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Biological basis for chemo-radiotherapy interactions
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Abstract

For over 10 years, chemo-radiotherapeutic combinations have been used to treat locally advanced epithelial tumours. The
rationale for these combinations relies on spatial cooperation or interaction between modalities. Interactions may take place (i) at
the molecular level, with altered DNA repair or modification of the lesions induced by drugs or radiation, (ii) at the cellular level,
notably through cytokinetic cooperation arising from differential sensitivity of the various compartments of the cell cycle to the
drug or radiation, and (iii) at the tissue level, including reoxygenation, increased drug uptake or inhibition of repopulation or
angiogenesis. Some mechanisms underlying interaction of radiation with cis-diammino-platinum (IT) (cis-Pt), 5-fluoro-2’-deoxy-
uridine (5-FU), taxanes and gemcitabine are described. It is shown how various mechanisms including cell synchronisation and
reoxygenation concur to paclitaxel-induced radiosensitisation. In the future, specific targeting of tumours, for example, with the
epidermal growth factor receptor (EGFR) or angiogenesis inhibitors, should be achieved in order to increase the therapeutic index.

© 2002 Published by Elsevier Science Ltd.
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In 1979, Steel and his coworkers proposed a theo-
retical frame for the prediction of the outcome of com-
bined treatments with cytotoxic chemotherapy and
radiotherapy [1,2], including:

e Spatial cooperation. This concept was devised to
mean that chemotherapy and radiotherapy are
primarily designed to target metastatic disease and
the primitive tumour site, respectively.

e Additivity, where it is intended that both mod-
alities interact in a purely additive mode with
regard to sterilisation of the target tumour.

e [Infra-additivity (or protection), where the chemo-
therapeutic agent inhibits tumour regression (or
protects normal tissue) by radiation.

e Supra-additivity, or enhanced tumour response,
where the use of combinations ends in a more
potent effect than expected from the summation of
the effects for each agent applied alone. The term
‘radiosensitisation’ is not recommended unless the
drug is devoid of any cytotoxic potential.
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Where the drug carries protection against radiation
damage to normal healthy tissues, this would theoretically
allow the radiation dose to the tumour to be increased. In
general, however, to obtain spatial cooperation or addi-
tivity, it is necessary to use chemo- and radiotherapy each
at full doses or, at least, drugs at cytotoxic levels, yet there
may be a few exceptions. For example, one European
Organization for Research and Treatment of Cancer
(EORTC) trial in lung cancer [3] where cisplatin was
used at a sub-cytotoxic concentration with conventional
radiotherapy, gave evidence of a substantial improvement
in local control of the tumour. On the other hand, supra-
additive interaction usually relies on molecular interac-
tion between the drug and radiation. Numerous mechan-
isms of interactions have already been described and will
be summarised below. This notwithstanding, in most
instances the benefit of chemo-radiotherapy combinations
in the clinic results from spatial cooperation or additivity.

1. Quantification of interactions between the drugs and
radiations

If the cytotoxic response to the drug or radiation does
not follow an exponential dose dependence, as is the
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case in most instances, the determination of the addi-
tivity status of the radiation—drug interaction cannot be
reached directly from the inter-comparison of the sur-
vival curves. Moreover, data from combined treatment
consist of three variables, namely the doses of the two
agents and the resulting outcome. To overcome this
problem, Steel and Peckham [1,4] proposed a method
based on the isoeffect concept and relying on the con-
struction of isobolograms for any given isoeffect. Actu-
ally, when the effect is fixed at a given value, e.g. at 10%
survival, the system is reduced to two variables so that
isobolograms for the chosen isoeffect may be con-
structed by plotting the doses of the two agents on
separate axes.

The central concept in the isobologram method is the
determination of the envelope of additivity delineated
by ‘mode I’ and ‘mode II” frontiers and within which all
responses are deemed to be purely additive. Briefly,
mode I and mode II curves are calculated by the addi-
tion of responses to each agent applied alone, using
different regions of the experimental dose—effect rela-
tionships. These curves are assumed to represent com-
plete independence of treatments (mode I) or exact
complementation of the effect of one treatment by the
other (mode II). The data points falling below (above)
the envelope of additivity indicate supraadditive (infra-
additive) interaction. Details of the calculations have
been described elsewhere [5].

For a sufficient degree of significance, the construc-
tion of isobolograms requires quantitative measure-
ments. This is one of the limits of the method. For
example, healthy tissue response may not be readily
incorporated in an isobologram. Moreover, iso-
bologram analysis requires a careful, precise determina-
tion of the dose—effect relationship for each agent. This
is because drug and ionising radiation produce dissim-
ilar dose-response effects, i.e. the shapes of the survival
curves are characteristically different. For the same rea-
son, the additivity status may vary with the isoeffect
considered, in such a way that supra-additive interac-
tion, when it occurs, is usually more pronounced at a
low degree of survival [S5]. However, most preclinical
additivity studies have come from in vitro experiments,
and some caution should be taken in the transfer of
these concepts to the clinic.

2. Molecular mechanisms of interaction

Antitumour drugs may provide various mechanisms
of interaction with radiation including DNA repair
inhibition, cell-cycle redistribution, or altered cytokin-
esis or apoptosis. The relative importance of these
mechanisms has seldom been evaluated, even for in vitro
studies. For each mechanisms, we shall provide exam-
ples with current antitumour drugs.

2.1. Additional damage or modification of radio-induced
DNA damage

Ionising radiation induces a wide range of lesions in
the DNA of target cells, including base damage, alkali-
labile sites, single-strand breaks (SSB) and double-
strand breaks (DSB). It has long been shown that these
lesions are rapidly repaired, with the noticeable excep-
tion of DSB for which the ¢/, for rejoining extends over
55 min or more in repair-proficient cells. Unrepaired
DSB are consistently regarded as lethal lesions [6].
However, the contribution to induced cell kill of the
oxidative stress associated with low-low energy transfer
radiation (LET) and implying poly(ADP-ribose) poly-
merase for its repair, should not be underestimated [7].

Many chemotherapeutic drugs also target DNA,
creating adducts, SSB or DSB. cis-diammino-platinum
(IT) (cis-Pt), for example, exert its cytoxic effect through
the chelation of guanine residues, yielding monofunc-
tional adducts and intrastrand or interstrand cross-
links. The bulk adducts are repaired through the exci-
sion repair pathway [8], but mismatch repair is also
involved in the processing of cis-Pt adducts by the cell
[9]. The possibility exists that the presence in close vici-
nity in DNA, of both a cis-Pt adduct and a radiation-
induced SSB may result in a mutual impairment of
proper repair (Fig. 1). This model is supported by cal-
culations made to estimate the probability of interaction
between cis-Pt adducts and radiation-induced SSB [10]
and by experimental data as well [11].

Etoposide is a topoisomerase Ilo poison. It acts
through the stabilisation of abortive cleavable com-
plexes and creates DNA DSB [12-14], notably in telo-
meres [15], and elicits maximum cytotoxicity in the S-
phase of the cell cycle. A supra-additive interaction with
radiation was demonstrated in concomitant exposure [5]
and in the radiation-induced G2-block [16]. It has been
proposed that this supra-additivity results from
enhanced DNA damage in relation to chromatin con-
formational changes associated with active DNA repair
[16].

2.2. Inhibition or alteration of radiation damage repair

Radiation recovery is currently considered as the
main determinant of the fate of late responding tissue.
Therefore, the use of potent inhibitors of repair in
combination with radiation, is likely to result in late,
unmanageable toxicities and should be studied in great
detail for each drug to prevent the occurrence of dele-
terious combinations.

The body of data on radiation DNA repair mechan-
isms has grown considerably over the last 15 years. DSB
are repaired through two main pathways, namely, non-
homologous end-joining (NHEJ) and homologous
recombination. Yet it is intrinsically error-prone, NHEJ
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largely prevails in somatic mammalian cells. The main
enzyme complex in NHEJ is the DNA-dependent ser-
ine/threonine protein kinase (DNA-PK). DNA-PK is
formed from three subunits known as Ku70, Ku86 and
DNA-PKcs. Deletion or mutation in any of these genes
confers extreme sensitivity to radiation [17,18]. Like
many other enzymes involved in DNA damage signalling
or repair (ataxia-telangiectasia mutated (ATM), ataxia
telangiectasis Rad3-related (ATR), FRAP, TRRAP),
DNA-PKcs has a catalytic domain with high homology
to phosphatidylinositol 3-kinase (PI3-K). DNA-PKcs
may therefore be inhibited to near completion by PI3-K
inhibitors, most notably wortmannin [19]. In vitro,
wortmannin is not toxic per se, but it increases drama-
tically the cytotoxicity of radiation [20,21]. Unfortu-
nately, PI3-K inhibitors are highly toxic in vivo.

DNA synthesis and DNA repair often share common
pathways. This should provide a rationale for investi-
gating the potential of DNA synthesis inhibitors in
combination with radiation. In fact, the drugs that
affect nucleoside and nucleotide metabolism are among
the most effective and most widely used agents to sensitise
tumour cells to radiation treatment, including fluoropyr-
imidines (5-fluoro-2’-deoxyuridine (5-FU), 9-B-D-arabino-
furanosyl-2-fluoroadenine monophosphate (fludarabine),
2/ 2'-difluoro-2’-deoxycytosine (gemcitabine)), thymid-
ine analogues (5-bromo-2’-deoxyuridine (BrdUrd), 5-
iodo-2'-deoxyuridine (IrdUrd)) and hydroxyurea.

5-FU inhibits thymidylate synthase and depletes the
pool of nucleotide triphosphates, leading to cell cycle
redistribution, DNA fragmentation and cell death [22].
The incorporation of 5-FU into DNA and RNA as
fluoro-deoxyuridine, contributes to its cytotoxicity. 5-
FU is a well known radiosensitiser. There is evidence
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suggesting that 5-FU-induced radiosensitisation relies
on the 5-FU fraction which is incorporated into DNA
[23,24]. As a matter of fact, radiosensitisation correlates
with a decrease in the rate and extent of repair of
radiation-induced DSB and the addition of thymidine
to the culture medium reverses, in part, the suscept-
ibility to radiation. Leucovorin, however, likely due to
the enhanced trapping of fluoro-dUMP by thymidylate
synthase, also acts as an enhancer of radiosensitisation
by 5-FU, suggesting that an imbalanced deoxynucleo-
side triphosphate pool may be a major pathway of
altered DNA repair. However, cell cycle redistribution
following 5-FU exposure may also explain the enhanced
radiation susceptibility [25].

Gemcitabine is a pyrimidine analogue with a wide
range of activity against solid tumours. It acts to deplete
the deoxynucleoside triphosphate pool and is incorpo-
rated into DNA, in the same way as 5-FU. A clear cor-
relation between incorporation into DNA and
cytotoxicity, with inhibition of DNA synthesis and
probably DNA repair, has been demonstrated [26].
Gemcitabine has been found to exert a major radio-
sensitising effect in colon, pancreatic and squamous cell
carcinoma cell lines in relation to the S-phase cell con-
tent [27-29]. The effect was observed for relatively low
drug concentrations, reached a maximum of 24 h after
the onset of drug exposure [30] and persisted for more
than 48 h after contact with drug [31]. Depletion of the
deoxynucleoside triphosphate pool contributes to the
enhanced radiation susceptibility [27,30], but no
increase in the incidence or repair of DNA strand
breaks by gemcitabine could be evidenced in an analysis
of =200 kbp fragments by pulsed field gel electrophor-
esis [32,33]. This seems to rule out any direct inhibition

Radiation-induced
Single-strand break

Repair

Repair

Non-repairable damage

Cell death

'

Fig. 1. Model showing response to DNA damage. A cisplatin DNA adduct or a radiation-induced single-strand break is likely to be repairable. In
contrast, when both are observed, there may be a mutual impairment of proper repair resulting in the death of the cell.
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of DNA repair pathways. In spite of this, major toxicity
has been reported during the preliminary clinical trials
of the gemcitabine—radiation combination [34], such that
it has been recommended that this association should not
be used beyond carefully designed clinical trials.

BrdUrd and IdUrd readily substitute for deoxy-
thymidine and incorporate into DNA, thus inducing
potent radiosensitisation with enhanced DNA damage
and decreased DNA repair [35]. BrdUrd and IdUrd are
believed to act both through an enhanced yield of radi-
cal damage at the C-5 position of the pyrimidine ring
[36-38]. The magnitude of the effect in terms of survival
consistently correlates with the amount of drug incor-
porated into DNA [39]. However, halopyrimidines can
hardly be used as adjuvants to radiotherapy in view of
their general toxicity.

3. Interactions at the cellular level
3.1. Cytokinetic cooperation

It has long been known that radiosensitivity changes
with the progression of cells through the cell cycle. The
S phase is most radioresistant, and the G2-M phase is
usually most radiosensitive [40,41]. For this reason, a
large increase in radiation susceptibility is observed as
proliferating cells are exposed in close temporal prox-
imity with radiation, to drugs which specifically kill cells
in S phase. This is the case for the camptothecin and
camptothecin analogues acting as topoisomerase [ poi-
sons [42], and possibly also for gemcitabine. It is best in
these instances to consider that the effect proceeds from
cytokinetic cooperation rather than radiosensitisation,
since the drug is inactive against non-S phase cells and
does not affect the radiation response among survivors
[42—45]. Moreover, it was shown that the camptothecin—
radiation interaction represents a pure mode II additiv-
ity according to the terminology used for isobolograms
[42]. In contrast, topoisomerase I-targeting agents are able
to alter the radiation response in confluent-arrested cells,
possibly through interaction with DNA repair [46—48].

3.2. Synchronisation

Maximum radiosensitivity is usually observed in the
G2-M phase of the cell cycle. Therefore, synchronisa-
tion of the cells in G2-M, if it occurs, is expected to elicit
the maximum response to radiotherapy. For a few
years, this was proposed as a rationale for the use of
paclitaxel in conjunction with radiotherapy.

Paclitaxel and docetaxel bind with a high affinity to
microtubules and alter their dynamics [49-54]. At high,
cytotoxic doses, both drugs were shown to inhibit the
formation of the mitotic spindle and consistently block
the progression of cells in mitosis, between prophase

and metaphase [55,56]. In fact, both drugs act through
disruption of the centrosome network, thus inducing
faulty mitosis and cytokinesis [57]. Pioneering studies of
radiation interaction with paclitaxel indicated that
increased radiosensitivity occurred at the time of the
G2-M block [58-62]. However, further studies showed
that enhanced radiation cell kill by taxanes does not
work in all cell lines, and it was recognised that prome-
taphase arrest upon prolonged contact with drugs, if it
occurs, may not be a sufficient condition for increased
radiation sensitivity [63-66]. This was confirmed
through isobologram analysis [67]. Moreover, in some
cell lines paclitaxel and docetaxel at low doses may
induce protection against radiation-induced cell kill,
presumably through alteration of signal transduction
pathways [66,68]. It should be mentioned at this stage
that paclitaxel and docetaxel elicit different time-depen-
dent interactions with radiation, due to different rates of
excretion and cell-cycle specificity [69].

In vitro radiosensitisation of cells by fludarabine [70]
and 5-fluoro-2'-deoxyuridine (FdUrd) [25] has also been
proposed to proceed from the accumulation of cells in a
radiosensitive compartment of the cell cycle.

Whether cell cycle redistribution might be used to
increase the tumour response to radiotherapy is open to
discussion [71]. The usefulness of this approach can be
questioned for many reasons. First of all, tumours are
heterogeneous, with an uncontrolled amount of cells in
the quiescent (GO0) state, and the possibility of induced
cell synchronisation by antimetabolites or DNA poly-
merase inhibitors in humans is extremely limited. Sec-
ond, as normal tissue surrounding the tumour may also
be a target for cell synchronisation, such synchronisa-
tion may not necessarily result in an increased thera-
peutix index. Furthermore, conflicting data have been
reported as to whether G2-M cells are more prone to
apoptosis than cells in other phases of the cell cycle [72].

3.3. Promotion of apoptosis

Cells may undergo lysis or lose reproductive ability
through various unscheduled (immediate, mitotic and
delayed cell death) or programmed (apoptosis and
senescence) mechanisms. Mitotic cell death, involving
abortive mitosis and oncosis (improperly referred to as
necrosis), is by far the most frequent mode of cell death
in epithelial tumour cells. Recent developments have
shed light on the basic mechanisms of mitotic cell
death, such as defects in the control of centrosome
replication [73,74]. However, for the last decade inter-
est has turned mainly to apoptosis, simply because it is
most amenable to studies based on molecular biology
and genetics.

Lymphocytes, thymocytes, prostate cells, salivary
acini, endothelial cells and intestinal crypts, are the most
sensitive cells to apoptosis in response to DSB induction,
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oxidative stress or hypoxia, ceramide, contact with some
cytokines or deprivation of growth factors. The p53
protein, due for the most part to its role in increased
(decreased) transcription of the pro-apoptotic (anti-
apoptotic) mitochondrial proteins Bax (Bcl-2), is man-
datory for radiation-induced apoptosis (for a review, see
Ref. [75]). Conversely, TP53 mutation or deletion
reportedly promotes apoptosis after paclitaxel treatment
[76]. A kind of a cooperation depending on the p53 status
and the cytotoxic agent could thus be proposed, yet this
question is still very much a matter of debate [77].

Apoptosis undoubtedly plays a major role in cell kill-
ing by radiation or DNA-nicking drugs applied alone,
e.g. for topoisomerase I- or Il-targeting agents. How-
ever, evidence in favour of increased apoptosis as a
general mechanism to account for increased response to
combined treatment, is not firmly established. For
example, increased apoptosis might account for radio-
sensitisation by gemcitabine in cell lines that are prone
to radiation-induced apoptosis [78]; however, a radio-
sensitising effect of gemcitabine is also observed in
apoptosis-resistant cells.

4. The search for tumour specificity

The way to a more efficient anticancer treatment
would be to target tumours with treatments eliciting
minimal response in surrounding, dose-limiting normal
tissue. Radiotherapy takes advantage of differential
sublethal damage repair in tumours versus normal tis-
sue. Unfortunately, there is no convincing evidence to
show that normal tissue sparing is retained when the
chemo-radiotherapy combination is used, and, in fact,
randomised trials for the appreciation of the late toxi-
city of chemo-radiotherapy in randomised trials, are still
lacking.

Such studies should be encouraged taking into
account some well-known properties of solid tumours
that make them resistant to treatment. In particular, (i)
tumours are frequently hypoxic, in relation to defective
angiogenesis, and respond poorly to radiotherapy; (ii)
some tumours contain a large proportion of quiescent
cells, which are usually resistant to chemotherapy; (iii)
in contrast, target tumours for radiotherapy are often
rapidly proliferating, with a high amount of radio-
resistant S-phase cells; (iv) epithelial tumour cells over-
express growth factors receptors, or may grow
independently of growth factors; (v) tumour cells are
mutated or deleted for genes involved in genome main-
tenance or cell cycle control.

4.1. Reoxygenation and tumour shrinkage

A reduction in tumour volume after treatment with
one modality may result in an improved blood supply to

the tumour, leading to reoxygenation and increased
radiosensitivity and chemosensitivity. This was clearly
demonstrated by Milas and colleagues [79] in a human
tumour xenograft treated with paclitaxel prior to irra-
diation. The fraction of hypoxic cells was measured by
micro-electrodes introduced in the tumour before and
after drug treatment. The median pO, values in this
experiment were 6.2 Tor in the untreated tumours, and
increased to 10.5 and 31.2 Tor at 24 and 48 h after
paclitaxel treatment, respectively. Reoxygenation corre-
lated with an increased radiation response, irrespective
of whether cells accumulated in G2-M or not [79].
Similar reoxygenation and radiosensitisation has been
reported following gemcitabine treatment [80].

Fractionated irradiation, through a reduction of the
tumour volume, may also increase the tumour blood
flow and facilitate drug access to the tumour. Indeed, it
has been demonstrated that radiation increases the
uptake of some drugs, like carboplatin and 5-FU
[81,82].

4.2. Inhibition of tumour proliferation

Tumour repopulation is often invoked to account for
the failure of radiotherapy [83]. Although the mechan-
isms involved in tumour regrowth are not completely
understood, the role of growth factors is likely to be of
major importance [84].

Modulation of tumour proliferation may be achieved
by epidermal growth factor receptor (EGFR) inhibition,
either with a monoclonal antibody directed against the
receptor (C225 mAb) or through the inactivation of the
tyrosine-kinase activity of EGFR [85,86]. Preclinical
studies have demonstrated the ability of C225 to
enhance in vitro radiosensitivity. Several mechanisms
have been proposed to explain this observation, includ-
ing inhibition of cell proliferation, of DNA damage
repair [87], of tumour angiogenesis [88] or, in contrast,
promotion of radiation-induced apoptosis. The inhibi-
tion of EGFR seems to be a promising way to increase
the cytotoxic effect of radiation. However, due to the
fact that repopulation of normal, rapidly responding
tissues is the rule after irradiation, acute toxicity may be
feared. Careful phase I studies with EGFR inhibitors in
combination with radiation, should therefore be plan-
ned before any phase II or III studies.

4.3. Inhibition of angiogenesis

Angiogenesis is essential for tumour growth. Con-
sistently, the search for compounds endowed with anti-
neoangiogenic  activity is  flourishing, including
angiostatin, combretastatin, flavone derivatives or
kinase inhibitors. The combination of angiostatin and
irradiation was found to have a major antitumoral effect
in a human tumour xenograft model [89]. This synergy
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may arise from a cytotoxic effect on endothelial cells.
Others compounds, such as TNP-470, may also elicit a
radiosensitising potential [90].

4.4. Specificity for tumour tissues

Another way to increased specificity against tumour
tissue is to make use of drugs able to target a particular
organ. For instance, estramustine has proven highly
specific for prostate tissues and may act as a radio-
sensitiser [91,92]. Clinical trials have started with this
molecule in prostate cancer, in the hopes that a specific
radiosensitisation of these tumours may be obtained
[93].

5. Conclusion

Concomitant chemo-radiotherapy turns out to be a
widely accepted approach for the treatment of locally
advanced epithelial carcinomas. Laboratory studies
may contribute to drug development and help the phy-
sician in three different ways.

First, in selecting drugs which present a potential for
radiosensitisation or for additive cytotoxicity. This
requires measuring the strength of the effect, and deter-
mining whether the drugs are able or not to inhibit the
repair of radiation-induced damage. It should be kept in
mind that repair inhibition may lead to acute hyper-
toxicity and treatment failure, as earlier observed with
bleomycin and more recently with gemcitabine. There-
fore, great care should be taken in the design of the
protocols for combined treatments assays, as long as
pronounced radiosensitisation is observed in vitro.

Second, by improving the time schedule of the chemo-
radiotherapy regimens and the mode of drug adminis-
tration. Should the drug be given concomitantly, before
or after irradiation, as a bolus treatment or as a con-
tinuous infusion? Studies performed with 5-FU provide
a classical example of the benefit of such studies.
Indeed, it has been shown that 5-FU must be given after
irradiation, and for at least 24 h to provide a more-
than-additive interaction [94]. Moreover, continuous
infusion of 5-FU offers a better radiosensitisation than
bolus administration [95], yet it may entail enhanced
toxicity. These data have been confirmed by a rando-
mised trial in rectal carcinoma [96].

Last, but not least, the evaluation of new cytostatic,
non-cytotoxic drugs, e.g. farnesyl transferase or cyclin-
dependent kinase inhibitors, should always been done in
combination with other drugs or radiation. This may
help in the understanding of the mode of action of the
drugs in vivo, provide new targets for drug development,
and avoid some of the pitfalls encountered in the trans-
fer to the clinic of bench research in molecular and cel-
lular biology.

Acknowledgements

The authors wish to thank Electricité de France (RB
2001-02) and the Association pour la Recherche sur le
Cancer (ARC 9746) for financial support.

References

1. Steel G. Terminology in the description of drug-radiation inter-
actions. Int J Radiat Oncol Biol Phys 1979, 5, 1145-1150.

2. Steel GG. The search for therapeutic gain in the combination of
radiotherapy and chemotherapy. Radiother Oncol 1988, 11, 31—
53.

3. Schaake-Koning C, van den Bogaert W, Dalesio O, et al. Effects
of concomitant cisplatin and radiotherapy on inoperable non-
small cell lung cancer. N Engl J Med 1992, 326, 524-530.

4. Steel GG, Peckham MJ. Exploitable mechanisms in combined
radiotherapy-chemotherapy: the concept of additivity. Int J
Radiat Oncol Biol Phys 1979, 5, 85-91.

5. Giocanti N, Hennequin C, Balosso J, Mahler M, Favaudon F.
Repair and cell cycle interactions in radiation sensitization by the
topoisomerase II poison etoposide. Cancer Res 1993, 53, 2105-
2111.

6. Foray N, Arlett CF, Malaise EP. Radiation-induced DNA dou-
ble-strand breaks and the radiosensitivity of human cells: a closer
look. Biochimie 1997, 79, 567-575.

7. Fernet M, Ponette V, Deniaud-Alexandre E, et al. Poly(ADP-
ribose) polymerase, a major determinant of early cell response to
ionising radiation. Int J Radiat Biol 2000, 76, 1621-1629.

8. Huang JC, Zamble DB, Reardon JT, Lippard SJ, Sancar A.
HMG-domain proteins specifically inhibit the repair of the major
DNA adduct of the anticancer drug cisplatin by human excision
nuclease. Proc Natl Acad Sci USA 1994, 91, 10394-10398.

9. Fink D, Aebi S, Howell SB. The role of DNA mismatch repair in
drug resistance. Clin Cancer Res 1998, 4, 1-6.

10. Begg AC. Cisplatin and radiation: interaction probabilities and
therapeutic possibilities. Int J Radiat Oncol Biol Phys 1990, 19,
1183-1189.

11. Yang LX, Douple EB, O’Hara JA, Wang HIJ. Production of
DNA double-strand breaks by interactions between carboplatin
and radiation: a potential mechanism for radiopotentiation.
Radiat Res 1995, 143, 309-315.

12. Berrios M, Osheroff N, Fisher PA. In situ localization of DNA
topoisomerase 11, a major polypeptide component of the Droso-
phila nuclear matrix fraction. Proc Natl Acad Sci USA 1985, 82,
4142-4146.

13. Earnshaw WC, Heck MMS. Localization of topoisomerase II in
mitotic chromosomes. J Cell Biol 1985, 100, 1716—1725.

14. Nelson WG, Liu LF, Coffey DS. Newly replicated DNA is asso-
ciated with DNA topoisomerase II in cultured rat prostatic ade-
nocarcinoma cells. Nature 1986, 322, 187-189.

15. Yoon HJ, Choi 1Y, Kang MR, et al. DNA topoisomerase 11
cleavage of telomeres in vitro and in vivo. Biochimica et Biophy-
sica Acta 1998, 1395, 110-120.

16. Yu YQ, Giocanti N, Averbeck D, Favaudon V. Radiation-
induced arrest of cells in G2 phase elicits hypersensitivity to DNA
double-strand break inducers and an altered pattern of DNA
cleavage upon re-irradiation. Int J Radiat Biol 2000, 76, 901-912.

17. Denekamp J, Whitmore GF, Jeggo P. Biphasic survival curves
for XRS radiosensitive cells: subpopulations or transient expres-
sion of repair competence? Int J Radiat Biol 1989, 55, 605-617.

18. Lees-Miller SP, Godbout R, Chan DW, et al. Absence of p350
subunit of DNA-activated protein kinase from a radiosensitive
human cell line. Science 1995, 267, 1183-1185.



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

C. Hennequin, V. Favaudon | European Journal of Cancer 38 (2002) 223-230 229

Sarkaria JN, Tibbetts RS, Busby EC, Kennedy AP, Hill DE,
Abraham RT. Inhibition of phosphoinositide 3-kinase related
kinases by the radiosensitizing agent wortmannin. Cancer Res
1998, 58, 4375-4382.

Boulton S, Kyle S, Yalgintepe L, Durkacz BW. Wortmannin is a
potent inhibitor of DNA double strand break but not single
strand break repair in Chinese hamster ovary cells. Carcinogen-
esis 1996, 17, 2285-2290.

Okayasu R, Suetomi K, Ullrich RL. Wortmannin inhibits repair
of DNA double-strand breaks in irradiated normal human cells.
Radiat Res 1998, 149, 440-445.

Pinedo HM, Peters GF. Fluorouracil: biochemistry and pharma-
cology. J Clin Oncol 1988, 6, 1653—1664.

Lawrence TS, Davis MA, Maybaum J. Dependence of 5-fluoro-
uracil-mediated radiosensitization on DNA-directed effects. Int J
Radiat Oncol Biol Phys 1994, 29, 519-523.

McGinn CJ, Shewach DS, Lawrence TS. Radiosensitizing
nucleosides. J Natl Cancer Inst 1996, 88, 1193-1203.

Miller EM, Kinsella TJ. Radiosensitization by fluorodeoxyur-
idine: effects of thymidylate synthase inhibition and cell synchro-
nization. Cancer Res 1992, 52, 1687-1694.

Huang P, Chubb S, Hertel LW, Grindey GB, Plunkett W. Action
of 2'.2’-difluorodeoxycytidine on DNA synthesis. Cancer Res
1991, 51, 6110-6117.

Lawrence TS, Chang EY, Hahn TM, Hertel LW, Shewach DS.
Radiosensitization of pancreatic cancer cells by 2,2’-difluoro-2'-
deoxycytidine. Int J Radiat Oncol Biol Phys 1996, 34, 867-872.
Robertson JM, Shewach DS, Lawrence TS. Preclinical studies of
chemotherapy and radiation therapy for pancreatic carcinoma.
Cancer 1996, 78, 674-679.

Rosier JF, Beauduin M, Bruniaux M, et al. The effect of 2/,2'-
difluorodeoxycytidine (dFdC, gemcitabine) on radiation-induced
cell lethality in two human head and neck squamous carcinoma
cell lines differing in intrinsic radiosensitivity. Int J Radiat Biol
1999, 75, 245-251.

Shewach DS, Hahn TM, Chang E, Hertel LW, Lawrence TS.
Metabolism of 2/,2'-difluoro-2'-deoxycytidine and radiation sen-
sitization of human colon carcinoma cells. Cancer Res 1994, 54,
3218-3223.

Lawrence TS, Chang EY, Hahn TM, Shewach DS. Delayed
radiosensitization of human colon carcinoma cells after a brief
exposure to 2',2'-difluoro-2'-deoxycytidine (Gemcitabine). Clin
Cancer Res 1997, 3, 777-782.

Grégoire V, Beauduin M, Rosier JF, et al. Kinetics of mouse
jejunum radiosensitization by 2’,2’-difluorodeoxycytidine (gemci-
tabine) and its relationship with pharmacodynamics of DNA
synthesis inhibition and cell cycle redistribution in crypt cells. Br
J Cancer 1997, 76, 1315-1321.

Lawrence TS, Eisbruch A, Shewach DS. Gemcitabine-mediated
radiosensitization. Semin Oncol 1997, 24, 24-28.

Scalliet P, Goor C, Galdermans D, et al. Gemzar® (gemcitabine)
with thoracic radiotherapy: a phase II pilot study in chemonaive
patients with advanced non-small cell lung cancer (NSCLC).
Proc Amer Soc Clin Oncol 1998, 17 (abstr 1923).

Dkordevic B, Szybalski W. Genetics of human cell lines. III.
Incorporation of 5-bromo- and S5-iodo-deoxyuridine into the
deoxyribonucleic acid of human cells and its effect on radiation
sensitivity. J Exp Med 1960, 112, 509-531.

Reuschl H. Kinetische Untersuchungen zur Gamma-Radiolyse
von 5-Bromouracil in wissriger Losung. Z Naturforsch 1966, 21b,
643-646.

Danzinger RM, Hayon E, Langmuir ME. Pulse-radiolysis and
flash-photolysis study of aqueous solutions of simple pyrimidines.
Uracil and bromouracil. J Phys Chem 1968, 72, 3842-3849.
Rivera E, Schuler RH. Intermediates in the reduction of 5-
halouracils by hydrated electrons. J Phys Chem 1983, 87, 3966—
3971.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

Miller EM, Fowler JF, Kinsella TJ. Linear-quadratic analysis of
radiosensitization by halogenated pyrimidines. II. Radio-
sensitization of human colon cancer cells by bromodeoxyuridine.
Radiat Res 1992, 131.

Terasima T, Tolmach LJ. Variations in several responses of HeLa
cells to X-irradiation during the division cycle. Biophys J 1963, 3,
11-33.

Sinclair WK, Morton RA. X-Ray sensitivity during the cell gen-
eration cycle of cultured Chinese hamster cells. Radiat Res 1966,
29, 450-474.

Hennequin C, Giocanti N, Balosso J, Favaudon V. Interaction of
ionizing radiation with the topoisomerase I poison camptothecin
in growing V-79 and Hela cells. Cancer Res 1994, 54, 1720-1728.
Mattern MR, Hofmann GA, McCabe FL, Johnson RK. Syner-
gistic cell killing by ionizing radiation and topoisomerase I inhi-
bitor topotecan (SK&F 104864). Cancer Res 1991, 51, 5813-5816.
Falk SJ, Smith PJ. DNA damaging and cell cycle effects of the
topoisomerase I poison camptothecin in irradiated human cells.
Int J Radiat Biol 1992, 61, 749-757.

Szumiel I, Buraczewska I, Gradzka I, Gasinska A. Effects of
topoisomerase I-targeted drugs on radiation response of L5178Y
sublines differentially radiation and drug sensitive. Int J Radiat
Biol 1995, 67, 441-448.

Boothman DA, Wang M, Schea RA, Burrows HL, Strickfaden S,
Owens JK. Posttreatment exposure to camptothecin enhances the
lethal effects of X-rays on radioresistant human malignant mela-
noma cells. Int J Radiat Oncol Biol Phys 1992, 24, 939-948.
Musk SR, Steel GG. The inhibition of cellular recovery in human
tumour cells by inhibitors of topoisomerase. Br J Cancer 1990,
62, 364-367.

Ng CE, Bussey AM, Raaphorst GP. Inhibition of potentially
lethal and sublethal damage repair by camptothecin and etopo-
side in human melanoma cell lines. Int J Radiat Biol 1994, 66, 49—
57.

Schiff PB, Horwitz SB. Taxol stabilizes microtubules in mouse
fibroblast cells. Proc Natl Acad Sci USA 1980, 77, 1561-1565.
Parness J, Horwitz SB. Taxol binds to polymerized tubulin in
vitro. J Cell Biol 1981, 91, 479-487.

Guéritte-Voegelein F, Guénard D, Lavelle F, Le Goff MT,
Mangatal L, Potier P. Relationships between the structure of
taxol analogues and their antimitotic activity. J Med Chem 1991,
34, 992-998.

Diaz JF, Andreu JM. Assembly of purified GDP-tubulin into
microtubules induced by taxol and taxotere: reversibility, ligand
stoichiometry, and competition. Biochemistry 1993, 32, 2747—
2755.

Derry WB, Wilson L, Jordan MA. Substoichiometric binding of
taxol suppresses microtubule dynamics. Biochemistry 1995, 34,
2203-2211.

Arnal I, Wade RH. How does taxol stabilize microtubules? Cur-
rent Biol 1995, 5, 900-908.

Roberts JR, Allison DC, Donehower RC, Rowinsky EK. Devel-
opment of polyploidization in taxol-resistant human leukemia
cells in vitro. Cancer Res 1990, 50, 710-716.

Gupta RS. Species-specific differences in toxicity of antimitotic
agents toward cultured mammalian cells. J Natl Cancer Inst 1985,
74, 159-164.

Paoletti A, Giocanti N, Favaudon V, Bornens M. Pulse treat-
ment of interphasic HeLa cells with nanomolar doses of doc-
etaxel affects centrosome organization and leads to catastrophic
exit of mitosis. J Cell Sci 1997, 100, 2403-2415.

Tishler RB, Geard CR, Hall EJ, Schiff PB. Taxol sensitizes
human astrocytoma cells to radiation. Cancer Res 1992, 52,
3495-3497.

Choy H, Rodriguez FF, Wilcox B, Koester SK, Degen D.
Radiation sensitizing effects of taxotere (RP 56976). Proc Amer
Assoc Cancer Res 1992, 33, 500.



230

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

C. Hennequin, V. Favaudon | European Journal of Cancer 38 (2002) 223-230

Steren A, Sevin BU, Perras J, er al. Taxol sensitizes human
ovarian cancer cells to radiation. Gynecol Oncol 1993, 48, 252~
258.

Hei TK, Piao CQ, Geard CR, Hall EJ. Taxol and ionizing
radiation: interaction and mechanisms. Int J Radiat Oncol Biol
Phys 1994, 29, 267-271.

Liebmann J, Cook JA, Fisher J, Teague D, Mitchell JB. Changes
in radiation survival curve parameters in human tumor and
rodent cells exposed to paclitaxel (Taxol). Int J Radiat Oncol Biol
Phys 1994, 29, 559-564.

Geard CR, Jones JM. Radiation and taxol effects on synchro-
nized human cervical carcinoma cells. Int J Radiat Oncol Biol
Phys 1994, 29, 565-569.

Minarik L, Hall EJ. Taxol in combination with acute and low
dose rate irradiation. Radiother Oncol 1994, 32, 124-128.
Stromberg JS, Lee YJ, Armour EP, Martinez AA, Corry PM.
Lack of radiosensitization after paclitaxel treatment of three
human carcinoma cell lines. Cancer 1995, 75, 2262-2268.
Hennequin C, Giocanti N, Favaudon V. Interaction of Ionizing
radiation with Paclitaxel and Docetaxel in HeLa and SQ20B
cells. Cancer Res 1996, 56, 1842-1850.

Choy H, Rodriguez FF, Koester S, Hilsenbeck S, von Hoff DD.
Investigation of taxol as a potential radiation sensitizer. Cancer
1993, 71, 3774-3778.

Ingram ML, Redpath JL. Subadditive interaction of radiation and
Taxol in vitro. Int J Radiat Oncol Biol Phys 1997, 37, 1139-1144.
Hennequin C, Giocanti N, Favaudon V. S-phase specificity of
cell killing by docetaxel (taxotere) in synchronised HeLa cells. Br
J Cancer 1995, 71, 1194-1198.

Grégoire V, Van NT, Stephens LC, et al. The role of fludarabine-
induced apoptosis and cell cycle synchronization in enhanced
murine tumor radiation response in vivo. Cancer Res 1994, 54,
6201-6209.

Steel GG. Cell synchronization unfortunately may not benefit
cancer therapy. Radiother Oncol 1994, 32, 95-97.

Milross CG, Mason KA, Hunter NR, Chung WK, Peters LJ,
Milas L. Relationship of mitotic arret and apoptosis to antitumor
effect of paclitaxel. J Natl Cancer Inst 1996, 88, 1308—1314.

Sato N, Mizumoto K, Nakamura M, Tanaka M. Radiation-
induced centrosome overduplication and multiple mitotic spin-
dles in human tumor cells. Exp Cell Res 2000, 255, 321-326.
Schatten H, Ripple M, Balczon R, et al. Androgen and taxol
cause cell type-specific alterations of centrosome and DNA
organization in androgen-responsive LNCaP and androgen-
independent DU145 prostate cancer cells. J Cell Biochem 2000,
76, 463-477.

Hale AJ, Smith CA, Sutherland LC, et al. Apoptosis: molecular
regulation of cell death. Eur J Biochem 1996, 236, 1-26.

Wahl AF, Donaldson KL, Fairchild C, et al. Loss of normal p53
function confers sensitization to Taxol by increasing G2/M arrest
and apoptosis. Nat Med 1996, 2, 72-79.

Rakovitch E, Mellado W, Hall EJ, Pandita TK, Sawant S, Geard
CR. Paclitaxel sensitivity correlates with p53 status and DNA
fragmentation, but not G2/M accumulation. Int J Radiat Oncol
Biol Phys 1999, 44, 1119-1124.

Lawrence TS, Davis MA, Hough A, Rehemtulla A. The role of
apoptosis in 2',2'-difluoro-2’-deoxycytidine (gemcitabine)-medi-
ated radiosensitization. Clin Cancer Res 2001, 7, 314-319.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.

Milas L, Hunter NR, Mason KA, Milross CG, Saito Y, Peters
LJ. Role of reoxygenation in induction of enhancement of tumor
radioresponse by paclitaxel. Cancer Res 1995, 55, 3564-3568.
Mason KA, Milas L, Hunter NR, et al. Maximizing therapeutic
gain with gemcitabine and fractionated radiation. Int J Radiat
Oncol Biol Phys 1999, 44, 1125-1135.

Yang LX, Douple EB, Wang HJ. Irradiation enhances cellular
uptake of Carboplatin. Int J Radiat Oncol Biol Phys, 1995, 641—
646.

Young JA, Maruyama Y. 5-Fluorouracil uptake by irradiation
perturbed tumor. Oncology 1981, 38, 138-143.

Fowler JF, Lindstrom MJ. Loss of local control with prolonga-
tion in radiotherapy. Int J Radiat Oncol Biol Phys 1992, 23, 457—
467.

Trott KR, Kummermehr J. What is known about tumour pro-
liferation rates to choose between accelerated fractionation or
hyperfractionation? Radiother Oncol 1985, 3, 1-9.

Mendelsohn J, Baselga J. The EGF receptor family as targets for
cancer therapy. Oncogene 2000, 19, 6550-6565.

Huang SM, Harari PM. Epidermal growth factor receptor inhi-
bition in cancer therapy: biology, rationale and preliminary clin-
ical results. Invest New Drugs 1999, 17, 259-269.
Bandyopadhyay D, Mandal M, Adam L, Mendelsohn J, Kumar
R. Physical interactions between epidermal growth factor recep-
tor and DNA-dependent protein kinase in mammalian cells. J
Biol Chem 1998, 273, 1568-1573.

Perrotte P, Matsumoto T, Inoue K, et al. Anti-epidermal growth
factor receptor antibody C225 inhibits angiogenesis in human
transitional cell carcinoma growing orthotopically in nude mice.
Clin Cancer Res 1999, 5, 257-265.

Mauceri HJ, Hanna NN, Beckett MA, ef al. Combined effects of
angiostatin and ionizing radiation in antitumour therapy. Nature
1998, 394, 287-291.

Lund EL, Bastholm L, Kristjansen PE. Therapeutic synergy of
TNP-470 and ionizing radiation: effects on tumor growth, vessel
morphology, and angiogenesis in human glioblastoma multi-
forme xenografts. Clin Cancer Res 2000, 6, 971-978.

Kim JH, Khil MS, Kim SH, Ryu S, Gabel M. Clinical and bio-
logical studies of estramustine phosphate as a novel radiation
sensitizer. Int J Radiat Oncol Biol Phys 1994, 29, 555-557.
Rockwell S. Radiosensitization of mouse breast cancer cells in
vitro by estramustine. Radiat Oncol Invest 1995, 3, 29-33.
Zelefsky MJ, Kelly WK, Scher HI, et al. Results of a phase 11
study using estramustine phosphate and vinblastine in combina-
tion with high-dose three dimensional conformal radiotherapy
for patients with locally advanced prostate cancer. J Clin Oncol
2000, 18, 1936-1941.

Byfield JE, Calabro-Jones P, Klisak I, Kulhanian F. Pharmoco-
logic requirements for obtaining sensitization of human tumor
cells in vitro to combined 5-fluorouracil or ftorafur and X-rays.
Int J Radiat Oncol Biol Phys 1982, 8, 1923-1933.

Smalley SR, Kimler BF, Evans RG, Dalziel WC, Heterogeneity
of 5-fluorouracil radiosensitivity modulation in cultured mam-
malian cell lines. 1992, 24, 519-525.

O’Connell MJ, Martenson JA, Wieand HS, et al. Improving
adjuvant therapy for rectal cancer by combining protracted-infu-
sion fluorouracil with radiation therapy after curative surgery. N
Engl J Med 1994, 331, 502-507.



