generally conserved through 
evolution, having served to counteract a wide spectrum of DNA 
damage, including ultraviolet light, heat-induced hydrolysis, 
ionising radiation, and environmental chemicals. 

The excision repair pathway is responsible for the removal 
of many types of DNA lesion, including ultraviolet-induced 
cyclobutane pyrimidine dimers, bulky chemical adducts, alky- 
lation, and base damage [6]. Its relevance to the processing of 
ionising radiation damage is uncertain, though both base dam- 
age, strand cross-links, and DNA-protein links are recognised 
in the spectrum of post-irradiation lesions [7]. See Fig. 1. 

Genetic recombination involves the exchange of DNA 
sequence between DNA strands and has been proposed as a 
mechanism of repair of both DNA cytotoxic-induced adducts 
and strand breaks. The process is observed to occur during 
DNA repair in yeast, and can be demonstrated to occur in 
mammalian in vitro systems [S]. Non-homologous recombination 
is involved in both chromosome translocation, and gene amplifi- 

Table 1. Human DNA repair defiietxy syndromes 

Syndrome Phenotype Hypersensitivity 

Ataxia Cerebellar dysfunction 
telangectasia Skin telangectasia 

Increased incidence of 
epithelial and lymphoid 
tumours 

Ionising radiation 
Bleomycin 

Bloom’s Photosensitivity, 
Immuno-deficiency. 
Growth retarded 

Ultraviolet radiation 
Bifunctional alkylators 

Cockayne’s Photosensitivity 
Dwarfism, ataxia 
Neural deafness 
Retinitis pigmentosum 
Progeria-like 

Ultraviolet radiation 

Xeroderma Neurological defects Ultraviolet radiation 
pigmentosum Telangectasis Bifunctional alkylators 

Melanoma, squamous carcinoma 
Basal cell carcinoma 

Fanconi’s 
anaemia 

Hypoplastic anaemia, 
Skeletal defects 
Hypogonadism 
Thrombocytopenia 
Leukaemia 

Bifunctional alkylators 
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Fig. 1. Excision repair pathway. (1) DNA molecule with base dam- 
age or helix distortion. (2) Damage recognition, incision by DNA 
endonucleases. (3) Excision of damaged base sequence by endonucle- 
ases. (4) Polymerisation using undamaged DNA strand as template - 
polymerases. (5) Religation of strands to restore normal molecule - 

DNA ligases. 

cation, and thus may play a vital role in the activation of 
oncogenes, and the evolution of drug resistance [9]. 

It is clear that DNA repair is not uniform throughout the 
genome. Only a small fraction of the genome is actively tran- 
scribed, with active genes packaged in altered nucleosome 
structures which are less condensed [lo]. It is likely that the 
accessibility of particular genomic regions to repair enzymes 
depends upon the local topology of the DNA/chromatin and an 
early step in repair might control this access. Studies in both 
rodent and human xeroderma pigmentosum cells have demon- 
strated preferential repair of damage in transcriptionally active 
DNA [ll]. Extracts from cells obtained from xeroderma pig- 
mentosum patients have been shown to be capable of initiating 
the removal of pyrimidine dimers from purified DNA, but not 
from their own chromatin, demonstrating that their enzymes 
are adequate to perform repair with appropriate access to DNA 

[121* 

GENE REGULATION FOLLOWING DNA DAMAGE 
Given the presence of an ‘SOS response’ to cellular damage 

and an adaptive pathway for the repair of alkylation damage in 
bacteria, it is tempting to postulate that more complex mam- 
malian cells might have similar, or even more efficient responses 
to genotoxic insults like radiation or cytotoxic drugs [2, 13, 141. 

The complexity of the mammalian cellular response to DNA 
damage is becoming clearer, with more sophisticated analysis 
[ 151. The expression of a number of genes is altered following 
DNA damage. Radiation can induce several classes of so-called 
‘early-response’ genes, includingfis,jun, and the Egr-1 families, 
which themselves code for transcription factors participating in 
the further regulation of cell responses [16]. It is possible that 
some of these genes might be involved in regulating cell cycle 
progression, and in particular, radiation-induced inhibition of 
DNA synthesis, to permit repair to occur [ 171. 

Activation of genes which perturb normal signal transduction 
may result in resistance to radiation or cytotoxic drugs, and 
radiation may itself activate cellular oncogenes [ 181. 

MOLECULAR AND BIOCHEMICAL APPROACHES TO 
HUMAN DNA REPAIR 

Considerable efforts are being made in many laboratories to 
identify the altered genes induced in inherited human syndromes 
with DNA repair defects. Much of our current knowledge on 
genes involved in mammalian DNA repair has been obtained in 

rodent cells, for a variety of technical reasons. The genetic 
complementation approach relies on the isolation of hypersensi- 
tive mutants of a ‘wild type’cell line, identified by their abnormal 
sensitivity to the DNA damage, e.g. ionising radiation. DNA is 
then transfected from normal cells, in an attempt to restore or 
‘complement’ the defect in the deficient cells [ 191. 

An alternative approach is to attempt to define and comp- 
lement the defect at the biochemical level, e.g. by adding 
proteins in a cell-free assay, or microinjecting protein into a cell 
and observing restored function in a given repair system [6]. 
See Fig. 2. 

This ability to analyse DNA repair processes in a step- 
wise, biochemical fashion, using cell-free systems, is becoming 
increasingly important, and has the further adantages of allowing 
us to work directly with human cells, either normal or malignant 

POI. 
Modern recombinant DNA technology now enables us to use 

plasmid DNA molecules, of known sequence, or specially 
synthesised oligonucleotides, as the substrates for specific repair 
reactions [21]. The use of cell-free extracts and defined DNA 
substrates has recently yielded quantitative data on the ability 
of human cells to repair classes of DNA damage similar to those 
induced by ionising radiation or cytotoxic drugs [22]. 

The repair synthesis assay monitors the repair of DNA damage 
mediated by cell-free extracts of human cells, based on the 
incorporation of short patches of radiolabelled nucleotides into 
the substrate plasmid DNA molecule. Repair synthesis has been 
observed in this system as part of the biochemical processing of 
both ultraviolet radiation and cisplatin damage in human cell 
extracts [23]. See Fig. 3. 

In both the cellular and biochemical approaches, modification 
of the DNA damage can be studied by following structural 
changes in the DNA molecule or restoration of gene function 
coded within the gene in which the lesion was initially produced 

WI. 

( I 1 Nucleic acids - mRNA, cDNA 
(2) Proteins - crude extracts 

- purified protein fractions 
- specific repair enzymes 

(3) Antibodies 
(4 1 Defined DNA damage substrate molecules 

I 
‘H thymidine 

UV damage 

Autoradiography to document “repair” DNA synthesis 

Fig, 2. In viva cellular microinjection. 
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Plasmid DNA with drug-induced adducts 

Fig. 3. (1) Cell extract-mediated incision at damage site. (2) Cell 
extract -mediated polymerisation and ligation, incorporates radiolab- 
elled nucleotides at site of ‘repair synthesis’. (3) Plasmid DNA 
lioearised by enzyme, prior to gel electrophoresis and autoradio- 

graphic detection of repair patch. 

ROLE OF DNA REPAIR PROCESSES IN CYTOTOXIC 

DRUG THERAPY 

DNA and DNA metabolising enzymes are crucial targets for 
the action of many successful anticancer drugs. However, for 
many of these agents it is unclear which is the specific cytotoxic 
lesion that results in a selective effect against turnours. For a 
detailed review of drug-induced DNA damage see Ref. 24. 

With an increased understanding of mechanisms of repair in 
mammalian cells, and especially with the availability of molecu- 
lar assays for expression of repair proteins, it should become 
possible to analyse DNA repair enzymes in human tumour 
samples. 

One of the first steps in a given repair pathway must be 
recognition of damaged DNA. Proteins have now been identified 
in human tumour cells which can bind to DNA damage produced 
by UV radiation, or cisplatin [25, 261. These damage recognition 
proteins have been shown to be defective in certain xeroderma 
pigmentosum cell lines [27], and over-expressed in cisplatin- 
resistant cell lines with increased DNA repair proficiency, 
therefore may be involved in the initial steps of the excision 
repair pathway. However, their role in clinical chemoresistance 
to platinum compounds has yet fo be explored. 

DNA topoisomerases are enzymes which allter the structural 
conformation of DNA during processes which require strand 
cleavage, resynthesis, and then strand rejoining [28]. They have 
been suggested as targets for the activity of many clinically 
useful cytotoxic agents, including doxorubicin, etoposide, and 
mitoxantrone. With the development of assays of topoisomerase 
activity, antibodies to the proteins, and molecular probes for 
topoisomerase genes, their involvement in processing DNA 
damage should become clearer. 

The biochemical pathways involved in the processing of 
alkylating drug damage have been studied extensively in both 
bacterial and human systems. Clinically useful compounds such 
as lomustine and carmustine, interact with DNA by alkylating 
the 0” position of a guanine base, then bind to a second 
base forming a cross-link. The enzyme O6 alkylguanine DNA 
alkyltransferase removes the adduct in a suicide reaction, frans- 

ferring it to an acceptor cysteine residue. Cells which are 
proficient in the repair of alkylator damage at this site are termed 
MER+ or MEX+ , and have significant increased levels of the 
enzyme. Increased levels of the enzyme have been strongly 
correlated with reduced alkylation-mediated mutagenicity, and 
cytotoxicity, though O6 alkylguanine DNA damage does not 
correlate directly with cytotoxicity 1291. 

Human tumours have been found to generally express the 
MER+ phenotype, and evidence correlating enhanced alky- 
lation repair, in human turnours, and ‘clinical’ resistance to 
alkylators is relatively sparse [30, 3 11. 

Assays measuring the kinetics of removal of DNA lesions 
from human tumour DNA in viva are not yet available. However, 
the development of antibodies to specific types of DNA damage 
may make this possible. For instance, antibodies to lesions 
induced by cisplatin have been developed, and have been used 
to monitor the removal of such damage from human cells. 

Several pieces of evidence would suggest a role for enhanced 
DNA repair in cisplatin resistant cells. Increased repair of 
intrastrand crosslinks has been observed in a resistant human 
ovarian tumour line, as measured by an increase in unscheduled 
DNA synthesis [32]. Similarly, cisplatin sensitive testicular 
tumour cells appear to be less proficient in the removal of DNA 
aducts than resistant bladder tumour cells [33]. Further indirect 
support for the notion that DNA repair contributes to the 
cellular outcome following cisplatin treatment comes from the 
use of aphidicolin. This drug acts as a DNA polymerase inhibi- 
tor, and can modulate the response to cisplatin in resistant cell 
lines. 

It is a general observation that much of the data on DNA 
repair proficiency in human cells has been derived using cell 
lines selected for drug resistance in a step-wise fashion. Much 
more work is needed using systems permitting the quantification 
of relevant repair processes directly from biopsy material. 

DNA REPAIR FOLLOWING IONISING RADIATION 

DAMAGE 

The biochemical pathways involved in the repair of ionising 
radiation-induced DNA damage are much less clear than those 
responsible for the repair of ultraviolet damage, making evalu- 
ation of the possible role of repair proficiency in determining 
response to radiation difficult. 

Although there is a body of evidence associating proficiency 
of repair of the DNA double strand break (dsb) with cell 
lethality, it is clear that this represents a mechanistic oversim- 
plification [34-361. 

On the basis of neutral elution studies in bulk DNA, mam- 
malian cells ‘repair’ the majority of dsb structurally. However, 
the accuracy or fidelity of strand break rejoining has been 
questioned in the case of ataxia telangectasia [22, 371. 

Studies attempting to correlate cellular radiosensitivity with 
either variations in initial induction of dsb or rate of rejoining 
have reached differing conclusions. Schwartz et al. [38] found 
that radioresistant human tumour lines repaired dsb more 
rapidly than sensitive lines, in addition to incurring a lower 
level of initial damage. Similarly, McMillan et al. [39] have 
demonstrated that human tumours of differing radiosensitivity 
incur varying amounts of initial damage for a given dose of 
radiation, but that the level of correlation between induced 
damage and radiosensitivity was not simple, with differences in 
cell survival between lines having comparable levels of initial 
damage. 

Differing classes of DNA double strand break can be created 
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Fig. 4. (1) Plasmid DNA molecule with 2 ‘marker’ genes. 
(2) Restriction digest to yield linear DNA, with modelled double 
strand break in gene 2. (3a) Transfection of damaged DNA into cell 
of interest. (3b) Damaged plasmid DNA mixed with cell extract 
of interest. Experimental endpoints: reformation of circular DNA 
molecule, or expression of gene 2, either in host cell, or after bacterial 

transformation. 

using restriction enzymes, similar to those produced by ionising 
radiation in genomic DNA. The fate of such lesions have been 
assessed in two ways. Using in vitro techniques, rejoining of 
such DNA breaks can be mediated by proteins contained within 
extracts produced from the particular cell of interest. Using this 
system a defect has been proposed in the accuracy of DNA dsb 
rejoining in cell extracts prepared from ataxia telangectasia [22]. 
Similarly, such modelled dsb can be used to study repair in the 
cellular environment, following transfection of the damaged 
DNA into rodent or human cells [20]. See Fig. 4. 

The application of modern molecular and biochemical tech- 
niques to the study of ionising radiation DNA damage and 
repair in human turnouts is a relatively new development; it is 
hoped that such approaches will yield valuable insights into the 
molecular basis of variations in intrinsic cellular radiosensitivity. 

CONCLUSIONS 
Over the last decade increasingly sophisticated techniques in 

somatic cell genetics, molecular biology and biochemistry have 
made significant contributions to our knowledge of DNA repair 
processes in human cells. However, there are still major gaps in 
our understanding of how these pathways might influence 
normal tissue sensitivity to drugs or radiation, or contribute to 
the observed heterogeneity of tumour response to therapy. 

It is vital that we continue to reline assays which permit 
quantification of repair of likely DNA lesions at functionally 
relevant levels of genomic organisation. The observation of 
genomic variability in repair proficiency should lend impetus to 
the development of techniques permitting evaluation of repair 
within functional subunits of the genome and ideally at the level 
of specific genes of interest. 

It is hoped that technical advances in molecular biology will 
continue to identify genes involved in human DNA repair, and 
characterise the function of their protein products, in addition 
to defining more specific molecular targets for therapy. 

Application of this knowledge might permit more selective 

‘targetting’ of drugs and radiation at the level of the gene, or 
facilitate specific repair inhibition. 

1. Swift M, Reitnauer PJ, Morrell D, Chase CL. Breast and other 
cancers in families with ataxiatelanaectasia. N Enal .7 Med 1987, - _ 
316,1289-1294. 

2. Johnson R, Collins ARS, Squires S, er al. DNA repair under stress. 
J Cell Sci Suppll987,6,26%288. 

3. Hickson I, Davies SL, Davies SM, et al. DNA repair in radiation 
sensitive mutants of mammalian ceils: possible involvement of 
DNA toooisomerases. Inf 7 RadiarBioll990.58.561-568. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

LindahfT. Regulations anh deficiencies in DkA iepair. Br,J Cuncer 
1987,56,91-95. 
Sancar A, Sancar G. DNA repair enzymes. Ann Rev Biochem 1988, 
57,29-67. 
Hoeijmakers J, Eker APM, Wood RD, et al. Use of in vivo and in 
vitro assays for the characterisation of mammalian excision repair 
and isolation of repair proteins. Mutat Res 1990,236,223-238. 
Frankenberg-Schwager M. Induction, repair and biological rel- 
evance of radiation-induced DNA lesions in eukaryotic cells. R&at 
Environ Biophys 1990,29,273-292. 
Lopez B, Rousset S, Coppey J. Homologous recombination inter- 
mediates between two duplex DNA catalysed by human cell 
extracts. Nucleic Acids Res 1987,15,5643-5654. 
Stark G, Wahl G. Gene amplification. Ann Rev Biochem 1983,54, 
1151-1193. 
Bohr V, Phillips D, Hanawalt P. Heterogeneous DNA damage and 
repair in the mammalian genome. Cancer Res 1987,47,64266436. 
Bohr V, Smith CA, Okumoto DS, et al. DNA repair in an active 
gene: removal of pyrimidine dimers from the DHFR gene of CHO 
cells is much more efficient than in the aenome overall. Cell 1985, 
40,359-369. 
Fujiwara Y, Kano Y. Cellular responses to DNA damage. UCLA 
svmo. Mol CellBiol1983,2.215-224. 
Walker G. Inducible DNA repair systems. Ann Rev Biuckem 1985, 
54,425-457. 
Denhardt D, Kowalski J. Is there induced DNA repair in mam- 
malian cells? Bioeswys 1988,9,70-72. 
Weichselbaum R, Hallahan DE, Sukhatme V, Dritschilo A, Sher- 
man ML, Kufe DW. Biological consequences of gene regulation 
after ionisine radiation exoosure. ‘TNCI 1991.83.48&484. 
Sherman My Datta R, Hallahan DEA. Ionismg radiation regulates 
the expression of the c-jun proto-oncogene. Proc Nat1 Acad Sci 
USA 1990,87,5663-5666. 
Fornace A, Nebert D, Hollander MEA. Mammalian genes regulated 
by growth arrest signals and DNA-damaging agents. Mol Cell Biol 
1989,9,4196-4203. 
Sklar M. The ras oncogenes increase the intrinsic radioresistance of 
NIH cells to ionising radiation. Science 1988,239,645-647. 
Thompson LH. Somatic cell genetics approach to dissecting mam- 
malian DNA repair. Environ Molec Mutagen 1989,14,264-281. 
Thacker J. The use of integrating DNA vectors to analyse the 
molecular defects in ionising radiation-sensitive mutants of mam- 
malian cells including ataxia telangectasia. Mutation Res 1989,220, 
187-204. 
Thacker J. The use of recombinant DNA techniques to study 
radiation-induced damage, repair, and genetic change in mam- 
malian cells. In?_7 Radiut Bioll986,50, l-30. 
North P, Ganesh A, Thacker J. The rejoining of double strand 
breaks in DNA bv human cell extracts. Nucleic Acids Res 1990,18, 
6205-6210. - 
Wood R. Repair of pyrimidine dimer ultraviolet light photoproducts 
bv human cell extracts. Biochonism, 1989,28,8287-8292. 
Epstein RJ. Drug-induced DNA damage and tumour chemosensi- 
tivity.3 Clin Onco11990,8,2062-2084. 
Fujiwara Y, Kasahara K, Sugimoto Y, Nishio K, Ohmori T, Saijo 
N, et al. Detection of proteins that recognise platinum-moditied 
DNA using gel mobility shift assay. Jpn3 Cancer Res 1990, 81, 
121&1213. 
Andrews P, Jones J. Characterisation of binding proteins from 
ovarian carcinoma and kidney tubule cells that are specific for 
cisplatin-modified DNA. Cancer-Commun 1991,3,1-10. 
Chu G, Chang E. XP. Group E cells lack a number of factors that 
bind to damaged DNA. Science 1989,242,564-567. 
Wang J. DNA topoisomerases. AnnRevBiochem 1985,54,655-697. 



The Role of DNA Repair Processes 

29. 

30. 

31. 

32. 

33. 

Dolan M, Stiue L, Mitchell RB, Moschel RC, Pegg AE. Modulation 
of mammalian 06 alkylguanine DNA alkyltransferase in vivo by w 
benxylguanine and its effect on the sensitivity of a human glioma 
tumour. Cancer Carmutt 1990,2,371-377. 
Batist G, Torres-Garcia S, Demuys JM, et al. Enhanced DNA 
cross-link removal: the apparent mechanism of action of resistance 
in a clinically relevant melphelan-resistant human breast cancer cell 
line. Mel Phannacoll989,36,224-230. 
Maynard K, Parsons PG, Gerny T, Margison GP. Relationships 
among cell survival, OQlkylguanine-DNA alkyltransferase 
activity, and reactivation of methlyated adenovirus 5 and herpes 
simplex virus type 1 in human melanoma cell lines. Cancer Res 
1989,49,4813-4817. 
Behrens BC, Hamilton TC, Masuda H, et al. Characterisation of a 
cis-&ammiuedichloroplatinum(II) resistant human ovarian cell line 
and its use in evaluation of platinum analogues. Cancer Res 1987, 
47,414-418. 
Bedford P, Fichtinger-Schepman AM, Shehard SA, Walker MC, 
Masters JR, Hill BT. Differential repair of platinum DNA adducts 
in human bladder and testicular tumour cell lines. Cancer Res 1988, 
48,3019-3024. 

EwJ Cancer, Vol. 28, No. I, pi. 26289,1992. 
Prinud in Great Britain 

34. Radford I. The level of induced DNA double strand breakage 
correlates with cell killing after X-irradiation. Int J Radial Biof 
1985,48,4S-54. 

35. Radford I. Evidence for a general relationship between the induced 
level of DNA double strand breakage and cell killing after irradiation 
of mammalian cells. IntJ Radial Biol1986,49,611620. 

36. Bryant P. Enzymatic restriction of mammalian cell DNA: evidence 
for double strand breaks as potentially lethal lesions. Inr J Radial 
Bioll985,48,55-60. 

37. Debenham P, Jones N, Webb M. Vector-mediated DNA double- 
strand break repair analysis in normal and radiation sensitive 
Chinese hamster V79 cells. Mutar Res 1988,199,1-9. 

38. Schwartz J, Rotmensch J, Giovanaxzi S, Cohen MB, Weichselbaum 
RR. Faster rate of repair of DNA double-strand breaks in radiores- 
istant human tumour cells. IntJ Radiat Owol Biol Phys 1988, 15, 
907-912. 

39. McMillan T, Cassoni AM, Edwards S, Holmes A, Peacock JH. 
The relationship of DNA double-strand break induction to 
radiosensitivity in human cell lines. Int J Radiat Biol 1990, 58, 
427-438. 

0961947192$S.W + 0.00 
Pelgmlum Pm.! plc 

Understanding Anticancer Drug Resistance: 
Opportunities for Modulation and Impact on New 

Drug Design 
Ian R. Judson 

INTRODUCTION 
&mTANCE TO cytotoxic drugs is an important cause of treatment 
failure. The causes are complex and may be determined by a 
combination of the tumour characteristics, such as the pro- 
portion of resting phase cells, adequacy of blood supply, etc, 
and specific cellular mechanisms, as in the multidrug resistance 
(MDR) phenotype associated with enhanced expression of the 
t&-l gene. Turnout-s with particular sensitivity to cytotoxic 
drugs are clearly the exception. Not only do such tumours tend 
to have a higher growth fraction but they may also be deficient 
in DNA repair mechanisms or certain natural cellular defences. 
These include P-glycoprotein and glutathione S-transferases, 
which are known to be present in certain normal tissues and are 
often expressed in the corresponding tumours [I]. Enhanced 
expression of such mechanisms may follow treatment with 
a variety of cytotoxic drugs [Z, 31. Furthermore, resistance 
mechanisms may be genetically linked such that exposure to 
one class of agent triggers increased expression of a group of 
proteins conferring resistance to several drug classes [4]. 

Resistance to cytotoxic agents can be raised in tumour cell 
lines in vim by continuous exposure to increasing drug concen- 
trations. Doubts have been expressed regarding the relevance 
of such models to clinical drug resistance. However, the pro- 
gressive development of resistance has been demonstrated in 
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patients, together with evidence of appropriate biochemical 
changes in the tumour [2, 31. Also, human tumour cell lines 
appear subsequently to retain similar patterns of response to 
those of the original tumour [5]. The important question is 
whether a better understanding of the mechanisms of anticancer 
drug resistance can lead to improvements in antitumour therapy? 

MECHANISMS OF RESISTANCE 
Increased Drug Efflux 

The resistance mechanism which has generated the most 
interest is the multidrug resistance (MDR) associated with 
overexpression of a 170 kD membrane glycoprotein, known as 
P-glycoprotein [6]. A family of closely related n&r genes, has 
been identified one of which, mdrl, codes for P-glycoprotein 
[7]. This is an ATP-dependent membrane efflux pump with a 
very wide substrate specificity and its tissue distribution in the 
gut, kidney, liver and other organs implies a natural mechanism 
for the elimination of toxic molecules. A disparate group of 
antitumour drugs derived from natural products, e.g. vincris- 
tine, etoposide, doxorubicin, actinomycin D, are susceptible to 
this efflux process. Clinical drug resistance does appear to 
correlate with increased expression which is thought to result in 
reduced intracellular accumulation of these agents. A striking 
example was reported in children with soft tissue sarcoma in 
whom P-glycoprotein expression was associated with disease 
recurrence and poor survival in contrast with the excellent 
prognosis in the P-glycoprotein negative group [8]. 

If P-glycoprotein expression is induced by exposure to chemo- 
therapy and this correlates with the degree of resistance [9], this 


