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PROGRAMMED CELLULAR RESPONSE: AN
INTRODUCTION

Summary

The following manuscript integrates various studies of
cellular radiation response. This review gives a background
to the original article in the accompanying edition of the
journal Acta Oncologica. Every attempt has been made to
avoid needless repetition of the text but to maintain the
autonomy of both works. In most cases, figures or tables
have been reproduced only once. The final aim of the
studies was to understand better, and where possible, even
improve on the success of cancer treatment using radiation
therapy. From the start it was clear that qualitative aspects
of cellular response to ionizing radiation could not have
been predicted. Cells are normally exposed to very low
levels of ionizing radiation. They are certainly not able to
recognise this radiation, in spite of their rich spectrum of
receptors. Cells can and do respond to the damage caused
by radiation as it passes through, but the response to
ionizing radiation is more complex than simply repair.
Cellular programs are activated and processes are induced
which interfere with the most fundamental aspects of
biological life. The following is a tour-de-force to elucidate
the principles behind programmed cellular response to
ionizing radiation damage and to examine potential appli-
cations in the clinic.

Cellular response is initiated by the deposition of energy
during passage of radiation through sensitive cellular
targets and the production of macromolecular damage by
ionization events and free radicals. At radiation doses
employed for clinical purposes, or at doses of relevance for
radiation protection, the cell responds in an active manner.
Radiation damage is recognized by intra-cellular receptor
molecules and signals are subsequently transduced

throughout the cell which mobilize proteins involved in
executing appropriate cellular responses. In many cell
types, responses often involve an attempt to repair the
damage. If the cells are replicating, transitory arrests also
occur before or during critical phases of the cell cycle.
However, probably because they are restricted to fewer
growth controls than cells in solid tissues, lymphocytes
preferentially respond to DNA damage by inducing a
process of cellular suicide; apoptosis, which effectively
eliminates this potential source of carcinogenic risk.

Cellular radiation response is the result of active molec-
ular signalling and is not simply a passive physico-chemi-
cal process. The decision whether or not a cell should
respond to radiation-induced damage either by induction
of rescue systems, e.g. mobilization of repair proteins, or
induction of suicide mechanisms, e.g. programmed cell
death, is an expression of intricate cellular biochemistry. A
cell must recognize damage in its genetic material and then
activate an appropriate response. Cell type is important,
the response of a fibroblast to radiation damage is both
quantitatively and qualitatively different
lymphocyte, and cellular transformation may also be ac-
companied by changes in radiosensitivity. The pro-
grammed component of radiation response is highly
significant in radiation oncology and creates unique op-
portunities for enhanced treatment success.

The hallmark of an active cellular response is signal
production; the encoding of some relevant piece of infor-
mation in a form which can be handled by the cell in order
to make a ‘decision’ at the molecular level (i.e. whether or
not a repair mechanism should be activated).The cell cycle
arrests induced either by radiation damage or stau-
rosporine are closely related phenomena governed by a
common kinase signalling pathway which recognizes DNA
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damage and regulates the G2/M transition. Such signal
pathways are believed to influence many of the pro-
grammed responses to radiation damage. Current esti-
mates suggest that approximately 5 per cent of cancer
patients receiving radiotherapy display adverse reactions
due to hypersensitivity. These differences are often due to
genetic defects which compromise programmed cellular
response and result in abnormal radiosensitivity. Assays of
radiation response have yielded much valuable informa-
tion about the radiobiology of tumours. New develop-
ments in cellular and molecular biology increase our
understanding of the programmed component of radiation
response, helping us to take better advantage of this
phenomenon in the clinical setting.

Barbara McClintock and programmed response, a
historical perspective

Barbara McClintock was awarded the Nobel Prize in
Physiology or Medicine for her most noted accomplish-
ment; the discovery of transposable elements. This took
place whilst she was working on the breakage-fusion-
bridge cycle in maize during the 1930s and 1940s. Her
Nobel lecture was introduced with the words: “There are
‘shocks’ that a genome must face repeatedly, and for which
it is prepared to respond in a programmed manner...but there
are also responses of genomes to unanticipated challenges
that are not so precisely programmed. The genome is unpre-
pared for these shocks. Nevertheless, they are sensed, and
the genome responds in a discernible but initially unforeseen
manner.” McClintock went on to describe her cytogenetic
studies of Stadler’s x-ray-induced recessive mutations in
maize. Even then she noted that none of the x-ray-induced
mutants arose from ‘gene mutation’, instead each reflected
loss of a segment of a chromosome that carried the
wild-type allele, and x-rays were responsible for inducing
these deficiencies. Her studies lead her to conclude that
broken ends of chromosomes are able to find each other
and fuse; and any broken end with any other broken end.
The cell is able to sense the broken ends, to direct them
toward each other, and then to unite them so that the
union of the two DNA strands is correctly oriented. The
genomic challenge is met by a programmed response (1).

By introducing an abnormal chromosome 9, carrying an
inverse duplication of its short arm, McClintock was able
to produce a single broken chromosome end into maize
pollen at meiosis. These single ends could not be repaired
until the DNA was duplicated at S-phase. Then two
broken ends were present which were joined together to
produce a dicentric chromosome. At the next mitosis, the
two centromeres of the dicentric were separated to oppo-
site poles of the cell and during cytokinesis the dicentric
was torn apart producing a single broken chromosome end
in each of the daughter cells. The presence of the broken
end was ‘sensed’ by the cell but nothing could be done
until a second broken end became available. In the pres-

ence of this signal, the dormant transposable elements
were activated and the genome became labile. The process
of chromosome breakage and repair is called the breakage-
fusion-bridge cycle. It continues in maize until fertilization
occurs. In the zygote the broken end is healed. McClintock
attributed this healing to the formation of a new telomere
at the ruptured chromosome end (1).

These early studies of McClintock not only demon-
strated the existence of transposable elements they also
demonstrated that cells respond to radiation damage in a
programmed manner. This program is activated by the
presence of broken chromosome ends, can induce instabil-
ity into the genome, and can be silenced by restoring a
telomere to the broken end of the chromosome. Her
discoveries in the 1930s and 1940s are now being applied
in mammalian radiation biology and radiation oncology,
accompanied by the fascinating realization that cellular
radiation response is not simply a passive physico-chemical
process but is the result of active molecular signalling. The
decision whether or not a cell should respond to radiation-
induced damage either by induction of rescue systems, e.g.
mobilization of repair proteins; or induction of suicide
mechanisms, e.g. programmed cell death, is an expression
of intricate cellular biochemistry. A cell must recognize
damage in its genetic material and then activate an appro-
priate response. The cell type is found to be important, the
response of a fibroblast to radiation damage is both quan-
titatively and qualitatively different from a lymphocyte
and cellular transformation may also be accompanied by
changes in radiosensitivity. In radiation oncology, the
programmed component of radiation response is highly
significant and creates unique potentialities for enhanced
treatment success.

Natural radiosensitivity and therapeutic radiation

Studies of the effects of low levels of ionizing radiation
provide insights into the nature of the programmed re-
sponse. Enhanced induction of 6-thioguanine resistant mu-
tants in Chinese hamster V79-S lung fibroblasts at very
low dose-rates has been observed (2, 3). In an attempt to
understand the cause of the enhanced radiomutability,
effects of exposure to dose-rates below 30 mGy/h on cell
cycle duration, cell cycle distribution, plating efficiency,
survival and mutation were examined. For none of these
parameters was a change observed. It was concluded that
the most likely cause for increased mutation induction was
inactivity of a repair mechanism. This led to the hypothesis
that an error-free repair mechanism, capable of reducing
the frequency of mutation, is inactive under very low
dose-rate exposure conditions and leaves damage to be
repaired by a constitutive, more error-prone mechanism.
Therefore, a biochemical program able to recognize dam-
age and to activate response must exist in a cell. Below a
critical level of damage, no recognition occurs and the
error-free repair mechanism is not induced.



Numerous factors can alter the size of the programmed
response. Reduction of dose-rate, for example, enhances
survival since rescue mechanisms are time dependent. Ge-
netic studies can be used to reveal details of some of the
mechanisms involved. Cells from patients with the genetic
disorder ataxia telangiectasia are distinctly more radiosen-
sitive than corresponding cells from normal individuals.
The difference in sensitivity between fibroblasts from
ataxia telangiectasia patients and healthy individuals is
about two orders of magnitude. The genetic disorder re-
sults from mutations in a single gene but gives rise to five
different complementation groups (4). It appears that
changes of molecular cell components and in the intracel-
lular environment, associated with progression through the
cell cycle, are sufficient to cause large variations in the size
of the programmed response to radiation damage.

Another factor which has been found to influence radia-
tion response is oncogenesis. Numerous accounts in the
literature detail the changes in radiosensitivity associated
with cellular transformation. The range of radiosensitivi-
ties of human tumour cell lines is orders of magnitude in
size (5). Changes can be either greater or lesser radiosensi-
tivity. In a few cases specific oncogenes, associated with
development of the tumour, have been found to contribute
to these changes in radiosensitivity (6—9). The spectrum of
intracellular and extracellular signals, which interacts with
the network of signalling pathways responsible for cellular
homeostasis and activity, provides an almost inexhaustible
source of possible responses. On the one hand this indi-
cates the enormous complexity of the biological response;
on the other hand it encourages directed research towards
understanding principle factors which influence radiosensi-
tivity, and not towards every minor alteration associated
with perturbation of cell survival or response.

A further indication of the importance of the contribu-
tion of biological mechanisms to radiation response comes
from studies of the cell cycle (10). Depending on the
position of cells in the cell cycle, they display an increased
or decreased radiosensitivity. Cells at the end of S phase
tend to be most radioresistant; cells in G2 and especially in
mitosis, are more radiosensitive. If the cells have an exten-
sive G1, a second peak of radioresistance is usually ob-
served. The difference in radiosensitivity between S phase
and mitosis is about an order of magnitude. Differences in
patient radiosensitivity are a challenge in the clinical situa-
tion, current estimates suggest 5 to 10 per cent of cancer
patients receiving radiotherapy display adverse reaction
due to hypersensitivity (11-13). These differences are often
due to genetic abnormalities of natural radiosensitivity.
We have developed an assay to estimate a patients’ indi-
vidual response to radiation treatment with a view to
avoid severe acute reactions and as an initial baseline for
the assessment of general response to radiotherapy. On the
basis of the range of sensitivities displayed, by different
leukocyte cell types using an apoptosis assay developed by

MacDonald and Lees (14), the assay provides the clinician
with a patient-specific radiosensitivity profile. Such profiles
will assist the clinician in designing individualized radio-
therapy protocols.

The fact that efficient repair mechanisms can be acti-
vated suggests that response to ionizing radiation is an
active process rather than a passive one. An active re-
sponse requires recognition of induced damage by some
form of receptor complex and subsequent signal transduc-
tion in order to mobilize the elements of the cell which are
responsible for the form the response takes; instead of
being passive, where the cells’ response is purely mechani-
cal. The hallmark of an active cellular response is signal
production; the encoding of some relevant piece of infor-
mation in a form which can be handled by the cell in order
to make a ‘molecular’ decision, (i.e. whether or not to
activate specific repair mechanisms). In a series of studies
investigating the role of the protein kinase inhibitor, stau-
rosporine, in induction of cell cycle arrests, we have
demonstrated the existence in mammalian cells of an active
intracellular response mechanism to damage induced by
ionizing radiation or its repair (15, 16). Both radiation and
staurosporine were shown to interact with a kinase sig-
nalling pathway which governs various cell cycle arrests.
The induced arrests were also shown to be equally sensi-
tive to the arrest-release action of caffeine. It is expected
that this intracellular response mechanism, will directly or
indirectly affect many of the biological consequences of
radiation exposure.

Programmed response to radiation damage is too com-
plex to be readily manipulated. Nevertheless, this very
complexity is a key to successful radiotherapy. Early and
late responding tissues display a clear difference in the
form of their linear-quadratic dose response curves. Frac-
tionation regimes make use of these differences in order to
maximize local tumour control without causing an intoler-
able load of late effects to normal tissues. Successful
radiotherapy is a balance between tumour eradication and
normal tissue tolerance. Enhancing the difference between
the magnitude of the two effects by the optimal use of
fractionation regimes significantly increases the likelihood
of complication-free cure. With the modern developments
in cellular and molecular biology, our understanding of the
programmed component of radiation response is increas-
ing rapidly and is helping us to apply its potential in the
clinical setting.

AT THE LOWER LIMITS OF PROGRAM
ACTIVATION

Programmed response requires reception of an activating
stimulus. An observation of importance in understanding
that radiation response is programmed is the finding that a
threshold for activation of response exists. Dose response
to low levels of radiation exposure was found to be higher



than expected in many studies of mutation induction, cell
survival, and human cancer induction. The enhanced effec-
tivity was observed in various experimental systems. It was
observed at dose-rates between 3 and 30 mGy/h and doses
between 0.02 and 0.6 Gy. It displayed dependence on
intrinsic radiosensitivity, cell proliferation status and LET.
The observations suggest that exposure to low levels of
ionizing radiation may be insufficient to activate the spec-
trum of recovery processes typically observed after high
level exposure.

Biological effects resulting from low level exposure of
ionizing radiation are difficult to measure. Often the spon-
taneous frequency of these effects make it difficult to
discriminate true radiation exposure effects from the natu-
ral background incidence (17). This is true for mutations,
cell survival and cancer induction. These effects are studied
in order to address important issues in risk assessment
such as the predicted incidence of tumour induction after
low level exposures. Recently, a number of advances have
been made and techniques are now available which permit
more precise study of the effects of low levels of ionizing
radiation.

It is not possible to study the effects of exposure to very
low dose-rate irradiation on survival. The impact of the
few cells which die cannot be discerned amongst the
natural fluctuations of the plating efficiency. However, it is
possible to study the effects of very low dose-rates on
mutation. This is because genetic effects are heritable and
accumulated effects over many cell generations can be
measured. In this manner the effects of long periods of
low-level exposure can be monitored. Such long-term ex-
posures required the development of suspension-culture
techniques for monitoring mammalian cells lines. They
also required the selection and establishment of cell lines
capable of growth in suspension culture. With these devel-
opments, it was possible to study the effects of biologically
significant doses of radiation (1-5 Gy) at dose-rates as low
as 2.7 mGy/h (18).

To study the effects of low doses of radiation another
approach has been taken. If the response of individual cells
can be monitored, there is no statistical uncertainty about
the number of cells plated. In the final assessment of
plating efficiency this reduces the error, and thus the
‘background noise’, from Poisson to binomial. Using com-
puterized microscopy (the Dynamic Microscope Image
Processing Scanner: DMIPS) the response of individual
cells to low doses of radiation can be followed. It has been
possible to observe the effects of doses between 0.1 and 1
Gy. However, it is difficult to study mutation induction
under these conditions as approximately one million cells
have to be individually analysed for each data point. Flow
cytometry may provide an approach to overcoming this
difficulty.

Quantifying the risk of low levels of radiation on human
populations is a formidable task. Large numbers of ex-

posed individuals are required for such studies. Very often
confounding circumstances prevail when such situations
arise. Data are, therefore, limited. Recently, however, a
few pertinent and useful clinical studies have appeared in
the literature. Although these are limited in number they
provide a basis for answering such questions and they
suggest that under certain circumstances low levels of
radiation exposure can cause an unexpectedly high fre-
quency of secondary malignancies.

In a simplified radiation protection situation, a linear
relationship would exist between the production of a bio-
logical effect and radiation dose. This relationship could
then be extrapolated to low doses, and for any low level
exposure a damage estimate made. However, as evidence
accumulates indicating that response to radiation is a
biologically complex event; requiring recognition of dam-
age and recruitment of cellular defence and repair mecha-
such oversimplifying assumptions about the
consequences of low dose exposures require reappraisal.
As a case in point: if recognition of cellular radiation
damage has a threshold, below a certain low level of
radiation, insufficient damage will be available to activate

nisms,

response.

The recovery pathways are expected to be energy de-
manding. Ideally, such pathways would only be activated
after a minimum level of radiation damage had been
produced. If true, a linear dose-response relationship
would not be expected but rather a step function, radiation
damage being reduced at the threshold dose where activa-
tion of high efficiency recovery pathways was induced. The
very low dose-rate studies reported here, in the mGy/h
range, are still 103-10* fold higher than natural back-
ground. Classification of dose rates is somewhat arbitrary
and the proposed nomenclature of Hall is used here (19),
with modifications: ‘low’ being 0.05-10 Gy/h and ‘very
low’ being 0.1-50 mGy/h (1 ¢Gy/min = 0.6 Gy/h). Evi-
dence is reviewed demonstrating that a threshold for the
induction of radio-protective mechanisms exists. This is
based on data from mutation, survival and transformation
studies. The results advise caution suggesting that unex-
pectedly high frequencies of secondary malignancies can
result from very low dose-level treatment protocols.

Mutation studies

In 1985, Crompton et al. described increased mutation
induction by very low dose-rate radiation in Chinese ham-
ster cells (20). An inverse dose-rate effect for induction of
6-thioguanine resistant mutants in Chinese hamster V79-S
lung fibroblasts was observed. The V79-S lines were
adapted for growth in suspension culture from the V79-
379 line. For a given dose, a decrease in mutation induc-
tion occurred as the dose rate was reduced from high to
low. However, even more reduction in dose rate resulted in
an increase in the frequency of mutants observed for any
given dose. A 2 Gy isodosis curve was presented (20) in



order to evaluate the data in terms of the number of
mutant cells per million survivors induced by the 2 Gy
‘standard effective dose’ (21) of ®°Co y-rays, at dose-rates
varying from 4.5 mGy/h to 84 Gy/h. Despite differences in
magnitude, all three cell lines demonstrated a reduction in
mutation frequency as the dose rate increased from the
lowest dose-rates studied to between 30 and 50 mGy/h.
This was followed by an increase in the mutation fre-
quency at higher dose-rates. The effect is particularly
pronounced in the S83 cells which may result from an
additional mechanism, perhaps increased genetic instabil-
ity (20, 22). At the very low dose-rates studied, the en-
hanced mutation induction could be attributed to none of
the following: proliferation, plating efficiency, cell cycle
phase distribution, and enhanced radio-sensitivity or ra-
dio-mutability to subsequent high dose-rate exposures (3).
These low dose-rate studies with V79 cells have been
reassessed independently at another laboratory, where en-
hanced mutation frequency was also observed at very low
dose-rates: 6 and 19 mGy/h (B. Singh, Gray Laboratory,
unpublished data).

Recent studies of another Chinese hamster cell line,
PL61/1 examined the induction of resistance to 6-thiogua-
nine after exposure to very low dose-rate (17.6 mGy/h)
137Cs y-rays (23). The PL61/1 cells were derived from
Chinese hamster ovary (CHO) cells which were /hprt-.
These were transfected with a single copy plasmid carrying
the gpt gene. The gpt gene is the bacterial (E. coli) gene
encoding xanthine—guanine phosphoribosyltransferase. Its
presence confers 6-thioguanine sensitivity on otherwise
hprt-cells. Mutation to 6-thioguanine resistance in PL61/1
cells is 3—4 times as frequent as in V79 cells. During the
irradiation period the cells were not maintained in suspen-
sion culture but in periodically trypsinized cultures: expo-
nentially growing monolayers which were regularly
passaged by harvesting the cells with trypsin. Enhanced
mutation frequency was observed only at total doses below
2 Gy (24). It appeared that under these conditions a 1-2
Gy ‘conditioning’ dose was required to induce the en-
hanced premutational repair.

Confirmatory studies, if less extensive, were reported in
L5178Y mouse leukaemia cells. Two different strains of
L5178Y were studied; LY-R and a radiosensitive line
derived from it, LY-S. Their general response to ionizing
radiation (250 kVp x-rays) and UV light has been reported
(25). The mutation studies performed with these cells
investigated induction of 6-thioguanine resistant mutants.
Although an early paper reported only a reduced mutation
frequency at low dose-rates (20 mGy/h) (26), results pre-
sented later by the same group described enhanced muta-
tion frequency at even lower dose-rates (3 mGy/h) in the
LY-R strain. This increase was not observed in the radia-
tion sensitive LY-S strain, see Table 1.

Furuno-Fukushi et al. (27) performed similar investiga-
tions of survival and mutation at 6.3 mGy/h (3’Cs y-rays),

200 mGy/h (**’Cs y-rays) and 30 Gy/h (°°Co y-rays), in
L5178Y cells. A decrease in survival was reported at both
200 mGy/h and 30 Gy/h but none at 6.3 mGy/h. The
mutation frequency per dose unit was found to decrease as
the dose-rate was increased from 6.3 mGy/h to 200 mGy/h
and then to increase when the dose-rate was further in-
creased to 30 Gy/h. The mutation frequency levels were
similar for 6.3 mGy/h and 30 Gy/h. Cells previously
exposed to various doses of radiation at 6.3 mGy/h dis-
played no enhanced radio-mutability when exposed to
second doses of radiation at acute dose-rates. These results
confirmed the reduction in mutation frequency at interme-
diate dose-rates, and at dose-rates similar to those for the
Chinese hamster cells. Studies with a hypersensitive line,
LX830, displayed a dose-rate independent mutation induc-
tion (28). As opposed to the parental L5178Y line, LX830
cells had no shoulder in the survival curve and were much
more radiosensitive.

Furuno-Fukushi et al. (29) also reported studies of
mutation induction in mouse m5S cells in plateau-phase
exponentially growing, periodically
trypsinized, cell culture; at dose rates of 13 mGy/h, 180
mGy/h and 30 Gy/h. The studies suggest that the inverse
dose-rate effect may be related to cell proliferation.

culture and in

Plateau phase cultures at equal doses displayed an increas-
ing mutation frequency with increasing dose rate. No
enhanced mutation frequency at 13 mGy/h was observed.
Exponentially growing, periodically trypsinized, cell cul-
tures displayed a more complex response. At low total
doses (below 5 Gy), the cells displayed a dose-rate inde-
pendent mutation induction. However, at higher total
doses the low dose-rate and very low dose-rate exposures
resulted in an unexpected downward bending of the muta-
tion induction curves. The authors described a tendency
for an inverse dose-rate effect at lower dose-rates. Supple-
mentary studies at other low and very low dose-rates
would help to confirm these results.

Ongoing studies with human cell lines have revealed a
similar pattern of dose-rate independence in hypersensitive

Table 1

Frequency of 6-thioguanine mutants per million cells

induced by 0.5, 1.0 or 1.5 Gy x-rays administered at

various dose-rates to two lines of mouse lymphoma
L5178Y cells (338)

LY-R 0.5 Gy 1.0 Gy 1.5 Gy
3mGy/h  132+25 239410.7 455+20.3
20 mGy/h  7.6+2.5 147+3.6 17.3+2.6
53 Gy/h 6.5+04 143+2.1 254+4.7
LY-S 0.5 Gy 1.0 Gy 1.5 Gy

3 mGy/h 1.8+1.0 5.6+2.1 7.0+3.0
20 mGy/h 2.6+ 1.1 8.0+2.6 149 +4.0
53 Gy/h 54413 6.6+2.4 11.4+23



lines but dose-rate dependence in non-hypersensitive lines.
Grosovsky and Little (30) reported studies using the TK6
human lymphoblastoid cell line. One advantage of using
this cell line is that two mutation end points can be studied
simultaneously: induction of resistance to 6-thioguanine
and induction of resistance to trifluorothymidine. Daily
doses of between 0.01 and 0.1 Gy (100 kVp x-rays) were
administered at high dose-rate, rather than by continuous
low dose-rate treatments. Mutation induction was found
to be dose-rate independent for both end points. No effect
of the size of the fractions (daily exposures) was observed,
only the total dose administered effected the final mutation
frequency. These experiments were repeated under condi-
tions of continuous low dose-rate exposure by Konig and
Kiefer (18). They also reported dose-rate independent in-
duction of both types of mutations. In both studies only
linear mutation induction curves were found. TK6 cells are
hypersensitive to ionizing radiation. They have an expo-
nential survival curve with a Dy of 0.47 Gy. Like other
blood and blood progenitor cells they display a radiosensi-
tive interphase cell death (apoptosis) (31, 32).

Kohlpoth (33) studied dose-rate effects (®°Co y-rays) in
another human cell line with a non-linear mutation induc-
tion curve, referred to as SP3. The parental P3 cell line is
a teratocarcinoma cell line, with epithelial morphology and
a stable 46 chromosome karyotype (34). It has been suc-
cessfully used in mutation studies (35). A sub-line was
adapted for growth in suspension culture and named SP3
(33). The survival curve of the SP3 line has a prominent
shoulder (D, = 1.5 Gy) and final slope with a D, of 0.78
Gy. The mutation-induction curves of this human cell line
are not linear but bend upward with increasing dose.
Kohlpoth and Kiefer reported a fall in mutation frequency
when the dose-rate was increased from 5 mGy/h to 50
mGy/h but an equivalent rise again in the mutation fre-
quency when the dose rate was increased further from 50
mGy/h to 90 Gy/h. Once again, therefore, a reduced
mutation frequency at intermediate dose-rates was ob-
served. The influence of proliferative status on the muta-
tion frequency in the parental P3 cells at very low
dose-rates was investigated. Stationary monolayer cultures,
which could be maintained over several weeks with occa-
sional refeeding, were subjected to y-rays at dose rates
between 10 and 50 mGy/h. A continuous increase in
mutation frequency with increasing dose rate was ob-
served. This suggests that enhanced mutation frequency
observed at very low dose-rates in exponentially-growing
continuous cultures is linked to the active cellular prolifer-
ation (36). This was the same conclusion that had previ-
ously been drawn by Furuno-Fukushi et al. (29).

Survival and cancer studies

A widely used model to describe the decrease in survival of
irradiated cells in vitro is the Linear-Quadratic (LQ)
model. The LQ model has also been shown to predict the

increase in total dose with decreasing dose per fraction
needed for an isoeffect response to radiotherapy in normal
tissues and tumours (37). This relationship reflects the
gradual decrease in radiation effectiveness with lowered
doses due to these doses being further and further back on
the shoulder of the underlying survival curve for the cells
at risk. Thus for doses higher than 1 Gy per fraction, the
LQ model has been found to be a reasonable predictor.

The effect of low doses per fraction, less than 1 Gy and
typically down to 0.1 Gy has been evaluated on lung, skin
and kidney (38-40). These studies were possible utilising
an experimental design in which only a part of the total
underlying damage, equivalent to full tissue tolerance, was
produced by the x-ray fractions of interest, and the bal-
ance was supplied by a ‘top-up’ dose of low-energy (high-
LET) neutrons (38). The data obtained in mouse skin, lung
and kidney all demonstrated an increased effect of small
x-ray fractions, particularly skin and kidney. In the kid-
ney, for example, the total curative dose was approxi-
mately 92 Gy at 1 Gy per fraction but decreased by a
factor of 1.9 to about 49 Gy at 0.2 Gy per fraction.

One study on tumours irradiated in vivo assessed the
response to doses per fraction less than 0.6 Gy. Beck-
Bornholdt et al. (41) irradiated the R1H rhabdomyosar-
coma of the rat with full-course schedules of 200 kVp
x-rays administered in different numbers of fractions vary-
ing from 6 to 126. No top-up doses were used. The
schedules were given in the same overall time of 6 weeks so
that the influence of proliferation was expected to be the
same. The periods between fractions were of at least 8
hours duration in all schedules to allow complete repair
between the successive doses. Compared with the schedules
using between 6 and 42 fractions (dose per fraction > 1
Gy), curative doses were lower, and net growth delay per
Gray higher, for the 126-fraction schedule (dose per frac-
tion <0.5 Gy). The qualitative agreement of increased
sensitivity at very low doses per fraction in both the R1H
tumour and mouse skin, kidney and lung is interesting,
suggesting that this reflects a phenomenon that is more
fundamental and widespread. It indicates that the low dose
radiosensitivity should be detectable in vitro given the
right conditions.

Studies to compare the data obtained in vivo with direct
measurements of survival made on established lines of
mammalian cells in vitro exposed to very low doses of
x-rays have been conducted at the Gray Laboratory. Accu-
rate measurement of cell survival in the low dose, high
survival region has been possible by using a computerized
microscope, to locate and record the positions of single
cells on a growth surface (DMIPS), and monitoring these
cells individually to determine whether or not a colony,
indicative of cell survival, grows (42-44). Survival re-
sponse of the V79 hamster cell line (43) and of four
radioresistant human tumour cell lines: HT29 (44), RT112
(45), MEWO (45), and Bell (46), was measured after



irradiation with single doses of x-rays (0.05-5 Gy) using
the DMIPS. The response over the x-ray dose range 2—5
Gy showed a good fit to the LQ model but, for x-ray doses
below 1 Gy, an increased x-ray effectiveness was observed.
Cell survival was found to be below that extrapolated from
the LQ model based on high-dose data. This work has
now been extended to L132 normal human lung epithelial
cells (47). At doses between 0.15 and 1 Gy cell survival was
significantly reduced compared to the predicted linear-
quadratic response.

The low dose hypersensitivity was not seen after neutron
irradiation of the V79 and HT29 cell lines. Neutron RBE’s
were calculated for each x-ray dose by taking the x-ray
survival value and comparing it to the common LQ fit of
the neutron data. Over the x-ray dose range 0.05-0.2 Gy,
the RBE is close to 1 indicating that these very low doses
of x-rays are of similar effectiveness to neutrons in killing
cells. An increase in RBE with increasing dose over the
range 0.05—-1 Gy, and a slight decrease in RBE above 1
Gy, reflect changes in x-ray sensitivity over the dose range
0.05-5 Gy (44). Interestingly, low dose hypersensitivity of
human tumour cells growing in vitro has been confirmed
recently using another assay involving cell sorting. This
method also improves on the resolution of cell survival
data at low doses in a significant way (48).

The multiphasic form of the survival curve at low doses
is less apparent in radiosensitive cell lines, such as the
MEWO melanoma line, and no induced recovery was
observed in the SW48 colo-rectal line (45). This and other
theoretical arguments suggest that the phenomenon reflects
induction of radioresistance mechanisms above a critical
level of exposure. Confirmation of this also has come from
a series of studies investigating split-dose exposures. If the
first dose was capable of inducing radioresistance, the
second dose was found to be far less cytotoxic than the
first. However, this protective effect was not observed if
the first dose (0.2 Gy) was below the inductive ‘threshold’
(49). All these data in vitro are consistent with the obser-
vations in vivo. Using low doses per fraction, the initial
modest effect on the survival curve is successively dupli-
cated and, therefore, the effect of the total dose adminis-
tered during these treatments is magnified (50). Theoretical
calculations based on in vivo and in vitro data suggest that
the increased effectiveness of low doses might be turned to
advantage in the treatment of very radioresistant tumours.
These could be treated by hyperfractionation with doses
per fraction less than 0.5 Gy or by continuous extended
irradiation, e.g. brachytherapy (50).

The first studies that quantified the carcinogenic effect
of ionizing radiations in humans appeared in the 1950s.
They were focused mainly on the frequencies of leukaemia
cases among survivors of the Hiroshima and Nagasaki
bombings and in patients who had been irradiated for
treatment of ankylosing spondylitis. However, most of
these early studies did not accurately describe the whole

dose-effect relationship, for two main reasons. Either, the
irradiated populations and/or the increased incidence of
cancers were small, or the range of doses given to critical
tissues was narrow. Further, knowledge of the appropriate
biostatistical techniques was inadequate in the 1950s, so
that it was not possible to reliably estimate the true effects
of low doses from the data.

One of the most important studies published recently on
this topic is that of Boice et al. (51) entitled ‘Leukaemia
risk in patients treated for cancer of the cervix’. This work
is a case-control study on about 150000 women. The study
has four main features. First, the population was large
(greater than that of the survivors of Hiroshima and
Nagasaki). Second, the dose given could be calculated
accurately (the physicist estimated that the dosimetry was
high quality in more than 90% of the cases). Third, the
range of doses given to the critical tissue namely the
hematopoietic bone marrow was very wide (most values
were between 1 Gy and 12.5 Gy). And lastly, the authors
had a very suitable control population (the same type of
patients, but treated by surgery only). The survival of these
patients was evidently limited by the cancer itself and the
age of the patients at the time of treatment. The 143
leukaemia cases actually studied were taken from a total of
195 cases confirmed by the pathologist. The remaining 52
patients were suffering from chronic lymphoid leukaemia,
which is known not to be induced by ionizing radiations.

The dose-effect relationship was ‘bell-shaped’ with the
greatest relative risk (RR) at a dose of 4 Gy (RR = 2.53),
which then diminished at higher doses (RR =1.42 for
doses above 14 Gy). This type of ‘bell-shaped’ curve for
the induction of leukaemia by ionizing radiations is excep-
tional in humans, but a similar type of relationship has
been observed in mice (52). Boice et al. (51) suggest that
this bell-shaped curve is the result of two competitive
phenomena. One is the leukaemogenic effect, which domi-
nates between 1 and 4 Gy, the other is the killing effect,
which dominates above 4 Gy. This is the classical explana-
tion for this type of dose-effect relationship which is very
reminiscent of results obtained in vitro for rodent cells
(53). The criteria used to analyse the rodent data were the
survival rate and the transformation rate (54).

A second explanation for the relationship observed by
Boice et al. has been proposed (55). The human leukaemia
curve was obtained under irradiation conditions very dif-
ferent from those generally used experimentally. Under
experimental conditions; a single dose, often of 1 Gy or
greater, is normally used. The patients studied by Boice et
al. (51) were treated either by external radiotherapy (usu-
ally 2 Gy per session to the target volume for 25 sessions),
and/or by interstitial therapy whose total duration is not
clear, but which was probably 3-6 days. Under these
conditions, the most active leukaemogenic doses (1-4 Gy)
were probably received by the bone marrow, at doses of
4-16 cGy per fraction (external beam radiotherapy) or



dose rates ranging from 7 to 55 mGy/h. These latter dose
rates produced the highest mutation frequencies in in vitro
mammalian cell culture experiments (3). Furthermore, a
single dose of 16 cGy falls within the dose range per
fraction that gives the highest relative rate of cell transfor-
mants per surviving cell in vitro (53). The bell-shaped
curve obtained by Boice et al. could at least partly be due
to a hypersensitivity to small doses (4-16 cGy) or to very
low dose-rates (7-55 mGy/h).

Clearly, such comparisons of experimental and clinical
data must be made cautiously. The same cell lines are not
being compared, neither is cancer development an auto-
matic consequence of transformation, although the latter
appears to be a necessary first step in cancer development.
Furthermore, to reconcile the Boice data with the rodent
studies (53), it must be assumed that each small fraction
(ranging from 4 to 16 cGy) produces the same effect per
fraction until the final total dose has been administered.
Nevertheless, the data reported by Boice et al. (51) on the
induction of leukaemia in humans by radiation are not in
conflict with the concept of hypersensitivity to low doses
or very low dose-rates.

Chmelevsky et al. (56) recently reanalysed the incidence
of bone sarcomas in patients who had been given injec-
tions of 2?*Ra as treatment for bone tuberculosis or anky-
losing spondylitis. While the group of patients was small
(800 cases) the incidence of bone sarcomas in the group
(56 cases: 14.3%) was considerable; less than 1 case would
be expected in a non-treated group. The dose given to the
bone surface was measured accurately, and displayed a
wide range, from a few tens of cGy to tens of Gy. The
simplest dose-effect relationship, a linear one, suggested
that the incidence of this tumour is 1.8% per Gy. A later
analysis, however, showed that a linear-quadratic fit pro-
vides a better description of the overall effects (56). The
quadratic term corresponded mainly to the higher rate of
bone sarcomas seen in patients who had been given the
highest doses. But this explanation is not completely satis-
factory. Several confounding factors, such as age, sex,
original disease, dose fractionation, could all have inter-
fered with the effects of irradiation.

There was a very good correlation between the total
dose received by the bone and the total exposure time.
Chmelevsky et al. (56) therefore examined the specific role
of time (expressed as ‘injection span’) independently of the
dose. The best fit was obtained using two coefficients: ‘o’
(0.0055/Gy), proportional to the dose ‘D’; and “y’ (0.18/
month), proportional to the time ‘t’. This implies that the
carcinogenic effect of a given dose of 2**Ra was greater if
it was given oven a longer time. For example, reducing the
dose rate three-fold doubled the carcinogenic effect. Addi-
tion of a quadratic-dose component ‘f’ to the two coeffi-
cients ‘a2’ and “p’ did not improve the fit, confirming that
the apparent upward bending of the dose-effect curve
depends more on exposure time than on the dose itself.

The conclusion of this study seems to be particularly
important. It shows that there is a reverse protraction
factor for the carcinogenic effect of certain types of ioniz-
ing radiation in man. Such a reverse protraction factor has
also been demonstrated in in vivo experiments (57). This
type of phenomenon has seldom been described in man,
except for some reports concerning tin and uranium min-
ers (58, 59).

It is difficult to compare these clinical results with in
vitro experimental data. As the half-life of ***Ra is short
(3.66 days) and the patients were given several injections of
224Ra, the bone cells were clearly subjected to discontinu-
ous low dose-rate irradiation. However, to a first approxi-
mation, an average dose rate can be calculated from the
original data. The mean dose rate was 0.54 mGy/h (2.12
Gy/5.5 months) for 587 adults, and 1.36 mGy/h (10.71
Gy/10.9 months) for 192 children and adolescents. Thus
Chmelevsky et al. (56) observed a reverse protraction
factor below about 1 mGy/h. Crompton et al. (3) used in
vitro mutagenicity as a criterion and found reverse pro-
traction below a dose rate of about 1 ¢Gy/h, which is ten
times greater than that found by Chmelevsky et al. (56)
This difference could perhaps be due to the fact that the
RBE of «-particles from 2**Ra is about 20 times higher
(60) than that of the y-rays used by Crompton et al. (3)
Although Chmelevsky et al. (56) give no biological expla-
nation for their observation, it is not unreasonable to
assume that it reflects hypersensitivity to very low dose-
rates.

As stated previously, difficulties arise when comparing
experimental results in vitro with radiation carcinogenesis
in humans. This is particularly true when there is very little
human epidemiological data. Nevertheless, several pieces
of evidence suggest that carcinogenic effects in the low-
dose range (10-60 cGy) and in the very low dose-rate
range (about 1 cGy/h) are more severe than predicted by
simple extrapolation of curves obtained at higher dose
rates, a finding also supported by animal studies. Ullrich
has described tumour induction in BALB/c mice following
exposure to fission-spectrum neutrons (61). He studied
induction of three tumour types: lung adenocarcinoma,
mammary adenocarcinoma and ovarian tumours, in hun-
dreds of mice. Low dose-rates (0.5-5 mGy/h) caused
higher tumour incidence in lung and in mammary adeno-
carcinomas than high dose-rates (600—1500 mGy/h). The
reverse was true for ovarian tumours. High dose-rates
given as single doses or as two equally sized split doses, 24
hours or 30 days apart, were equally effective; with one
exception. At the highest split-dose with a 30 days interval,
lung and mammary adenocarcinoma induction was greater
than after a single total dose. This was not the case for the
ovarian tumours. Tumorigenic response varies depending
on the tissue exposed.



Physiological explanations of enhanced response at low
exposure levels

The dose-rates where a fall and rise in mutation induction
frequency has been observed are similar in Chinese ham-
ster fibroblasts, murine leukaemia cells and human terato-
carcinoma cells. However, dose-rate dependent mutation
induction has only been observed in cell lines where the
survival curves are continuously bending and the mutation
induction curves also bend upwards. In radio-sensitive cell
lines displaying linear dose-response curves, mutation in-
duction appears to be dose-rate independent. The results
suggest that a component of recovery, responsible mainly
for the linear component of dose response, is inducible and
at very low dose-rates the damage produced in a cell is
insufficient to activate this (or these) repair pathway(s).
Another aspect of this enhanced recovery is its dependence
on proliferation. The m5S mouse cell studies of Furuno-
Fukushi et al. (29) and the P3 human cell studies (36) both
indicate that enhanced mutation frequency at very low
dose-rates may be linked to active cellular proliferation.
Miller et al. (62) and Cao et al. (63) have suggested that
inverse dose-rate phenomena may reflect fluctuations in
dose response depending on position in the cell cycle. In
this context a cell cycle ‘window of sensitivity’ has been
hypothesized (62). However, at dose-rates where the ‘in-
verse phenomena’ reported here occurred, cells were al-
ready exposed for multiple generations and no changes in
the duration of the whole cycle, or any specific stage, had
been observed (3). Nevertheless, cell cycle arrests are dose
dependent (64) and the possibility that such arrests are
induced by the low exposure levels, but are insufficient to
produce measurable changes, cannot be excluded.

Can the survival data, both in vivo and in vitro, be
explained, alternatively, by induced repair mechanisms?
One possibility is that the sensitive response at low doses is
a consequence of a small subpopulation of cells (e.g. a
particular position within the cell cycle) with exquisite
radiosensitivity. When such a model is fitted to the in vivo
data it predicts that this subpopulation would comprise
about 7% of the cells and would have an increased sensi-
tivity to x-rays, by a factor of about 13 compared to AT
cells and 81 compared to human fibroblasts in general.
This seems unlikely. Additionally, further experiments in
vitro (43, 65) and further calculations (44) rule out the
existence of a stable genetic subpopulation and also indi-
cate that low-dose sensitivity occurs regardless of the
phase of the cell cycle at the time of irradiation. It is also
difficult to reconcile a mechanism based on perturbation of
cell cycle progression with the data on mouse kidney,
where estimates of labelling index are generally less than
0.3% (44, 66).

Induced radio-resistance is still the most likely explana-
tion for the enhanced response at low exposure levels. It
suggests that low-level radiation sensitivity represents a

‘resting’ response to radiation, and that higher dose levels
become less effective at killing cells per unit dose because,
although increased amounts of DNA damage are pro-
duced, this stimulates or induces repair systems, or stress
proteins, or other protective mechanisms. Radiation-in-
duced systems that protect against chromosomal damage
are well known and have been documented in algae (67—
69), plant cells in vitro (70), protozoan cells (71), hamster
cells (72, 73), and human lymphocytes (74—76). Induced
repair has been proposed to explain the shapes of highly
radioresistant lepidopteran cell survival curves (77-79).
Furthermore, ionizing radiation has been shown to induce
expression of various genes, including for example the
gadd genes (80).

It seems reasonable to assume similar mechanisms may
be responsible for both the enhanced cell killing and
mutation frequency after exposure to low levels of radia-
tion. The two end points are not independent. Mutation
frequency is a function of cell survival. If low doses of low
LET radiations are more effective at killing cells than
predicted, then low levels of radiation might be more
effective at causing mutation (and by implication cancer
induction). However, enhanced mutation frequencies are
observed at dose rates where cell survival is virtually
identical to that observed in non-irradiated controls. Al-
though enhanced survival is expected to contribute to a
reduction in the mutation frequency it is felt insufficient
for this to be more than a minor contributing factor. An
apparent difference between the two end-points is the
dependence on cell proliferation. The mutation studies
indicate that cell proliferation is necessary; however, the
survival studies of murine kidney and lung were performed
on essentially non-proliferating cells (kidney labelling in-
dex < 0.3%), yet the low dose effect was still observed.
The reason for this discrepancy is not immediately clear; it
may be related to the ability of irradiated tissue to ‘remem-
ber’ radiation-induced lethal damage for years, even
decades, before it is finally expressed. Thus, although
damage is caused in non-proliferating cells, the lethal
response may only be expressed when the cells proliferate.

Enhanced mutation, cell killing and transformation have
all been observed at low levels of radiation exposure.
These biological end points are thought to result from
DNA damage, caused by radiation, which is either not
repaired or repaired incorrectly. Do the radiation levels
where this enhancement is observed correlate in the differ-
ent test systems? Another way of expressing this question
is: Does a common radiation threshold exist for the three
phenomena? The threshold for induced radio-protection
occurs at dose rates between 3 and 30 mGy/h or at doses
between 0.02 and 0.6 Gy. Furthermore, the threshold
appears to display an RBE dependence suggesting a spe-
cific type of damage may be involved.

Continuous, single, low dose-rate exposure to radiation
may be thought of as a large number of small dose
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fractions. This equivalence has been well known for many
years and a formula for equating a low dose-rate exposure
with a series of acute dose fractions to the same total dose
giving the same effect, has been described (81). This for-
mula was used to make comparisons with the low dose
studies reported. This calculation requires the half-time for
repair of sublethal radiation injury to be supplied; 1.5 h
was used, as recommended by Marples and Joiner (43).
The point below which a substantial increase in the muta-
tional effectiveness of radiation occurs is equivalent to
doses-per-fraction of the same order as was found for the
increased cell killing effect in normal tissues and V79 cells.
This suggests, although it does not prove, that a similar
mechanism may be responsible for the increased muta-
tional and lethal effects (per unit dose) of small radiation
exposures.

Although the parallels predicted by the Liversage con-
version are suggestive, the formula was intended to deter-
mine equally effective radiation regimes rather than
‘thresholds’ of response to low levels of radiation. An
alternative approach to comparing low dose with low
dose-rate exposures is based on equating the level of
specific types of damage. Double strand breaks (DSB) are
lesions potentially capable of activating recovery processes.
Various cells respond demonstrably to the presence of
single DSBs (1, 82). DSB levels after low dose exposures of
0.25 Gy, required to induce enhanced effect, would cause 7
DSB/V79 cell, based on current estimates of 26 DSB/Gy
(83). DSB levels during low dose-rate exposures are more
complex to determine. It is assumed that three factors
contribute to the ‘steady-state’ level expected: rate of DSB
production (P), rate of DSB rejoining (1,), and DSB ‘dilu-
tion’ from cell division (1;). DSB level = P/(l, + 1,). At dose
rates of 50 mGy/h, approximately 1.3 DSB/h (P =1.3/h)
or 14.3 DSB/V79 cell cycle (11 h in suspension culture) are
produced. Estimates (E. P. Malaise, personal communica-
tion, (83)) of t,, for fast rejoining are 0.167 h (I,p,5 = 4.15/
h) and for slow rejoining are 3.5 h (1,4, = 0.198/h). Under
these assumptions, V79 cells have a doubling time of 11 h
(1, =10.063/h). At dose rates of 50 mGy/h cells contain on
average 0.6 DSB. However, if the fast component of
rejoining is not active they contain on average 5 DSB
(ranging from 3.5 DSB at the start of the cell cycle to 6.9
DSB at the end). These values are essentially identical to
the numbers of DSB induced by the low dose exposures. If
DSB are the inducing factors; the data suggest that more
than one DSB (here between 6 and 7) is required to induce
enhanced recovery (fast component of DSB rejoining).

Mammalian cells may mobilize additional repair mecha-
nisms in the presence of more than one DSB in order to
minimise misrepair or mis-rejoining of multiple DSB.
However, if DNA DSBs are the initiating signal, it is
difficult to account for the lack of induced resistance
observed after low doses of neutrons. One could argue that
the type of damage somehow effects induction. Enhanced

neutron sensitivity has been attributed to the molecular
severity of the inducing lesion (65), presumably making it
more difficult to repair. Sister-chromatid exchanges (SCE)
display very high neutron RBEs. SCE are difficult to
detect using x-rays, a fact attributed to high-efficiency
repair, but are readily induced by neutrons (84). In this
type of scenario, neutrons still induce recovery processes
but are unable to repair the damage, and enhanced cell
killing is still observed. Another explanation for the lack of
induced resistance observed after low doses of neutrons is
irreversible activation of cell death mechanisms. This
would make any subsequent repair spurious. These and
other possibilities need to be examined experimentally.

If the enhanced radio-resistance results from accumula-
tion of some form of radiation damage, what processes
may be involved? Mobilization of efficient recovery mecha-
nisms requires intracellular signalling between the damage
site(s) and the elements of the recovery mechanism. Evi-
dence for radiation induced intracellular signalling has
been reported. Crompton et al. (85) have demonstrated
that a signal kinase pathway which controls cell cycle
arrests is activated following radiation exposure. Further-
more, damage typical of radiation exposure can induce
such arrests. DSB produced by the topoisomerase II in-
hibitor, etoposide, induce cell cycle arrests (86). In yeast,
elimination of a single telomere by a site-specific DSB is
also sufficient to induce cell cycle arrest (82). In the yeast
study, however, it is not clear if the initiating signal is the
primary DSB, the associated chromosome break, or the
prolonged presence of an unrepaired break (at either the
DNA or chromosome level). Intracellular signal pathways
can also be used to modify responses to signals. Thus
non-proliferating cells may respond differently than prolif-
erating cells, and display different recovery mechanisms.
Cell cycle checkpoint controls sensitive to damage signals
(87) are only expected to be functional in cycling cells.
Induction of enhanced recovery may result from activation
of an intracellular signalling pathway by the radiation
damage. Strong preliminary evidence supporting this hy-
pothesis based on dose-rate effects in murine leukaemia
cells has recently been reported (88). These studies indicate
a threshold dose-rate for induction of mitotic delay at
10-15 mGy/h for both the L5178Y-R and L5178Y-S cell
lines. Above this threshold dose-rate the population dou-
bling time is increased for these cells and also for the
P388F mouse lymphoid neoplasm cells.

The studies described here provide evidence demonstrat-
ing that after low levels of exposure to ionizing radiation
enhanced damage may be observed. Radiosensitive cell
lines and some tissues do not display the phenomenon.
However, when it is observed, a threshold for enhanced
recovery is indicated. A possible explanation for the phe-
nomenon predicts that more than one DSB will be re-
quired to activate some programmed recovery
mechanisms. These results raise questions about dose lim-



its for radioprotection. However, the very low dose-rates
and the low doses involved mean the total effect is small,
which mitigates the severity of the
described.

hypersensitivity

MOLECULAR BASIS OF THE PROGRAMMED
RESPONSE

Signal pathway control of the G2/M transition

The central role of signal transduction pathways in biolog-
ical systems is gradually becoming clearer. Phenomenolog-
ical evidence from studies on the effects of low levels of
ionizing radiation demonstrate that radiation response is
activated by a critical minimum level of damage, suggest-
ing that molecular signalling is involved. Detailed investi-
gations into cellular responses reveal complex protein
systems within cells: molecular automata, which process
incoming signals and subsequently effect appropriate re-
sponse. A number of such systems are presently under
intensive study; the control of cell cycling being of particu-
lar significance to radiation biology. Following a critical
minimum dose of ionizing radiation, cells respond to the
induced damage by delaying entry into mitosis until repair
has taken place. A cellular receptor mechanism recognises
the damage and a signal is passed on which induces G2
arrest. Caffeine can override this system, in which case no
arrest occurs and excess unrepaired damage is present in
the cells as they undergo mitosis resulting in increased
frequencies of chromosomal aberrations, micronuclei and
cellular lethality (89). We have been trying to elucidate the
molecular mechanisms involved in this system (15, 90).

Eukaryotic cells in cycle respond to ionizing radiation
by delaying entry into mitosis (91). Delay of entry into
mitosis has been suggested to prevent fixation of a compo-
nent of potentially lethal damage by extending the time
period available for repair (92). This additional repair, in
tumour cells, can impede radiotherapy and led to compro-
mise of tumour control. Elucidation of the arrest mecha-
nisms should permit the design of drugs to improve
therapeutic ratios by mitigating tumour radioresistence
and/or sparing neighbouring healthy tissue. We have been
investigating the possible role of a signal transduction
pathway in the induction of the G2 arrest. The mecha-
nisms leading to the response and arrest are still not clear,
although the initial event appear to be the presence of
double strand breaks in the DNA (1, 93, 94).

Exposure to UV light also causes damage to cells, the
repair of which is inhibited by caffeine. It has been demon-
strated that caffeine intercalates into DNA (95, 96). Based
on these findings and the results of the UV studies, Lang
(97, 98) suggested that conformational changes in the
DNA, induced by the clastogenic agent, prevent mitotic
entry and that these are reversed by intercalation of caf-
feine into the DNA. Radiation damage (or its repair)
induces DNA strand breaks which could prevent chromo-
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some condensation and thus mitosis, and caffeine could
intercalate into the DNA driving chromosome condensa-
tion and mitotic entry. An alternative model is that caf-
feine interferes with a signal pathway in the cell. Caffeine
inhibits cAMP phosphodiesterase and it causes a rise in
the levels of intracellular calcium; both these activities
interfere with signal transduction pathways (99-102). It is
important to answer the question whether cells respond
passively or actively to radiation insult. An active response
would involve activation of a program. Specific receptors
would recognise some signal e.g. DNA damage (or its
repair) and produce an intracellular signal. This would
then be transduced to regulatory proteins which, in this
case, control entry into mitosis. In such a scenario caffeine
would either inhibit transduction of the signal or bypass
the regulatory proteins by interfering with a biochemical
component of the program.

The G2/M transition is regulated by a complex molecu-
lar program which integrates information about nutrient
status, DNA integrity, cell size, etc. via specific receptors
and couplers. Maturation promotion factor (MPF) is the
principle switch of the G2/M transition (103). Its activa-
tion causes cells to enter mitosis and its subsequent inacti-
vation causes cells to enter interphase (104—107). Under
appropriate conditions MPF is activated (108—110). MPF
is a multi-protein complex, two proteins in particular
determine its activity (111-114). One of these proteins is
p34, a protein kinase homologous to the cdc2” gene
product of S. pombe; the other is a cyclin, homologous to
the cdc13* gene product of S. pombe (115-117). A com-
plex of protein kinases and phophatases assimilates infor-
mation about nutrient status, DNA integrity, cell size, etc.,
and under appropriate conditions converts MPF from its
interphase (G2) state to its mitotic state. This is achieved
by phosphorylation and dephosphorlyation of p34, and by
phosphorylation of the cyclin moiety (118, 119). Upon
activation, MPF phosphorylates key proteins which causes
those morphological features of a cell which are associated
with mitosis: chromosome condensation, nuclear envelope
breakdown, nucleolar disassembly, etc. (120). Previous
work has demonstrated that x-rays cause a reduction in
the phosphorylation levels of histone HI, a process which
is inhibited in the presence of caffeine (91). Cyclin B
protein binds to p34, resulting in histone kinase activity.
Muschel et al. (121-123) have shown that G2 arrest is
associated with both a delay in the accumulation of cyclin
B mRNA, when cells are irradiated in S phase; and
protracted low levels of the cyclin B protein despite high
levels of mRNA, when cells are irradiated in G2.

The molecular program (which integrates incoming data
as specified by receptor and coupler choice) for the G2/M
transition checks DNA integrity (124) At least two checks
are made: one monitors DNA replication using a protein
homologous to the gene products of cdc25* (S. pombe)
and tsBN2 (BHK cells), the other monitors DNA repair
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using a protein homologous to the gene product of RAD9
from S. cerevisiae (125-127). If DNA replication or repair
is taking place, activation of MPF is inhibited. In both
cases, millimolar concentrations of caffeine override the
inhibitions, but it is not yet known if caffeine acts in a
similar manner in both situations (128). Another aspect of
the mitotic control program is cell size monitoring. In S.
pombe the weel © gene product plays the key role (129,
130). Mutants of the weel © gene prematurely enter mito-
sis resulting in small cells: the wee phenotype. A second
gene product, niml, inhibits the weel * function. Overex-
pression of either niml™ or cdc25" in an otherwise wild-
type cell induces premature entry into mitosis and the wee
phenotype (131). Importantly, there is no evidence indicat-
ing that caffeine can induce a wee phenotype, it only
appears capable of overriding the actual cell cycle block
but is not able to induce premature mitosis. cdc25% gene
product is a protein phosphatase (120, 132), modified by a
protein kinase (133-135). The products of the cdc2™,
weel* and niml™* genes are all protein kinases. Protein
kinases and their associated signal pathways play a promi-
nent role in the G2/M transition and G2 arrest.

Artificial modulation of G2 arrest by protein kinase
inhibition

Caffeine is a known inhibitor of the phospodiesterase
breakdown of cyclic AMP, thereby, prolonging its effects.
A number of workers have investigated the effects of
cAMP on G2 arrest. They concluded that cAMP does not
induce the cycle block (99, 100, 136, 101). cAMP is the
second messenger released in the adenylate cyclase signal
transfer pathway and its exclusion rules out protein kinase
A as a mediator of G2 arrest. Caffeine also causes a rise in
intracellular calcium (102). Investigations with this ion
have also excluded it as being responsible for the arrest
(137). We have investigated inositol triphosphate and dia-
cylglycerol, the second messengers released in the phos-
pholipase C signal transfer pathway, which activates
protein kinase C (PKC) (138).

Specific signals are received by prescribed receptors and
various G proteins transduce these signals into the PKC
signalling pathway by activating phospholipase C. This is
a diesterase which, upon activation, breaks down phos-
phatidyl-inositol biphosphate into two intracellular signal
molecules; inositol triphosphate and diacylglycerol (DAG).
DAG interacts directly with PKC; its effects are stimulated
by an increase in intracellular calcium. Calcium release
from the endoplasmic reticulum is induced via a receptor
on its surface which responds to inositol triphosphate.
PKC mediates its actions by phosphorylation of specific
target proteins (139). Phorbol myristate acetate (PMA)
mimics DAG in its action. Ionomycin is a calcium
ionophore which artificially increases the intracellular con-
centration of calcium and thus mimics indirectly the action
of inositol triphosphate.

These studies lead us to the following general working
hypotheses:

1. Radiation-induced G2 arrest results from activation of
a protein kinase signal pathway.

2. Caffeine overrides radiation-induced G2 arrest via in-
teraction with this signal pathway.

3. A receptor for DNA damage exists and a kinase cou-
pler for this receptor, which modulates control of mi-
totic entry.

They suggest the following specific working hypotheses for
the phospholipase C signal transfer pathway:

1. Caffeine overrides G2 arrest by inhibiting the phospho-
diesterase: phospholipase C.

2. Phorbol myristate acetate stimulates G2 arrest by mim-
icking diacylglycerol.

3. Tonomycin stimulates G2 arrest by raising intracellular
calcium concentration.

4. Inhibitors of PKC mimic the effect of caffeine and
override G2 arrest.

We examined various inhibitors and activators of PKC
(138). Phorbol myristate acetate and ionomycin, both po-
tentiators of PKC were found to induce a minor but
caffeine-insensitive G2 arrest. The kinase inhibitors, H7
and staurosporine (which are known to inhibit a wide
spectrum of kinases) had only a minor effect on G2 arrest
at concentrations shown to block PKC. Sphingosine is
chemically similar to DAG and PMA. At high concentra-
tions it is toxic to the cells. Doses of sphingosine below 25
uM were used for the investigations to ensure that G2
arrest effects were related to PKC inhibition and not to
any potential strand break production. Cells treated with 3
Gy x-rays and 0 uM or 10 M sphingosine for 4 h and 6
h displayed a minor but significant reduction of the x-ray-
induced G2 arrest.

The effects of caffeine on cells treated with both PMA
and ionomycin in the presence of 0 mM and 2 mM
caffeine for 4 h and 6 h were examined. There was no
indication that the caffeine in any way rescued the
minor effect. Despite the induced G2 arrest being small it
could not be rescued by caffeine which suggests that
caffeine acts upstream of PKC in the signal transduction
pathway. Caffeine could be overriding the G2 arrest by
direct inhibition of a repair enzyme and not via a signal
pathway. The effects of caffeine on strand break damage
induced by 10 Gy x-rays are displayed in Table 2. Neither
the initial production of strand breaks nor their repair
were significantly affected by the presence of 5 mM caf-
feine as has been previously reported (140, 141). This
confirms that caffeine does not abrogate G2 arrest by
inhibiting enzymes involved in any major DNA repair
pathway (138).



Table 2

The first 20 minutes repair of DNA strand break
damage following exposure to 10 Gy x-rays in the
presence or absence of 5 mM caffeine

Repair time  No caffeine Caffeine
Unexposed 0.967 +0.004 Not determined
0 min. 0.564 +0.007  0.597 +0.030

5 min. 0.776 +£0.007  0.788 +0.001

10 min. 0.903 +0.004  0.902 +0.007
20 min. 0.933 +£0.002  0.922 +0.007

The data is expressed as the ratio of double
stranded undamaged DNA to total DNA. Standard
errors are given.

The conclusions of these studies were:

1. Although PKC influences G2 arrest it is not the pri-
mary kinase involved in radiation-induced G2 block.

2. Caffeine does not appear to work via an effect on
inositol triphosphate or diacylglycerol.

3. Protein kinase modulators affect G2 arrest, suggesting
that a protein kinase signal pathway regulates G2
arrest and its inhibition by caffeine.

At concentrations of staurosporine significantly higher
than those required to inhibit PKC, we and others ob-
served that over a period of eight hours cells accumulate in
the G2/M phase fraction (142, 143, 15). The kinase in-
hibitor induces a complete G2 arrest in both V79 Chinese
hamster lung fibroblasts and TK6 human lymphoblastoid
cells. The cells are equally sensitive to the inhibitor and the
induced arrest is dependent upon its continued presence.
At these higher concentrations staurosporine does not
induce strand breaks, as determined by the method of
alkaline elution, see Table 3. Whether staurosporine is
administered at doses of 100 or 200 nM for either 2 or 4
hours, there is no indication of increased DNA strand
break damage compared to the control (0 nM
staurosporine).

If caffeine is present together with 200 nM staurosporine
there is no effect on strand breakage either. However,
millimolar concentrations of caffeine completely abrogated
the staurosporine-induced arrest, release occurring at con-
centrations identical with those which abrogate radiation-

Table 3

Strand break damage to cellular DNA following exposure to
staurosporine for two and four hours

Caffeine  Staurosporine 2 hours 4 hours

0 mM 0 nM 0.963 +0.001  0.963 £+ 0.001
0 mM 100 nM 0.959 +£0.004  0.963 £+ 0.004
0 mM 200 nM 0.964 +0.001  0.962 + 0.004
5 mM 200 nM 0.960 +0.004  0.959 £+ 0.005

The data is expressed as the ratio of double strand undamaged)
DNA to total DNA. Standard errors are given.
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induced arrest. The kinetics of caffeine-induced release and
subsequent mitotic traversal are essentially identical for
both types of G2 arrests. These results suggest that caf-
feine interacts with a signal transduction pathway which
governs the G2/M transition and controls progression of
the cell cycle. They demonstrate the existence in mam-
malian cells of a programmed intracellular response mech-
anism to ionizing radiation-induced damage, or its repair.
This mechanism could affect many of the biological conse-
quences of radiation exposure (15).

Cell division depends both upon the completion of
DNA replication and the absence of radiation damage. If
either condition is not satisfied, cells arrest prior to mitosis
in G2. We have shown that the protein kinase inhibitor,
staurosporine, is also capable of inducing this arrest. Fur-
thermore, all three kinds of arrest display the same sensi-
tivity to millimolar concentrations of caffeine. Despite
these similarities some differences between the various
types of arrest have been reported. The protein phos-
phatase cdc25 (named after the mutant in S. pombe) is
necessary for the arrest induced by incomplete DNA repli-
cation, but not that induced by DNA damage (144). The
reverse is true of the protein kinase wee (named after the
mutant in S. cerevisiae). In this case, wee is required for
damage arrest expression but cdc25" is not required (144).
The two gene products both act directly on MPF. wee
phosphorylates the kinase subunit p34, on tyrosine 15
which lies in the ATP binding site, rendering it inactive
and inhibiting mitosis (145). cdc25 dephosphorylates the
same site on p34, reactivating its ATP binding capacity,
and permitting initiation of mitosis (146).

Studies examining MPF activity during radiation-in-
duced and staurosporine-induced arrest, and their caffeine-
induced release indicate that p34 kinase plays a crucial role
(15, 90). The kinase is inhibited during induction of the
arrests and re-activated during their release. The positions
in the cell cycle where the two induced arrests and where
p34 act, are closely associated (within minutes), as indi-
cated by the rapid activation of p34 protein following
caffeine administration. The positions of the two induced
arrests are close to each other as indicated by the parallel
nature of the increase in activity. It is not clear from the
data how far upstream of the p34 protein, along the
transduction pathway, radiation and staurosporine actu-
ally initiate the arrest signal. We cannot formally exclude
the possibility that at least two arrest sites exist, closely
associated within G2, and that these are the cause of the
minor differences in entry time of cells into G1 following
caffeine release. The p34 activation kinetics indicates that
at most the two arrests can only be minutes apart, further-
more, they must both be equally sensitive to caffeine.

Double-arrest and staurosporine analogue studies

We continued these studies by examining consecutive dou-
ble arrests followed by selective release of first arrest only.
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Fig. 1. Caffeine ameliorates the cell cycle arrests induced by staurosporine.

We also examined the competitive inhibition displayed
between the block induced by staurosporine, and the re-
lease of the block induced by caffeine. Finally a number of
analogues of staurosporine exist which made it possible to
observe the effects of chemically modifying different re-
gions of the drug on the induction of G2 arrest. The
theory behind the double-arrest studies is as follows. In the
presence of either inhibitor the cells stop cycling and are
arrested prior to mitosis. If the earlier block is induced and
then the latter, selective release of the first block results in
no mitotic entry. If the latter block is induced and then the
earlier, selective release of the first block results in release
of the cells from the G2 arrest and mitotic entry.

In order to perform such experiments it was necessary to
establish conditions where the different blocks could be
selectively released. The G2 arrest induced by stau-
rosporine could be released by addition of caffeine or
simply by rinsing the medium to remove the drug. Rinsing
the medium following exposure to ionizing radiation did
not release the radiation-induced G2 arrest. It was, there-
fore, possible to selectively release the staurosporine-in-
duced arrest. Selective release of the radiation-induced
arrest was possible following observations on the caffeine
sensitivity of the staurosporine-induced G2 arrest. Fig. 1
displays the competitive nature of the staurosporine-in-
duced G2 arrest and its caffeine-induced release. At high
doses of staurosporine, more caffeine is required to release
the induced G2 arrest. At lower doses of staurosporine,
less caffeine is required. Following a 90 nM dose of
staurosporine, 3 mM caffeine is insufficient to release the
induced arrest. However, 3 mM is sufficient to release 7
Gy x-ray-induced G2 arrest. It was, therefore, possible to
selectively release the radiation-induced delay.

The first double-arrest studies were performed applying
x-rays and subsequently staurosporine. Five hours after
treating cells with 7 Gy of x-rays, the Gl phase was
essentially empty. A small G1 peak became visible during
the fifth hour, even though no caffeine was present, which
is attributed to the consequence of cellular recovery from
the radiation treatment and subsequent re-entry of cells
into cycle (15). If during the fifth hour 3 mM caffeine was
present, the G1 peak was significantly larger due to drug-
induced release of the arrest. If during the last two hours
90 nM staurosporine was present, the G2 arrest was
complete. No ‘small peak’ of cells in G1 appeared due to
recovery from the radiation treatment. If during the last
two hours 90 nM staurosporine was present and during
the last hour 3 mM caffeine was present, none of the cells
re-entered the cell cycle and no cells appeared in GI.

The second double-arrest studies were performed apply-
ing staurosporine and subsequently x-rays. Eight hours
after addition of 60 nM staurosporine the G2 arrest was
complete. If the cells were rinsed, one hour later a promi-
nent G1 peak appeared due to removal of the blocking
agent. If during the last two hours of the staurosporine
treatment 7 Gy x-rays were administered, the G2 arrest
remained complete. However, if the cells were then rinsed,
one hour later, despite the x-ray treatment, the cells re-en-
tered cycle and a G1 peak was observed. The G1 peak
observed following rinsing of the double-arrested cells was
much broader than the G1 peak observed following rins-
ing of the staurosporine-arrested cells. As expression of G2
arrest following exposure to x-rays may not have been
immediate, the cells were tested for their response to
rinsing for up to two hours following radiation exposure.
There was no indication of induction of a rinse-resistant
G2 arrest with time.



We were able to produce conditions which could selec-
tively release either the radiation-induced G2 arrest or the
staurosporine-induced G2 arrest without affecting the
other. Addition of 3 mM caffeine to radiation-arrested
cells released the block. Although staurosporine-arrested
cells could also be released by caffeine treatment, 3 mM
caffeine was insufficient to release 90 nM staurosporine-in-
duced G2 arrest. No release of the double-arrest, caused
by first x-ray exposure and then staurosporine treatment,
was observed in the presence of 3 mM caffeine. This is
consistent with the possibility that the x-ray-block precedes
the staurosporine-block. It is also consistent with the
possibility that the two agents together induce an equally
or more caffeine-resistant block, than 90 nM staurosporine
at the same point in the cell cycle. The result of reversing
the order of administration of the arresting-agents was
only consistent with the first explanation.

When the cells were blocked with staurosporine for eight
hours, all the cells were found to be in the G2 phase. One
hour after simply rinsing the cells, a clear synchronized
release of the cells into the G1 phase was observed. The
same level of G2 arrest was observed after an additional
x-ray exposure, and one hour after simply rinsing these
double-blocked cells a clear release of the cells into Gl
phase was also observed, despite the induction of a rinse-
resistant radiation-block. However, the width of the Gl
peak demonstrates that the cells released from this double
block had a heterogeneous quantity of DNA. This is
consistent with the passage of radiation-damaged cells
through mitosis which would cause high levels of chromo-
some aberrations and non-disjunction. The release of these
doubly arrested cells supports the hypothesis that the
x-ray-block precedes the staurosporine-block. Cells ar-
rested at a time point subsequent to the radiation-induced
block are radiation resistant till the next G2 phase. Cells
first blocked by staurosporine, then treated with radiation,
are free to pass through mitosis after selective release of
the staurosporine block because they are blocked later in
the cycle than the radiation-transition point.

Staurosporine induces a G2 arrest which can be released
either by the simultaneous administration of caffeine, or
by rinsing. The kinetics of release-induced G1 entry for
both treatments is similar. There is evidence of a slightly
more rapid release if staurosporine is simply rinsed off.
However, the great similarity between the two types of
release suggests that caffeine has an effect similar to rins-
ing, effectively eliminating staurosporine’s action. This ex-
planation is supported by the competitive antagonism
displayed between the two compounds. If the concentra-
tion of either drug is increased so the concentration of the
other has to be increased in order to still be effective; Fig.
1. Staurosporine has been shown to inhibit kinases by
binding to the ATP binding site which presumably causes
steric hindrance to ATP binding and prevents kinase activ-
ity. Gadbois et al. (147) have demonstrated in vitro that
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staurosporine, at concentrations which induce G2 arrest in
cell culture, inhibits p34 activity.

The most parsimonious explanation for these observa-
tions is that staurosporine and caffeine compete for the
same binding site on p34. If this is the case, it is not clear
how caffeine binding simultaneously prevents stau-
rosporine binding yet permits normal kinase function.
Therefore, we studied the effects in a number of stau-
rosporine analogues to examine if caffeine-like structures
in these molecules are responsible for the G2 arrest phe-
nomenon. The six analogues tested are shown in Fig. 2.
The potent PKC inhibitor GF 109203X was incapable of
inducing a G2 arrest, whereas, K252a induced an arrest
between 30 and 100 nM. Three of the analogues induced
an arrest, at the concentrations given (Fig. 2, upper panels)
but three induced no arrest, even at the highest concentra-
tions tested (Fig. 2, lower panels).

The analogue GF 109203X, a potent and selective in-
hibitor of PKC, induced no G2 arrest even when adminis-
tered at 1000-fold higher concentrations than the
staurosporine. Cyclization of the bisindolylmaleimide
group to form indolocarbazole and reduction of the
maleimide group, which reduce the activity and specificity
of PKC inhibition, were always associated with inhibitors
capable of inducing G2 arrest. However, KT 5720 and
K252b both displayed these traits but induced no G2
arrest. These results confirm our previous findings that
PKC is not a major kinase involved in the induction of G2
arrest (138, 15). K252a and KT 5926 were capable of
inducing G2 arrest but KT 5720 and K252b were not. The
minimal structural differences between K252a and KT
5720 and between KT 5926 and K252b indicate that the
residual group is very important in conferring G2 arrest
specificity. In particular the methyl ester group of the
sugar residue is essential. If this is changed to a hexanyl
ester or a free carboxyl group the ability to induce G2
arrest is lost. The shift from a five- to a six-member sugar
ring results in a 10-fold greater specificity. If caffeine and
staurosporine compete for the same binding site the in-
dolyl group cis to the methyl ester group could be the
region of the molecule which mimics caffeine. Another
explanation for the antagonistic inhibition of the drugs
could be their independent action on two competing en-
zymes. Staurosporine could inhibit the activity of a kinase,
and caffeine the activity of a phosphatase; which phospho-
rylate and dephosphorylate, respectively, the same regula-
tory target molecule. The physiological target(s) of the two
drugs still needs to be determined.

All three radiation-induced arrests: G1/S phase transi-
tion, S phase progression and G2/M transition are induced
by staurosporine and equally sensitive to millimolar con-
centrations of caffeine (148). The site of action of the
staurosporine remains undetermined. As all three arrests
are similarly sensitive to caffeine, the most parsimonious
explanation is that all three agents, independent of their
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Fig. 2. Analogues of staurosporine. In the upper panels are analogues which could induce G2 arrest, and in the lower panels are those

which could not, at the doses given.

primary site of action, eventually interfere with the action
of cell cycle promoting factors via a common factor. A
second explanation is based on the studies of Muschel et
al. (121-123). These studies suggest that cyclin is involved
in radiation-induced G2 arrest. In this scenario, radiation
inhibits the availability of cyclin until the damage is re-
paired after which it associates with p34 and promotes
mitosis, and staurosporine inhibits a kinase which phos-
phorylates cyclin in preparation for mitosis. This type of
explanation is equally valid for any component necessary
for G2/M transition capable of independent inhibition by
both radiation and staurosporine. Although the biomolec-
ular details of these pathways still require elucidation,
these studies demonstrate that kinase signalling pathways
are major components of the programmed response of
cells to radiation.

INTRODUCTION OF A DEFECTIVE PROGRAM
LOOP

Programmed response requires an adequate stimulus. Af-
ter the stimulus has been removed either the program
should automatically stop, or a subroutine should be
initiated which causes its termination. In some situations,
however, the response to radiation does not stop. Appar-
ently a defective loop is induced in the program; not only
does the response continue in the absence of the stimulus
but the state of activation is transmitted to the daughter
cells for many generations. The effect of this state of

activation is a labile or unstable genome. That the genome
can become labile has been evident since McClintock
observed that the prolonged presence of a single broken
chromosome end in a cell causes activation of dormant
transposable elements (TE) (1). One of the consequences
of this lability is an elevated probability of cellular trans-
formation and carcinogenesis.

Radiation-induced genetic instability

The component cells of an irradiated normal-appearing
survivor colony or clone do not have a proliferation
capacity equivalent to that of unirradiated cells. It has
long been known that regions of normal (healthy) tissue
that have ‘recovered’ from irradiation will not tolerate
anything like as much radiation as previously unirradiated
tissue and will react unusually sensitively to subsequent
exposures, or to cytotoxic drugs. Following irradiation, the
cells have changed and this change is passed on to subse-
quent generations. Upon closer inspection it is found that
the genome of these cells has become labile. The phe-
nomenon is referred to as radiation-induced genetic insta-
bility (RIGI). Various types of RIGI have been observed.
The types observed depend very much on the methods of
observation used and they seem to be different expressions
of the same phenomenon. The types include:

Delayed reproductive death
Microsatellite changes
Gene amplifications & chromosome aberrations



Increased mutation & transformation
Changes in ploidy

Delayed reproductive death was observed soon after
assays based on cell death became available (149, 150).
The progeny of irradiated cells were found to be generally
less viable (151, 152). This reduced fecundity persisted in
many cell types for 20—50 cell generations before, in some
but not all, the fitness typical of unirradiated cells was
restored (153-155). Microsatellites are di- tri- or tetra-nu-
cleotide sequences which are repeated up to hundreds of
thousands of times in the genome. Following irradiation
the length of these sequences becomes highly variable,
probably via a process of induced recombination (156,
157). Gene amplification is the abnormal multiplication of
genes during the cell cycle. Not just the genes, but often a
large DNA sequence in which the genes are located, is
abnormally replicated. Once again the mechanism of this
process could be associated with induced recombination.
An increased incidence of chromosome aberrations is
sometimes observed in the same cells, involving inversions,
deletions, translocations and the production of polycentric
chromosomes and chromosome fragments (158). These
types of aberrations are usually detrimental to the cell and
they are clear indicators of induced recombination. A
normal cycling cell would not tolerate the existence of such
chromosome abnormalities and would induce a process of
programmed cell death. The fact that many cell lines do
tolerate the damage indicates that they already have com-
promised genome-surveillance mechanisms (159).

Another type of RIGI is elevation of the rates of
mutation (160, 161) and transformation (162, 163). Radia-
tion is often thought to act directly on DNA when causing
mutagenic damage. An alternative to this hypothesis is one
where radiation causes some cryptic form of damage and
mobilizes factors which influence the genome in an inap-
propriate manner and enhance spontaneous levels of mu-
tation and transformation. These possibilities have been
studied by irradiating very few cells and examining the
consequences. The probability of causing a specific muta-
tion event in only a few cells is very low. What is observed
is that, independent of the number of cells irradiated, the
frequency of transformation, and in some cases of gene
mutation, is identical (164). This is best understood in
terms of an induced genetic instability. Radiation-induced
mutations have been sequenced. They are generally found
to be caused by deletion or translocation events involving
recombination, and not point mutations.

The frequency at which the various types of RIGI are
induced is very high. Following even mild doses of radia-
tion most of the cells demonstrate the RIGI phenotype
(165). Therefore, the target cannot be a single gene. Much
evidence suggests it is the presence of DSB which induce
an elevated background of recombination events. This is
not an unexpected finding. It has been known for some
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time that DSB and chromosome gaps are ‘healed’ using a
repair mechanism which involves recombination. In this
way the missing DNA sequences can be replaced. It is also
interesting to note that all of the RIGI types are genomic
changes which can be induced by recombination. A gen-
eral observation is that although RIGI is induced in
basically all cells irradiated, the severity of the genetic
changes induced is very heterogeneous in the survivors and
even in clones derived from irradiated cells.

McClintock demonstrated that chromosome breaks can
cause genetic instability by activating at least two dormant
transposable elements (TE) (166). The phenomenon of
hybrid dysgenesis (a syndrome of related abnormalities
caused by a TE becoming active after certain strains of
Drosophila melanogaster cross-breed) is thought be directly
related to this. Progeny from the dysgenic cross shows
mobilization of at least four different TE at similar fre-
quencies. The production of DSB caused by the mobiliza-
tion of a single TE might induce a cellular response that
releases other TE from repression (167). Introduction of
non-physiological DSB into the genome may induce ge-
netic instability. In the case of hybrid dysgenesis this is
detrimental to the cell. Ionizing radiation can also cause
DSB in the cell and much evidence has arisen to demon-
strate that it also induces genetic instability. The genetic
instability phenotype is a natural precursor to cellular
transformation and carcinogenesis. Thus the production of
non-physiological DSB is associated with detrimental al-
terations in the genetic material and the cancer-prone
phenotype.

Instability in the genome causes many mutations. Or-
ganisms displaying these highly mutable phenotypes are
called mutators. Cancer is a mutator phenotype which
arises in somatic populations. Nowell (168) proposed the
theory of clonal evolution of neoplasia. Development of
cancer proceeds by sequential steps from a normal cell to
an invasive, metastatic tumour. Multi-step carcinogenesis
involves many cellular processes or defects including:

Induction of genetic instability

Compromised checkpoints (p53, pRb)

Loss of cell cycle control (GO/G1l, G1/S, Contact
inhibition)

Abrogation of induced apoptosis (Bcl-1, Bax, Nbk)
Evasion of the immune system

Induction of angiogenesis (loss of angiostatin)
Telomerase activation (observed in > 90% of tumours)
Induction of the metastatic state

Multi-drug resistance (P-glycoprotein)

Based on epidemiological studies it has been estimated
that the number of mutations necessary for cancer devel-
opment can vary from as many as 7 in stomach cancer up
to as many as 12 in the case of prostate cancer (169).
Background mutation rate in normal cells can account for
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only 2 to 3 mutations observed in tumours. In order to
account for all the mutations observed; either during tu-
mour growth the cells exhibit a mutator phenotype, or
each successive mutation event can drive clonal repopula-
tion, or both occur as they are not exclusive (170, 171).
Hartwell (172) notes that defects in cell cycle checkpoints
could contribute to genetic instability in cancer cells.

Genetic instability has been demonstrated to be a nor-
mal characteristic of tumours. Stepwise acquisition of mu-
tations was originally suggested by Foulds (173). Cifone
and Fidler (174) observed that highly metastatic cells
display a greater mutation frequency rate than less
metastatic cells. Seshadri (175) reported that leukaemia
cells display mutation rates 100-fold greater than normal
lymphocytes. Gene amplification rates in tumorigenic cells
are 10 ~3, whereas in normal cells this is below the detec-
tion rate of the experiment ( ~ 10~°) (176). Vogelstein et
al. (177) demonstrated that multiple allele loss occurs in
colon cancers. More recently Denko et al. (163) demon-
strated that controlled mutation of Ha-ras in p53 negative
cells resulted in genetic instability. Mao et al. (178) demon-
strated that microsatellite alterations are detectable in
~ 50% of all human cancers. Inhibition of genetic instabil-
ity would be an excellent means of preventing carcinogene-
sis. Some indication that this may be possible has arisen
from studies with protease inhibitors (179). These can
prevent the radiation-induced state associated with en-
hanced frequencies of transformation and have been
demonstrated to inhibit carcinogenesis.

Radiation-induced ploidy instability

Radiation-induced transformation of C3H 10T1/2 mouse
fibroblasts causes a number of morphologically visible
alterations to the cells. We investigated various phenotypic
characteristics of these cells to determine to what extent
they are neoplastically transformed. C3H 10T1/2 cells at
passage 13, which had never been allowed to grow to
confluence, were plated in 75 cm? culture flasks. 24 h after
plating they were exposed to 8 Gy x-rays at 0.9 Gy/min.
Immediately after irradiation the cells were washed with
PBS, harvested and plated in 9 cm dishes at a cell concen-
tration of 2—3 survivors per cm?. Cells were maintained in
culture for more than eight weeks with weekly exchange of
the medium. After 58 and 66 days foci were isolated from
a total of eight dishes. They were isolated by trypsinization
in a small isolation ring placed around the colony. The
isolated focal lines were allowed to grow and from them
cell clones were developed. Cells were harvested and then
inoculated into 24-multiwell plates, at a concentration of
one cell per well. The 24-multiwell plates were regularly
monitored until colonies had grown. Cell clones were
taken from those wells where only a single colony had
been observed during the whole growth period. Any indi-
cation of adjacent satellite colonies or non-circularity of a
colony resulted in its being excluded.

Two sets of radiation-induced morphological transfor-
mants were isolated with a period of approximately one
year separating the two experiments. Foci were chosen
based on their highly transformed type II/III appearance:
darkly stained, piled-up foci with peripheral criss-cross
growth (180). In both experiments a total of 19 foci were
isolated from which a total of 63 clones were established.
All of the clones retained a transformed appearance. All of
the focal lines had individual characteristic morphologies.
During the first experiment, six focal lines were isolated.
Clones were established from these focal lines. Four clones
were established from one of the focal lines. During the
second experiment thirteen foci were isolated, only four of
these lines were used to establish clones.

The survival curves of parental C3H 10T1/2 cells and
two independent clones from the most morphologically
transformed type III focus were compared. No significant
difference in the radiosensitivity of the three lines was
observed. The transformation frequency per survivor at 8
Gy was normal: 3.0 x 1073+ 1.7 x 10~ The DNA con-
tent of the radiation-induced morphologically transformed
lines was examined. Both focal lines and clones of these
lines were investigated. The control line was derived from
a patch of irradiated but non-transformed monolayer sur-
rounding the radiation-induced foci. Although the cells
originate from mice which have a diploid chromosome
count of 40, our parental C3H 10T1/2 cells have an
average of 68 chromosomes reflecting a hypotetraploid
state. The control line had the same DNA content as the
‘normal’ parental hypotetraploid line. Focal lines had
varying DNA content (20). Giemsa staining demonstrated
that hypooctaploid cells possess approximately 120 chro-
mosomes confirming that the abnormal DNA content of
the cell lines results from polyploidization (20).

Recently, it has been reported that transformation of
cells, by transfection with various oncogenes, can increase
their radioresistance in association with increased G2 delay
(7, 181). We examined whether radiation-induced morpho-
logical transformation was also associated with an increase
in radioresistance. The radiosensitivity of two clones from
the focus with the most extreme type-III phenotype was
compared to that of the parental C3H 10T1/2 line. No
significant difference between the survival curves was ob-
served. The estimated curve parameters obtained from the
parental survival curve are typical for C3H 10T1/2 (for
review see Reference (182)). The transformation frequency
was also normal (183). The fact that no differences be-
tween the cell lines were observed suggests that the mor-
phological transformation induced is an early stage in the
development of neoplastic transformation.

Staurosporine induces a single, major, cell cycle arrest at
the G2/M border in both transformed and non-trans-
formed cells, however, it also produces a second major cell
cycle arrest at the G1/S border in ‘non-transformed’ cells
(143, 147, 15). We investigated whether this G1 arrest was



lost in the radiation-induced morphological transformants
of C3H 10T1/2 cells. The ability to arrest in G1 was
retained after exposure to either staurosporine or x-rays.
This may reflect a normal status of the p53 genes in these
cells because a 100% concordance between the status of
the p53 gene and the ability of various mammalian cells to
arrest in G1 following exposure to ionizing radiation has
been reported (184—186). In the brain, low grade tumours
(astrocytomas) progress to faster growing invasive high
grade tumours (glioblastoma multiformae) in association
with mutation of the p53 alleles (187). Furthermore, muta-
tions at the p53 locus were found in 31% of x-ray trans-
formed C3H 10T1/2 clones (188). Our transformed C3H
10T1/2 cells displayed both arrests suggesting that at least
one of the p53 alleles is still functional.

Despite evidence of radiation-induced morphological
transformation being an early stage in the neoplastic trans-
formation pathway, the transformants display a clearly
abnormal genetic instability. About 50% of the focal lines
transformed with 8 Gy and their clones displayed this
phenomenon. We have observed ploidies ranging from
hypotriploid to hypododecaploid. The polyploid popula-
tions were not normally stable and in many cases reverted
to their parental hypotetraploid state with time in culture,
although exceptions were seen (15). Despite these changes
in ploidy, all the clones retained their morphological trans-
formed appearance throughout the course of the studies.
Genomic rearrangements of minisatellite DNA have also
been reported in x-ray transformants of C3H 10T1/2 cells
(156). 40% of 6 Gy-induced transformants displayed this
phenomenon. These authors found no correlation between
the appearance of specific genomic abnormalities and tu-
morigenic potential of the x-ray transformants but they
report perfect correlation between the genomic rearrange-
ments and tumorigenicity of methylcholanthrene-induced
transformants. The transformation event induced by x-
rays produces an unstable state in the genetic constitution
of C3H 10T1/2 cells.

Enhanced transformation in inhomogeneous irradiation
fields

The previous data suggest that the transformation pheno-
type is frequently associated with genetic instability and in
particular with a tendency to undergo polyploidization.
Subsequent studies of C3H 10T1/2 cells in inhomogeneous
fields of radiation suggest that the induction of an unstable
state in the genome of a cell may not be a direct effect of
the radiation (189). We developed an in vitro model-sys-
tem employing a thin B-emitting yttrium-90 wire, to pro-
duce extremely inhomogeneous radiation fields in order to
investigate hot particle effects on the induction of cellular
transformation (190). In the inhomogeneous radiation field
surrounding beta-sources, non-lethally and superlethally
irradiated cells are in close proximity permitting interac-
tion via extracellular signals. This situation is typical of
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hot particles such as those released from Chernobyl. Beta-
emitting yttrium-90 wires were employed to investigate
radiation-induced cell transformation under these condi-
tions. Integrated 24 hour-doses in the range from 0 to
1100 Gy across the field of exposure were produced. At
equal levels of toxicity a 10-fold enhancement of transfor-
mation frequency in C3H 10T1/2 cells was observed in the
presence of superlethally irradiated cells (189). Homoge-
neous fields of low dose-rate beta-irradiation produced
transformation frequencies typical for photon at the same
dose level.

C3H 10T1/2 cells within the SF¢s dose region of the
inhomogeneous irradiation field were isolated following
exposure and examined by a standard transformation as-
say. FEither superlethally irradiated cells were simulta-
neously present during exposure or they were excluded by
localising the cells to the SFs dose region alone by means
of an agarose trench. The frequency of transformation
observed in cells exposed to a background of superlethally
irradiated cells was enhanced 10-fold at equivalent cyto-
toxicity. Homogeneous fields were made with an activated
yttrium-90 foil at three different doses (4.5, 13 and 21 Gy).
The results (4, 9, and 17 x 10~* transformants per sur-
vivor, respectively) were in the range predicted for equiva-
lent photon doses. Percent survival after inhomogeneous
yttrium-irradiation in the investigated area was 66.1 + 2.8
in the superlethal-background situation and 62.2 4+ 12.3 in
the non superlethal-background situation. These are not
significantly different at the 0.01 level. Plating efficiencies
were between 10 and 30%, which was somewhat lower
than we observed in control experiments and is attributed
to the additional handling, and/or growth in Petriperm
dishes. Cells were also exposed to a homogeneous field of
low dose-rate *°Y-irradiation and examined for transfor-
mation. The exposures lasted 24 hours. 4.5 Gy (3.1 mGy
min ~!) resulted in a transformation rate of 4.3 x 10 ~%; 13
Gy (9 mGy min~") resulted in 9.4 x 10~% and 21 Gy
(14.6 mGy min—") resulted in 17 x 10~* transformants
per survivor. These values are in the expected range for
low LET radiations (191).

For the inhomogeneous exposures, the integrated dose
over 24 hours fell sharply from approximately 1100 Gy
directly above the wire to zero Gy at the edge of the dish.
Proximal to the yttrium wire, high doses caused both cell
death and cellular detachment. The transformation fre-
quency per viable cell was 10.6 x 10 ~* for cells exposed in
a background of superlethally irradiated cells and 1 x
10 —* for cells in non superlethal-background conditions a
ten-fold difference (189). In the non superlethal-back-
ground situation, the dose received by the cells varied no
more than 30% across the 2 mm trench. The SFys dose
region under both conditions was identical with respect to
dose, dose-rate and cell density. To exclude the possibility
of artifacts caused by the experimental set-up, control
experiments were conducted with 4 Gy high dose-rate (0.9
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Gy min ~ ') x-ray exposures. The resulting frequencies were
15.1 x 10~* and 15.3 x 10~ %, for cells selected with alu-
minium frames or for cells in the agarose trenches, respec-
tively. Such values were routinely obtained in our
laboratory and have been reported in the literature (164).

These high dose-rate x-ray-experiments demonstrate
that neither the agarose nor the method of isolating cells
by means of aluminium frames had a measurable biasing
effect on the transformation frequency. Following the 24 h
exposure to *°Y B-irradiation, cells from both experimental
set-ups were treated in exactly the same manner. The only
obvious difference between the two set-ups was that in one
case intercellular signalling arising from superlethally dam-
aged cells was possible, either via cell-cell contact or via
the medium; but in the other case, no superlethally dam-
aged cells were present. It seems unlikely, but we cannot
exclude the possibility, that radiation breakdown products
in the media contribute to the enhanced transformation
frequency (192). The transformation frequency after 4.5
Gy low dose-rate B-irradiation is 3-fold lower than after
high dose-rate x-ray irradiation. 13 Gy homogeneous B-ir-
radiation is about as effective as 6 Gy with superlethally
damaged cells, corresponding to a 2-fold enhancement
with respect to total dose.

Transformation has been demonstrated to be a multi-
step process. As the difference observed here was caused
during the 24 h of exposure, it probably relates to the
initiating event caused by radiation damage. The differ-
ence appears to be associated with the heavily damaged,
superlethally irradiated cells. Some form of signal either
passively or actively induces enhanced probability of trans-
formation in non-lethally irradiated cells. We have not yet
succeeded in isolating the signalling agent. The pioneering
work of Kennedy et al. (164) demonstrated that a state of
enhanced transformation is induced in cells by ionizing
radiation. We examined foci and clones from colonies of
radiation-induced C3H 10T1/2 transformed cells and ob-
served a state of genetic instability causing multiple ploidy
events (20). The molecular basis for these responses, asso-
ciated with enhanced transformation frequencies, is not
known. Its induction is not necessarily a direct effect of
radiation. Studies of low-dose o-particle exposures re-
vealed an unexpectedly high proportion of cells with sister
chromatid exchanges (193, 194) and enhanced p53 gene
expression (195). In these studies a bystander effect was
indicated on microdosimetric grounds because more cells
than those physically traversed by an alpha particle dis-
played features of radiation exposure.

Various forms of communication between differently
damaged cells have been reported in the literature. Expres-
sion of DNA damage-activated genes is expected to be
high in superlethally irradiated cells promoting enhanced
release of a spectrum of damage-associated cytokines in-
cluding TGFB and TNF«. Important DNA damage-acti-
vated genes that are induced by radiation are the

protooncogenes c-fos, c-jun, jun-B and c-myc. They all
code for nuclear transcription factors and have been dis-
cussed as critical target genes in radiation carcinogenesis
(196). TGFB and c-myc have been found overexpressed in
morphologically transformed C3H 10T1/2 cells (197), and
transfection of untransformed cells with c-myc resulted in
increased transformation (198). Another interesting DNA
damage-activated gene codes for basic fibroblast growth
factor (bFGF). It serves as an enhancer of potentially
lethal damage repair via an extracellular autocrine loop
and enhances DNA synthesis in untransformed C3H
10T1/2 cells (199). Dead and dying cells also release DNA
fragments (200) which have demonstrable transformation
activity. The ten-fold increase in transformation frequency
is greater than differences observed in dose protraction
experiments. It is as high as promoter-enhanced transfor-
mation, e.g. TPA (201). Superlethally irradiated cells ap-
pear to be acting like a tumour promoter.

PROGRAMMED CELL SUICIDE

Rupture of the plasmalemma is proof of cell death. It
results in a collapse of physiological ionic gradients, irre-
versible loss of metabolic intermediates and cytosolic en-
zymes, and damage to the mitochondria. A number of
techniques, measuring the permeability of such ruptured
cells to various stains: nigrosine, trypan blue, and eosine,
are commonly used to evaluate viability. Membrane rup-
ture is also employed by the immune system to protect an
organism from foreign or unwanted cells. A group of
proteins collectively referred to as complement are targeted
to the unwanted cells and open pores in the target mem-
brane. Such rupture is also associated with the final stages
of programmed cell suicide, apoptosis, which is a physio-
logical process essential for morphogenesis during develop-
ment (202, 203) and for tissue homeostasis in the adult. It
has been extensively studied in the nematode Caenorrhab-
ditis elegans. Cells undergoing cell death were observed to
be engulfed by phagocytosis. This lead to the suggestion
that the cells may actually be killed by phagocytosis,
rather than suicide. Discovery of the ced 1 and ced 2
mutants of C. elegans helped to identify the mechanism of
cell killing. These mutants are incapable of phagocytosis,
nevertheless, the apoptotic cells still die at the appropriate
time. This demonstrated that here death was an autonomic
‘decision” made by the dying cells (204).

Programmed cell death is called apoptosis to distinguish
it from necrosis (205). The word ‘apoptosis’ comes from
the Greek and means ‘falling off” as of petals from flowers
or leaves from trees (206). Apoptosis appears to be the
cell’s way to die in a physiologically advantageous manner,
assisting absorption of its debris by processing the intracel-
lular contents, and thus avoiding the inflammatory re-
sponse induced by the necrotic release of proteases and
other cytolytic substances. Apoptosis occurs following gen-
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Fig. 3. Apoptosis can be induced through DNA or membrane damage.

eral injury and it is possible that it represents selective
removal of cells whose survival would compromise that of
the organism as a whole. Moderate doses of radiation have
been found to cause apoptosis, rather than necrosis, in
various tissues. A single small dose of ionizing radiation
produces an extensive wave of apoptosis which peaks 3-6
h after irradiation in the highly radiosensitive mouse gut
crypts (205). Apoptosis has a defined morphological
pathogenesis. Its onset is sudden and is marked by a
rounding up of attached cells. Then a period of cellular
shrinkage follows. Often this is followed by violent pulsa-
tion and blebbing of the plasmalemma. Many of the
surface protrusions detach in the form of spherical frag-
ments called apoptotic bodies. Over the next few hours, if
not phagocytosed, the residual cell mass and the apoptotic
bodies undergo swelling and lysis: secondary necrosis.
However, these details vary considerably from tissue to
tissue (207). The mechanisms underlying apoptosis differ
from those in necrosis in that: a) the process is frequently
triggered by physiological stimuli, b) depletion of the
cellular energy supply is not necessarily involved, and c) a
step involving macromolecular synthesis is usually
observed.

Many molecular studies of the signalling pathways in-
volved in the induction of apoptosis have been performed.
Studies of radiation-induced apoptosis indicate involve-
ment of two different targets; Fig. 3. One pathway in-
volved in apoptosis signalling is used when DNA is
damaged. Enhanced expression of the p53 protein is a part
of this pathway (208, 209). A second pathway involved in
apoptosis signalling is taken when cellular membranes are
damaged. Production of the second messenger, ceramide,
from sphingosine is part of this pathway (210, 211). Subse-
quently, this pathway divides along the c-jun kinase path-
way (212, 213) and the NF-kB pathway (214).

Demonstration that apoptosis can be induced by radiation
independently of chromosomal DNA damage was made
possible by the development of cell systems devoid of
nuclei.

The Leukocyte Apoptosis Assay

A rapid and simple assay for the estimation of a patient’s
individual response to radiation treatment with a view to
avoiding severe acute reactions and as an initial baseline
for the assessment of general response to radiotherapy was
developed (215, 216). In 1985 the Lancet journal (ii, 23—
25) published an editorial entitled ‘Radiosensitivity and the
clinician’ examining the clinical relevance of tests of cellu-
lar radiosensitivity). It was recommended that a rapid,
reproducible test based on lymphocyte response would be
of value in radiotherapy. Individual variation of cancer
patients in the susceptibility to skin damage during radia-
tion treatment is considerable. Occasionally, the suscepti-
bility is so profound as to interfere with the planned
treatment protocol. It was such a clinical observation that
led to the discovery of the molecular genetic defect in
ataxia telangiectasia. A number of studies were begun,
reviewed by Lewis (11). The need for such assays was
re-emphasised as it became clear that individuals vary
widely in the susceptibility of their tissues to ionizing
radiation damage. Lewis summarised the situation by stat-
ing “Current knowledge of individual variation is fragmen-
tary; the problem has not been studied in depth and
laboratory methods for assessing radiosensitivity are at
present too laborious for large populations to be examined” .

Radiation-hypersensitive patients are still treated with
standard doses. In some instances treatment continues
until adverse reactions of the radiotherapy become highly
acute. An assay which provides the physician with details
of normal tissue radiosensitivity from a variety of cell
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Fig. 4. A long-standing dogma: rapidly dividing cells are radiosensitive.

types would assist in the early recognition and appropriate
handling of radio-hypersensitive patients. Current esti-
mates suggest 5 to 10 per cent of cancer patients receiving
radiotherapy display adverse reaction due to hypersensitiv-
ity (11). Development of the Leukocyte Apoptosis Assay
involved the screening of large numbers of healthy persons
in order to examine this value in the general population
and also in radiotherapy patients.

In England patient groups are bringing litigation suites
against radiotherapy clinics because standard doses, too
high for hypersensitive patients, have been administered
(P. D. Lewis, personal communication). With so much
clinical evidence to suggest wide inter-patient radiosensitiv-
ity, this reaction is understandable, particularly as the
routine assessment of radiosensitivity is now within our
grasp. It has been estimated that if the most sensitive 5%
of individuals diagnosed for radiotherapy could be iden-
tified and excluded from standard therapies, the remaining
patients could be treated with an estimated 5% higher total
dose. This would induce no greater total burden of compli-
cations but an estimated 20% increase in the frequency of
local control due to the sigmoid response curve (217). This
estimated percentage of radiosensitive patients may be too
high. Nevertheless, there are various clinical situations
where pre-treatment knowledge of a patient’s healthy-tis-
sue radiosensitivity would be welcome. Therefore, we have
been developing an assay to determine normal tissue radio-
sensitivity based on the response of an individuals’ differ-
ent leukocyte cell types.

One of the long-standing dogmas of radiobiology is that
slowly dividing tissues tend to be radioresistant but rapidly
dividing tissues are radiosensitive; Fig. 4. However, in the
clinic one often finds slowly growing tumours which are
radiosensitive and rapidly growing tumours which are
radioresistant (218). Cells respond to radiation via signals
caused by the presence of the radiation-induced damage.
Much indirect evidence points to damaged DNA as being

the source of the signal. It is becoming increasingly clear
that cell killing during fractionated radiotherapy is a pro-
grammed response sensitive to the integrity of the molecu-
lar components (219). The genetic component of normal
tissue radiosensitivity has become a major theme in radia-
tion oncology.

Radiation damage induces cell cycle arrests. There is a
close link between these arrests and cell death. In trans-
formed cells, a constant growth stimulus is present. This
promotes cell cycling. Following genomic insult a second
signal is induced, which inhibits cell cycling. When both
occur simultaneously, the cell induces apoptosis (220, 221).
Where positive signals promoting growth stimulation and
negative signals inducing growth arrest conflict, the cell
responds by apoptosis. A whole series of oncogenes is
involved in this apoptotic response. Promoting apoptosis
are the cellular oncogenes p53, myc, E2F and the viral
oncogenes E1A, E1B19k and E7. Inhibiting apoptosis are
the cellular oncogenes Rb, ras and bc/-2 and the viral
oncogenes E1B55k, E6 and MDM2. This list is in no way
exhaustive, the role of some of the proteins is shown in
Fig. 5. Perhaps the most intriguing aspect of this phe-
nomenon is the fact that if proteins responsible for apop-
tosis are mutated or functionally inhibited, the cells
become more radioresistant (222). Thus, radiation re-
sponse is dependent on all of these different oncogenes as
they work for and against the induction of apoptosis.
There is also a strong genetic component. Genetic disor-
ders associated with abnormal radiosensitivities include:
Ataxia telangiectasia, Nijmegen’s break syndrome, Hunt-
ington’s disease,
munodeficiency disease, neurofibromatosis, and a variety
of reports of patients with severe radiotherapy reactions
and demonstrably radiosensitive fibroblasts ((223) and ci-
tations therein). Neurofibromatosis is something of an
exception to the rule, conferring radioresistance to the
cells. This can be readily understood in terms of positive

chromosome 13 abnormalities, im-
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and negative signalling components. Indeed it has recently
been demonstrated that the mutated gene causing neurofi-
bromatosis, the NFI gene, is involved in cell signalling via
the ras pathway. All of this leads to the conclusion: At
lower doses the cytotoxic action of many anticancer agents
is largely determined by the genotype of the cell rather than
the genotoxicity of the agent (219).

Elyan et al. (12, 13) demonstrated that inter-donor
differences were significantly larger than intra-experimen-
tal differences if low dose-rates were used to enhance
differences in inter-donor recovery, and if an internal
standard was used (in their case a store of lymphocytes
from a single donor). Using a clonogenicity assay Stewart
et al. (224) demonstrated differences in radiosensitivity up
to one order of magnitude between lymphocyte cell types.
If any shift in the relative frequencies of the various cell
types occurs (as expected during the progression of a
tumour), an unreliable estimate of radiosensitivity will
result. Clear variation in the radiosensitivity of different
leukocyte cell types was observed using the Leukocyte
Apoptosis Assay (215). The assay also has the advantage
that results become available to the clinician 24 h after
receiving the sample and, because of the use of multiple
leukocyte cell types, the need for an additional character-
ised donor is obviated.

A number of attempts by various laboratories to quan-
tify intrinsic radiosensitivity have been described. The
method of Elyan et al. (13) examines total peripheral
blood lymphocyte survival using the limiting dilution assay
method. The results become available after approximately
14 days. They are compared to an internal standard, the
blood of a donor whose radiation response is already
characterised in order to reduce experimental variation.
Statistically significant differences between individuals can

be obtained using this method. Another technique, that of
Floyd and Cassoni (225) has also been described. This
examines the induction of micronuclei using the cytocha-
lasin B method. The results become available after approx-
imately 3 days. They are compared to an internal
standard, the blood of 9 other donors which was simulta-
neously examined. This provides a median value from
which to determine radiosensitivity status. The Leukocyte
Apoptosis Assay has the advantage that the use of multi-
ple leukocyte types obviates the need for reference donors.
Use of multiple leukocyte cell types takes into account the
spectrum of radiosensitivities displayed by the cells rather
than simply lumping the data together. It is possible that a
sector of the variation between donors reported in previ-
ous lymphocyte radiosensitivity tests is due to shifts in the
relative frequencies of the different blood types. The
Leukocyte Apoptosis Assay was developed for a number
of reasons:

(a) Development of techniques to assess the spectrum of
radiosensitivities displayed amongst the various leuko-
cyte sub-populations.

(b) Evaluation of the range of radiosensitivities observed
in the general population and in particular in patients
where radiotherapy is indicated.

(c) Correlation of these radiosensitivity spectrum to acute,
subacute and late normal tissue responses induced by
radiotherapy.

(d) Prediction of response to radiotherapy based on the
spectrum of radiosensitivities displayed by the various
leukocyte sub-populations.

(e) Patient-specific optimisation of radiotherapy treatment
regimes based on the spectrum of radiosensitivities
displayed by the various leukocyte sub-populations.
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Development involved a two-pronged approach; first the
development of the apoptosis assay using an established
human leukocyte cell line, second the development of the
techniques using freshly collected peripheral blood. TK6
human B lymphoblastoid cells were irradiated and left to
incubate. The cells were then stained with propidium
iodide and examined by flow cytometry. An essentially
linear dose-response relationship was observed with in-
crease in dose after 20 h incubation (226). The exquisitely
sensitive cell cycle arrests in these cells are also readily
observed. As the cell cycle arrests are induced by a kinase
signal transduction pathway, the studies suggest the possi-
bility of examining cell cycle arrest induced in PHA-stimu-
lated peripheral blood lymphocytes as an additional
indicator of radiation response. Radiation-induced apop-
tosis in these TK6 cells requires time to become fully
expressed. Essentially only background levels of apoptosis
were observed up to 12 h after irradiation. At 20 h and 24
h, up to 50% of the cells were found to be apoptotic,
following a 6 Gy dose. These TK6 experiments demon-
strate the utility of the assay in examining radiation-in-
duced apoptosis (226).

A routine medical blood test which makes use of an
antibody kit to inform the physician about the frequency
of the various cell types and to compare these values to
‘normal’ frequencies as presented in Table 4 was used to
recognise the various leukocyte cell types.

Those cell types examined for apoptotic response are
highlighted. The mean frequency (cells/ul) of these cells as
determined using the kit, and the antigen used for discrim-
ination, are also included. Antigen CD45 is present on all
human leukocytes and is used as a general marker. The
three granulocyte sub-populations can be discriminated on
the basis of their various light scattering properties.
Eosinophils are the largest (display the greatest forward
scatter) and most granular (display the greatest side scat-
ter) of the three granulocytes, and the basophils are the
smallest and least granular.

Table 4
The major leukocyte cell types

Cell type Antigen Frequency
(10%/u1)
Myeloid cells
Granulocytes 4.2
Neutrophils 3.97
Eosinophils 0.18
Basophils 0.05
Monocytes CDl14 0.3
Lymphocytes
B lymphocytes CD19 0.3
T lymphocytes CD3 1.4
Helper/Inducer CD4 0.8
Cytotoxic/Suppressor CD8 0.6

Activated T cells
Natural Killer cells

CD3 and HLA-DR  0.15
CD16 and CD56 0.2

A major consideration was the development of a rapid
radiosensitivity assay. Ideally, the physician should have
data expeditiously about the radiosensitivity of a patient.
The end-point for radiosensitivity, which is of most value
when determining response of tissues to radiation therapy,
is cell death. This is usually determined based on the
colony forming ability of exposed cells. Most current
radiosensitivity assays using primary fibroblast cultures
require 5 or 6 weeks to perform. A technique using
lymphocytes requiring one week of post-irradiation incu-
bation has been developed (224). Radiation-induced death
of cells in the immune system demonstrably results from
apoptosis. Cells express features associated with this pro-
cess within hours of exposure (14). Thus the Leukocyte
Apoptosis Assay provides a rapid means of determining
radiosensitivity (215). It can discriminate differences in
radiation-induced cytotoxicity between individuals and can
potentially be used for rapid screening for genetically
hypersensitive patients. Correlations with existing methods
of radiosensitivity testing are underway to confirm the
reliability of the assay. Young donors display enhanced
levels of programmed cell death following exposure to
radiation as has been previously reported for neonatal
blood (227). However, genetically abnormal patients, such
as those with ataxia telangiectasia display a compromised
ability to mount a programmed response to radiation and
levels of induced apoptosis in these individuals are very
low.

Induced apoptosis in radiation protection

Following radiation accidents, it is important to rapidly
estimate the dose absorbed in persons exposed. The most
thoroughly developed biological indicator currently avail-
able is quantification of chromosomal aberrations in pe-
ripheral blood lymphocytes from exposed individuals (228,
229). In vivo or in vitro irradiation of blood lymphocytes
produces similar yields of chromosome damage per Gy, so
that the observed levels of aberrations in exposed persons
can be related to dose by comparison with dose response
curves based on in vitro experiments. The most frequent
type of chromosome aberration used for biological
dosimetry following radiation accidents is the readily iden-
tified dicentric. longevity of some
lymphocytes, chromosomal aberrations can be detected
years after an accident. The equally reliable micronucleus
(MN) assay has been suggested as an alternative method
for determining radiation exposure (230-237). The
method is easier and faster than scoring dicentric chromo-
somes, and permits screening of large numbers of cells.
This, together with the possibilities of computerized image
analysis (238), makes the MN assay more attractive for
routine use. Theoretically it enables resolution of doses
lower than the 50—100 mGy usually quoted as the limit for
detection by scoring chromosome aberrations (228).

Because of the
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Table 5

Inter-donor variation of radiation-induced apoptosis in human T-lymphocytes among 5 donors at different
independent times after irradiation. Means and standard deviations are given

CD4 0.1 Gy CD4 0.5 Gy CD8 0.1 Gy CDS8 0.5 Gy Mean CV
48 h inc. 1.0 +£0.7% 55+ 1.3% 1.1+0.7% 7.8+ 5.3% 0.57
72 h inc. 1.5+ 1.3% 11.34+3.3% 2.7+ 1.4% 15.8 +3.5% 0.47
96 h inc. 3.0+ 1.6% 16.0 + 6.0% 22+1.5% 24.0 + 7.4% 0.47
120 h inc. 4.1+ 1.4% 23.242.5% 7.7 +5.0% 40.9 + 6.9% 0.32
144 h inc. 5.9+ 1.6% 40.4 £+ 6.0% 6.5+2.1% 48.1 +6.8% 0.22

We have developed a biological dosimeter based on the
Leukocyte Apoptosis Assay (239). Blood samples were
given 0.05 Gy, 0.1 Gy or 0.5 Gy. Radiation-induced
apoptosis in CD4 and CDS8 T-lymphocytes was examined
every 6 hours up to 72 hours incubation time post-irradia-
tion and after 4 and 5 days. Even at 50 mGy, radiation-in-
duced apoptosis consistently higher than the
non-irradiated control values over the entire time range up
to five days. The 0.5 Gy curve displayed a large increase in
the frequency of apoptosis at incubation times greater than
three days. This was observed both in the CD4 and the
CD8 T-lymphocytes. The time dependence of apoptosis
frequency indicates that by using longer incubation times
the method can be used for investigating low-dose effects.
Therefore, a 10 day time-course experiment was designed
with analysis at 24 hour intervals. Due to deterioration of
the quality of the blood sample, at the longer time inter-
vals, it became difficult to differentiate apoptotic cells from
normal cells during analysis. Following high doses, maxi-
mum radiation-induced apoptosis levels were reached
within four days incubation. At low doses, 0.5 Gy and
below, the time kinetics previously observed were repro-
duced. The time course experiment was performed several

was

times in order to determine the intra-donor variation of
radiation-induced apoptosis at various doses.

Intra-donor variation was defined as the variation in the
apoptosis frequency measured from independent blood
samples from the same donor. For each dose and incuba-
tion time the mean and standard deviation of the radia-
tion-induced apoptosis frequencies were calculated. The
uncertainty found in the intra-donor variation is much
smaller than the separation of the two curves seen for the
two doses used. In general, the error is larger for the
higher dose. The kinetic experiments demonstrated that
the optimal time for evaluating radiation-induced apopto-
sis is 4 to 5 days post-irradiation. Dose response curves
were, therefore, determined four days after exposure. A
linear function could be fitted to the curves. The slopes
were 7.5% per 0.1 Gy and 8.6% per 0.1 Gy for CD4 and
CD8 T-lymphocytes, respectively. The dose response was
determined again after five days incubation and similar
curves could be fit to the data. The slopes were: 7.8% per
0.1 Gy (CD4) and 8.0% per 0.1 Gy (CDS) (239).

Variation of the apoptotic response between different
donors was determined by irradiating blood samples of 5
different donors at the same time with subsequent analysis
after different incubation times. This experiment was re-
peated for five different incubation times. Mean values for
all donors and the standard deviations were calculated.
The results are shown in Table 5. The mean coefficients of
variation (C.V.) are also displayed. C.V.s were found to
decrease linearly with time. The reduced C.V.s at 4 and 5
days post-exposure improves the assay’s reliability for
biological dosimetry. At early time points, the high vari-
ability observed is made use of to distinguish between the
radiosensitivities of donors, in order to stratify the patients
for radiation therapy (216). The spontaneous frequency
increases with time of incubation. Variation in the sponta-
neous frequency limits the sensitivity of the test. The data
of the different time course experiments demonstrate that
for doses up to 0.5 Gy, the radiation-induced apoptosis
has similar time kinetics up to 5-6 days incubation time.
At later times, variation in the apoptotic frequency is too
high to evaluate the time kinetics reliably. At higher doses,
the radiation-induced apoptosis frequency shows a steep
increase even after short incubation times, rising to a
maximum at about four days post-irradiation time and
followed by a slight decrease at later times.

In order to quantify the low dose limit of this assay, all
the data measured in the time course experiments at low
doses up to 0.5 Gy, at the various post-irradiation times,
were taken and using a t-test those doses where the
apoptotic fraction was still significantly above the control,
and which was the most significant post-irradiation incu-
bation period, were checked. A significance level of 0.05
was used for the analysis. The low dose limit for this assay
is about 0.1 Gy after an incubation time of 3 to 4 days. At
shorter times, the radiation-induced apoptosis frequency is
low, at longer times experimental variation is high. The
delay before maximum values are observed results from
time required for expression of radiation-induced apopto-
sis. The expression time is a function of dose and may also
reflect differences in individual genetic constitution (216).
The time kinetics curves of all the experiments show that
for the whole range of incubation times the apoptotic
values for the different doses are well separated, for both
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Fig. 6. A scattergram of donor age versus percent apoptotic CD4 T-lymphocytes 48 h after exposure to 300 kVp x-rays. The spontaneous
levels of apoptosis (0 Gy) and radiation-induced levels of apoptosis (9-0 Gy, spontaneous levels subtracted) are displayed.

cell types chosen. If the incubation time chosen is in the
range of 3—4 days, the assay is able to measure radiation-
induced apoptosis significantly above control values at
doses above about 100 mGy. This resolution is suitable in
order to measure doses which may occur in accidents
involving ionizing radiation. The magnitude of the radia-
tion-induced apoptosis measured at 0.5 Gy after 3—-4 days
is more than sufficient for biological dosimetry at this
dose.

Radiation-induced apoptosis, a biomarker of ageing

Radiation induces apoptosis in lymphocytes via a p53
signalling pathway (220). During the early development of
the Leukocyte Apoptosis Assay, a weak correlation be-
tween apoptosis induced 24 h after irradiation and donor
age was observed (for CD4 T-lymphocytes R =0.32 and
0.30 after 2 and 9 Gy, respectively (216). With subsequent
development of the assay as a sensitive biological dosime-
ter, the time dependency of apoptotic yield with dose was
carefully investigated and in a subsequent double blind
cross-sectional study we investigated T-lymphocytes from
a cohort of 105 healthy blood donors (76 men and 29
women, between 21 and 73 years of age), 48 h after x-ray
irradiation, to reexamine the relationship between radia-
tion-induced apoptosis and age. A highly significant corre-
lation between radiation-induced apoptosis and age in
CD4 T-lymphocytes was observed (r =0.70 and 0.67, p <
0.0001 and 0.0001, after 9 and 2 Gy x-rays, respectively;

Fig. 6, no data are excluded). For CD8 T-lymphocytes a
lower correlation was observed (r =0.50 and 0.31, after 9
and 2 Gy, respectively). The smaller r-values may reflect
the response of a mixed cell population recognised by the
anti-CD8 antibodies employed. No correlation between
spontaneous apoptosis and age was observed (r=0.014,
p =0.89; Fig. 6, no data are excluded). Radiation-induced
apoptosis in T-lymphocytes is dependent on genetic factors
as demonstrated in a patient presenting with immunodefi-
ciency, centromeric instability and facial anomalies syn-
drome (ICF) and a patient presenting with Araxia
telangiectasia (AT) (216). Studies of children’s blood and
preliminary studies of umbilical cord blood confirm high
levels of radiation-induced apoptosis, 24 h after irradiation
in young donors. If the age component of variation is
subtracted, a significant correlation between CD4 and
CD8 T-lymphocytes remains (r=0.69 and 0.66, after 9
and 2 Gy, respectively) confirming that the assay continues
to yield information relating to inter-donor differences in
T-lymphocyte radiosensitivity. Apoptosis was confirmed
by microscopy, electron microscopy, and by the use of
commercially available apoptosis detection kits (in situ
nick translation and annexin V).

Ageing leads to increases in the proportion of T-
lymphocytes expressing the memory cell phenotype and
declines in the proportion of naive T-lymphocytes. There
are several lines of evidence suggesting that this age-related
transition from naive to memory T-cells contributes to



immunodeficiency in old age. The transition affects both
the CD4 and CDS8 pools and also affects T cells in the
blood, lymph nodes, and spleen. In mice the transition
leads to a 2- to 3-fold increase in the proportion of
memory cells and to a 2- to 3-fold decline in the pro-
portion of naive T-cells (240). However, memory T-cells
in man are more radiosensitive than naive T-cells
(241).The transition from naive to memory T cells does
not explain the age response we report here. The ability
of T-lymphocytes to mount an apoptotic response to
ionizing radiation damage decreases linearly between 21
and 73 years of age: 3% every 5 years. The ability to
repair DNA damage has also been shown to decrease with
age (242-244). The reduced levels of apoptosis reported
here could represent a reduced ability to repair DNA
damage. However, reduced repair may itself be a conse-
quence of a compromised ability to either recognise or
respond to DNA damage with increasing age. Although
the present studies were restricted to peripheral T-
lymphocytes they indicate that estimates of apoptotic fre-
quency for clinical purposes must take patient age into
consideration.

A feature most obviously correlating with age-depen-
dent changes in cells is telomere shortening. Telomeric
length in T-lymphocytes decreases with age. Human hema-
topoietic cells purified from adult bone marrow have
shorter telomeres than cells from foetal liver or umbilical
cord blood (245). General reduction of telomere lengths is
accompanied by increased cellular senescence. Senescence
and checkpoint arrests are alternatives to apoptosis for
preventing potentially detrimental cellular proliferation
(246). With increasing age, accumulation of more and
more senescent cells may be accompanied by a compro-
mised ability to mount an apoptotic response to radiation,
and perhaps other clastogenic agents, which could con-
tribute to various aspects of the general ageing phenotype
(247). Resistance to programmed cell death in senescent
fibroblasts has been suggested to result from failure to
repress bcl-2 gene expression (248). Shifts in levels of bcl-2
family members and their related antagonists with progres-
sive cell divisions could provide a molecular explanation
for the reduced apoptosis reported here. bcl-2 protein
levels correlate with cellular sensitivity to x-rays and a
variety of chemotherapeutic drugs. In addition to direct
p53 regulation of bcl-2 expression, bcl-2 appears to be
regulated at the protein level by another bc/-2 family
member, bax, which is a p53 immediate early response
gene. The bcl-2 and bax proteins apparently compete with
one another to control the relative susceptibility of cells to
p53-mediated apoptosis (249). Telomere length or other
measures of cellular senescence can predict the functional
status of tissues and be considered ‘biomarkers’ of ageing.
The data suggest that apoptotic response to ionizing radia-
tion is a functional ‘biomarker’ of ageing.
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INTERFERING WITH PHYSIOLOGICAL
PROGRAMS IN THE CELL

Signalling pathways and biological processes

The programmed response of cells to the presence of
radiation damage follows a number of principles which are
common to all cellular phenomenon which have been
characterised at the molecular level. An understanding of
the principles involved provides insight into how cells
function. From the point of view of information theory, a
cell is a complex structure with a very high density of
information. The macromolecules carry structural infor-
mation stored in the form of nucleic acid sequences and
from which it can be copied. The information is expressed
in the three-dimensional structure and chemical properties
of the cellular proteins. Programmed cellular response
occurs when these proteins interact, when they recognise
and process signals, and mobilize other proteins to execute
an appropriate response. Biological response results from
the activity of intricate cellular biochemistry forming sig-
nalling networks of communication and control. Wherever
biological processes have been studied at the molecular
level, elements of these signalling networks are evident.
These molecular automata appear to be the building
blocks, or ‘bio-quanta’, of life.

The G2/M transition is a process which involves mobi-
lization of many of the cellular components (250). The
process has been likened to a transitory differentiation,
due to the total restructuring of the cytoskeleton and
nucleus. A variety of both external and internal parame-
ters are monitored which include cell size, completion of
DNA synthesis, integrity of the genome, etc. They may
also include factors such as nutrient status and absolute
timing (87, 251). Experimental and genetic evidence is
available to indicate that each of these parameters is
monitored by specific signal transduction pathways. The
pathways merge at a multi-protein complex where the
executive protein, a kinase referred to as p34, is held in an
inhibited state (252, 108, 253). When the requirements for
mitosis are fulfilled, the kinase is activated and this, in
turn, mobilizes the proteins involved in the execution of
mitosis (254). If the requirements for mitosis are not
fulfilled the kinase is maintained in its inhibited state.

Cells are capable of producing a great variety of recep-
tors in order to respond to a great variety of stimuli. The
spectrum of receptors produced by a differentiated cell-
type is essentially fixed and determines which external
stimuli are recognised amongst the many different signals
with which the cell is constantly confronted. The range of
receptors produced by any cell is strictly regulated by the
activity of transcription factors active in, and specific for,
that particular cell type. Subsequent integration of the
various stimuli and activation of the appropriate response,
however, appear to be performed by a limited number of
signal transduction pathways which are common to many
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Fig. 7. Many factors fine tune the activity of the ras GTPase.

cell-types. The role of the receptors is two fold; first the
recognition of specific signals, and second, the transduc-
tion of these signals to one or more of a limited number of
intracellular transduction pathways (255).

Because, at the molecular level the cell is a large and
complex structure, if a cell is to respond to a signal, either
the signal must be of adequate magnitude or it has to be
amplified. Furthermore, since the cell comprises various
compartments, a signal must sometimes pass one or sev-
eral barriers to reach the various target proteins required
to execute the response. To deal with these problems the
cell has a highly organised second-messenger system with
integrated amplification cascades. Once the original recep-
tion of the message has occurred the next step is transduc-
tion of the message via molecular couplers to one or more
second-messenger systems. Such couplers employed to
transduce extracellular signals across the plasma mem-
brane are G proteins. An important example of a molecu-
lar coupler in oncology is the ras protein. If the gene for
this protein is mutated so that the protein is produced in a
permanently activated state, the cell receives permanent
instructions to divide and tumour growth can result. G
proteins can process a number of incoming signals; Fig. 7.

What originally was considered to be a simple chain of
events is now known to be a network of control elements
permitting fine and well-tuned responses to complex exter-
nal and internal stimuli (256).

Signals in cells are often transduced along the various
links of the signal pathway as activated phosphorylation
states. Protein kinases phosphorylate, and protein phos-
phatases dephosphorylate, substrate proteins. One typical
transduction scenario is when a protein kinase I phospho-
rylates a protein kinase II which in turn phosphorylates
substrate proteins. The pathway of transduction can have
more kinase members. This type of control system has a
number of interesting features. First, it is possible to
transduce the signal through various cellular compart-
ments in a controlled manner. Second, each protein kinase
is capable of phosphorylating a large number of protein
substrates permitting extensive amplification of the signal
as it progresses through a number of phosphorylation
steps. Thus a single signal event can eventually cause the
activation of hundreds of millions of proteins. Third, each
step can be tightly regulated by the activity of antagonistic
protein phosphatases.

A typical example of the complexity of this system is
observed in the control of the G2/M transition (255). p34
is a protein kinase whose activity governs entry into mito-
sis (104). p34 is a cyclin-dependent kinase (cdk), its pri-
mary regulator is a cyclin protein. p34 and cyclin B form
the MPF kinase complex (107). Substrates of this kinase
complex include: lamins which form the nuclear shell
which supports the nuclear membrane, and histone H1
which contributes to chromatin superstructure and the



condensation state of chromosomes (257). MPF has two
types of phosphorylation sites in its structure. One type
inhibits its activity and prevents mitosis, the other en-
hances its activity and promotes mitosis. Both types of
phosphorylation site have specific protein kinases which
phosphorylate them and specific protein phosphatases
which dephosphorylate them. These protein kinases and
protein phosphatases are themselves under strict regula-
tion, and their activities are sensitive to such factors as
completion of DNA synthesis, damage to DNA, cell size,
etc. These factors are those that have to be checked before
a cell enters mitosis (15).

So far only post-translational examples of signal trans-
duction have been described. These tend to be transitory in
nature. The proteins involved are already present and
operational in the cell. They are important dynamically.
If a cell must react rapidly to the environment, it cannot
wait for gene expression which requires RNA transcrip-
tion, RNA processing and protein translation. Further-
more, the spectrum of stimuli which may be important
for making decisions, and which can rapidly change, re-
quires an extensive and flexible reception capacity which
can best be achieved by a complex response network.
However, more permanent decisions made by a cell, such
as whether and in which direction it should differentiate,
are predetermined in the genotype and phenotype of the
cell. Only when an array of specific signals is received
should the cell differentiate. These are ‘decisions’ at the
molecular level with far-reaching consequences. They play
a crucial role in the development and homeostasis of an
organism and usually involve control of gene expression
(256).

In front of the coding sequence of a gene, at its 5 end
(also but apparently to a lesser extent at its 3’ end) proteins
bind to the DNA enhancing, promoting or inhibiting
transcription of the gene. The proteins are referred to as
transcription factors, their combined effect determines
whether the gene is transcribed or not. The system can be
superficially compared to a nerve cell which integrates
many stimulatory and inhibitory
numerous synapses on its surface, their combined effect
determining whether the membrane should depolarise
or not. The transcription factors are themselves under
strict control, often via regulatory phosphorylations. For
a few important genes, a great deal is known about the
most immediate level of transcriptional regulation. The
potential of these control systems is very large, permit-

signals from the

ting very precise expression of certain genes in specific
cells in particular tissues, at defined places and times in
an organism. These factors are responsible for pat-
tern formation and the establishment of morpholo-
gical gradients in the early embryo and play impor-
tant roles in the continued development of the organism
(258).
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Cybersomes, semantics, and cell cycle arrest

Cellular response is controlled by complex biomolecular
signalling pathways whose interactions follow the princi-
ples of cybernetic control systems. In addition to the
stimulus itself, signal transduction in cells is characterised
by four features (259, 260). Two of these are responsible
for the recognition and processing of incoming informa-
tion: the semantics of response. The other two are respon-
sible for the execution of the appropriate response: the
pragmatics of response, see Table 6. The semantic part
consists of measuring devices (the receptors) and a process-
ing system (the signal transduction network) e.g. the con-
demned phase of apoptosis (261). The pragmatic part
consists of an actuator (often a protein kinase cascade, or
transcription complex) and the motor (the protein kinase
substrates, or the proteins of the transcribed genes) e.g. the
execution phase of apoptosis (261). The role of the actua-
tor is transduction of the execution signal from the signal
transduction network to the elements of the motor. The
motor once activated is the mechanism which executes the
response. Typical examples of proteins involved in the
pragmatics of a process include cytoskeletal proteins, such
as actin and myosin which execute muscle contraction, the
lamin proteins, which execute restructuring of the nuclear
membrane, the different enzymes, which execute glycolysis,
and the novel proteins which specify cell type during
differentiation. These systems of intricate cellular biochem-
istry form molecular automata. They comprise a collec-
tion, or ‘body’ of proteins and other accessory cellular
components which control and execute biological response
and could be referred to as cybersomes.

Norbert Wiener (259) defined cybernetics as the science
of control and communication in mechanisms, organisms,
and society. It has been expanded to include general
theories of control applied to any system (260). By ‘system’
is meant a group of elements of whatever kind considered
as an interconnected whole. This definition includes
proteins and biomolecules in cellular signalling pathways.
Signals are a special form of information. As opposed to
static, structural information, signals circulate in cyber-
netic systems (260). Five characteristics of signals are
recognised: statistics; symbols and their frequency (262),
syntax; signal coding and grammar (263), semantics; the
meaning, pragmatics; execution of response, apobetics,

Table 6

Signal transduction and cybernetics

Information Cybernetics Cellular signal process-

theory ing

Reception Sensors Receptors

Semantics System control Couplers & signal net-
work

Pragmatics Actuators Kinase cascades & tran-
scription

Motors Substrates & gene

products
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purpose of signal (264). All of these characteristics are
displayed by intracellular signals. Exactly the same is true
for signals in human communication; words in sentences
and proteins in intracellular signal pathways play identical
roles. Just as words in the linguistic sciences are recognised
as possessing a three-sided character: concept (meaning),
form (articulation or orthography), and syntax (relation-
ships within a sentence) (265); proteins are also recognised
as possessing this three-sided character: concept (function),
form (amino acid structure), and syntax (precise location
within the chain of interactions leading from a stimulus to
a response).

In Miller’s treatise on ‘The Science of Words’ he writes:
Each word is the synthesis of a concept, an utterance, and a
syntactic role. A person who knows a word knows what it
means, knows how to pronounce it, and knows the contexts
in which it can be used. These are not three independent
kinds of knowledge; they are different views of a single
entity. Lines of research into all three of these aspects of
language contribute to the science of words. The real wonder
is the integrity of the word as a linguistic element. All the
semantic, phonological, and syntactic complexity being as-
sembled in such a small and handy package....There could
not be a science of words if it were not possible to study
complicated systems scientifically. Languages are systems.
They are highly complex systems of sound and meanings
that have their ultimate reality in the minds of the people
who know and use them. The scientific way to understand
complex systems is not to reduce them to patterns of physi-
cal energy exchange, but rather to describe their component
parts and to characterise the functional relations within and
among those parts (265).

Information, signal transduction pathways and seman-
tics are parts of complex systems. It is the description and
investigation of complex systems which is the real chal-
lenge in modern biology. Physics, deservedly enjoying
prominence amongst the sciences, has not yet risen to meet
this challenge. One of its most brilliant contemporary
leaders was Richard Feynman. In his celebrated ‘Lectures
on Physics’ series he writes: Everything is made of atoms.
That is the key hypothesis. The most important hypothesis in
all of biology, for example, is that everything that animals
do, atoms do. In other words, there is nothing that living
things do that cannot be understood from the point of view
that they are made of atoms acting according to the laws of
physics. This was not known from the beginning: it took
some experimenting and theorising to suggest this hypothe-
sis, but now it is accepted, and it is the most useful theory
for producing new ideas in the field of biology (266). With
the greatest of respect, there are two sides to this coin.
Although biology is most definitely based on atoms, se-
mantics is also crucial. Reducing Shakespeare to a statisti-
cal analysis of English letters may be of some academic
interest but it completely misses the point. Miller writes:
The difference, of course, is meaning. Phoneticians and

telephone engineers may be able to ignore it, but to an
average person meaning is crucial. It is meaning that makes
language useful.... And meaning is not something subtle....
The difference between meaning and nonsense is—must
be—a major dimension in any serious account of human
experience (265).

The goal of philosophical semantics is to formulate a
general theory of meaning. Some of the best minds of
Western civilisation have struggled with it. Yet any com-
puter programmer or any molecular biologist working
with signal pathways can immediately recognise semantics.
Returning to Feynman’s celebrated lecture series, during a
discourse on the effects of gravity on celestial bodies he
showed a spectacular photograph of a globular star cluster
and commented: If one cannot see gravitation acting here,
he has no soul (266). Using similar argumentation, if one is
confronted with cellular signal pathways (267) and cannot
see semantics, he has no soul. Cellular semantics is the
cause of McClintock’s (1984) ‘unforseen’. Radiation re-
sponse is ‘unforseen’ because cellular response is not based
on static structures but on cybernetic systems of signalling
pathways. Two practical consequences follow: a) physio-
logical manipulation of radiation response is feasible, with
associated therapeutic potentialities; and b) artificially-in-
duced programmed response reflects interference with nor-
mal, physiological processes in the cell.

The transitory cell cycle arrests permit repair of damage
before intracellular activities associated with progress
through the cell cycle transform the potentially repairable
damage into irreparable damage. Is this the raison d’étre of
these arrests? Various pieces of experimental evidence sug-
gest that this may not be the case. Many studies have
demonstrated that p53, the guardian of the genome, medi-
ates both G1 cell cycle arrest and programmed cell death
even in the same cell system; Fig. 5 (221). Why should a
cell simultaneously induce recovery and destruction sys-
tems? Nagasawa et al. (268) examined the relationship
between radiation-induced G2 arrest and cellular radiosen-
sitivity in seven different cell lines. They observed that, for
all the cell lines, equitoxic doses of x-rays produced equi-
extensive G2 arrests. However, the radiosensitive cell lines
displayed long arrests and the radioresistant cell lines
displayed short arrests. If G2 arrests significantly promote
survival, those cells with long arrests should be more
radioresistant and those cells with short arrests should be
more radiosensitive.

The haploid yeast S. pombe exists in either of two
mating types, which are capable of fusing to form a
diploid cell. They can switch type via a precisely localised
DSB. Sandell and Zakian (82) genetically manipulated a
strain of yeast so that the site of this break was located
close to the end of a chromosome. They then introduced a
DSB repair deficiency into the yeast strain. By activating
the switching they produced a yeast cell with an artificial
broken chromosome end. As expected, the presence of this



end induced a programmed cell cycle arrest. Nevertheless,
in spite of the continued presence of the break many cells
eventually re-entered the cell cycle. Repair of the damage
did not influence the duration of arrest. A similar observa-
tion was made in a study of Bae et al. (269) in human
lymphoma cells. Radiation-induced genome damage en-
hances p53 activity, this in turn upregulates expression of
the p21 gene, whose product induces G1 arrest; Fig. 5. The
study showed that although initiation of the arrest depends
on p53 and, therefore, on the presence of genome damage,
the duration of arrest depended on the stability of the p21
protein, and not on the stability of the p53 protein. The
duration of arrest was independent of the presence of
genome damage. The conclusion from these and other
studies is that the time available for repair of genome
damage, resulting from cell cycle arrest, is a fortuitous
side-effect and not the physiological reason for arrest. The
main reason appears to be avoidance of cellular replica-
tion, possibly in association with cellular senescence. It
should be noted that p21 protein levels are elevated during
senescence (270).

Understanding the biological response to either physio-
logical (e.g. hormones) or non-physiological (e.g. ionising
radiation) stimuli requires characterisation of the particu-
lar biomolecular system activated by those stimuli. Al-
though the magnitude of response to ionising radiation
may be influenced by the frequency of broken chromo-
some ends, both size and type of response are determined
by the signalling pathways activated. Therefore, radiation
response does not necessarily reflect the cells attempt to
simply repair damage. Some types of damage induced by
radiation mimic structures which have physiological roles
in the life of the cell and radiation response reflects pro-
grammed physiological response to these stimuli. If a
broken chromosome end is mistakenly interpreted as the
presence in the cell of two chromosome ends without
telomeres, cellular senescence pathways are activated.
Senescence pathways induce both cell cycle arrests and
programmed cell death.

Cellular senescence and radiation response

The repertoire of signals to which a cell normally responds
does not include damage caused by ionising radiation.
Nevertheless, a number of programmed responses are in-
duced including cell cycle arrests and apoptosis. McClin-
tock recognised the signal source of this type of
programmed response to be broken chromosome ends.
Furthermore, the signal could be terminated either by
joining the broken chromosome end to another broken
chromosome end, or by adding a telomere. Her studies
suggest that the physiological signals induced by radiation
exposure are telomere-less chromosome ends. The normal
physiological role for these telomere-less chromosome ends
is in cellular senescence. McClintock’s ‘discernible but
initially unforseen responses’ of the cell, are cell cycle
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arrests, induction of genetic instability, and programmed
cell death associated with an extreme type of cellular
senescence, crisis (vide infra) which is part of a complex
defence mechanism to protect an organism from cancer.

Recent research has demonstrated the presence of a
mechanism of finite growth potential in cells. The mecha-
nism has to be overcome in order for tumours to progress
from the benign to the malignant state. At each cell
division the ends of the chromosome arms (telomeres)
shorten (271, 272). Upon reaching a critically short length
a signal is generated and the cell enters senescence and
eventually dies. This is considered the physiological basis
for ageing. If senescent cells are forced through further
rounds of division their telomeres become even shorter and
programmed cell death is induced. To evade this physio-
logical impasse a cell must make telomerase protein which
prevents and can even reverse telomere shortening. This
phenomenon is highly relevant to oncology and cellular
radiation response. The molecular controls of the phe-
nomenon are identical to those used by cells to induce cell
cycle arrests and apoptosis after exposure to radiation, the
telomerase activation status of cells is a highly predictive
indicator of the malignant state of a cell, and the recently
isolated ataxia telangiectasia gene (ATM) is significantly
homologous to genes involved in the telomere control
pathway (273).

There are a number of models of cellular senescence,
amongst the more popular are those based on damage
accumulation or programmed senescence. These are not
necessarily exclusive. However, existence of immortal
germ-lines, and the very fact that the so-called ‘oldest old’
generally appear fitter than those 20 years their junior,
weighs against the damage-accumulation model. Many
new insights into the molecular biology of ageing, support
the programmed death hypothesis. According to this hy-
pothesis after a relatively fixed or ‘pre-programmed’ num-
ber of divisions, cells enter senescence and eventually die.
The strongest evidence for this phenomenon comes from
studies of tissue explants. Tissue explants grown in culture
display three growth phases. First those cells capable of
growth in the extra-corporeal environment invade the cul-
ture dishes. Then follows a period of exponential cell
growth. Finally, cell growth terminates with the arrest of
cell division and culture senescence; Fig. 8. The duration
of this senescence period is variable but eventually ends in
death of the cells. The period of transition from exponen-
tial growth to senescence is referred to as the Hayflick limit
after the discoverer of this phenomenon. Hayflick (274)
observed that fibroblasts from tissue explants are capable
of only a limited number of cell divisions before entering
senescence, depending on the age of the tissue donor.
Thus, cells from young donors are capable of more divi-
sions than cells from old donors.

When cells enter senescence they take on an altered
morphology (275). The cytoplasm of the senescent cells
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Fig. 8. Cells in culture have a limited division potential before entering senescence. Reproduced with permission (273).

flattens out and becomes more circular taking on an
extended saucer-like appearance. This indicates that exten-
sive re-modelling of the cytoplasm has taken place. The
cells tend to arrest in the GO/G1 phase of the cell cycle.
The cdk/cyclin complexes which drive the cell cycle are
expressed abnormally in senescent cells (276, 277). Al-
though senescent cells are eventually destined to die, they
are resistant to apoptosis (248). When exposed to tumour
viruses such as SV40 (which produce proteins that specifi-
cally bind to and inhibit the major cell cycle regulatory
proteins, p53 and pRb) the senescent cells transform. The
spindle-morphology characteristic of non-senescent cells
returns and they reinitiate cell division but soon become
irreversibly arrested and undergo programmed cell death,
crisis (278). Those few cells which side-step this second
arrest become immortal, continuing to proliferate indefin-
itely. Tumour-virus proteins which promote transforma-
tion of cells are referred to as viral oncogenes. Various
cellular proteins, called proto-oncogenes, are also involved
in regulating these processes. They can mutate into cellular
oncogenes which promote uncontrolled division and
carcinogenesis.

A number of studies have demonstrated a strong corre-
lation between telomere length and senescence (279). In
Tetrahymena cells, where the telomerase RNA has been
mutated, abnormal telomeres are produced and the cells
display features of senescence (280). The est! mutant of
yeast is characterised by cells with ever shorter telomeres
(est) and features typical of ageing and senescence (281).
Further studies have demonstrated that the length of
human fibroblast telomeres, like their proliferative poten-
tial, is directly related to age of the donor (271, 282). In
progeria patients, who suffer from a disease causing pre-

mature ageing, fibroblasts display a greatly reduced divi-
sion potential and enter senescence prematurely (283).
Their chromosomes display abnormally short telomeres.
Patients with ataxia telangiectasia, a multi-faceted syn-
drome who display abnormal radiation sensitivity show a
less severe premature ageing and their cells are also found
too have shorter telomeres.

H. J. Mueller (284, 285) first used the term, telomere,
when investigating radiation-induced chromosome aberra-
tions in Drosophila. The unexpectedly low frequency of
terminal deletions indicated that special structures must be
present on the end of chromosomes which protect them
from damage. Telomeres shorten at each round of cell
division due to problems associated with DNA replication
at the end of the chromosome (286, 245). The DNA
polymerase can ride along the 5'—3" ‘leading’ strand to the
very end of the chromosome replicating DNA the whole
way. This is not possible along the 3'-5 ‘lagging’ strand.
Not only can the DNA polymerase not move in the 3'-5'
direction, it also requires a pre-existing 5 DNA- or RNA-
primer to start from. Along the lagging strand the DNA is
replicated in pieces called Okazaki fragments. Each of
these fragments is initiated with a RNA primer. After
replication is finished, the RNA primers are removed and
the short gaps left are filled by the activities of the poly-
merase. However, at the end of the chromosome, at the
most distal gap, there is no pre-existing 5 DNA for the
DNA polymerase to bind to. Therefore, the end is not
replicated and a short length of DNA is lost. After each
division the chromosomes shorten at a rate of some tens of
base pairs per cell cycle; Fig. 9.

There is a clear correlation between the number of
divisions through which a cell has passed and the length of
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Fig. 9. DNA polymerases cannot replicate the end of the lagging strand. Reproduced with permission (273).

its telomeres. As cells divide their telomeres shorten. After
reaching a critical length of about 4 kbp, the cells enter
GO0/G1 arrest and senesce (287). Cells remain in this state
and eventually die. Cells enter senescence when a signal
caused by telomere-attrition activates the p53 and pRb
proteins which co-operate in inhibiting cell division and
promote the senescent state (278, 221). When cells are
irradiated they act in a similar manner. The chromosome
breaks induce a signal causing the cell cycle machinery to
activate cell cycle arrest. Arrest has been shown to involve
the p53 protein, which promotes the activity of the potent
cell cycle inhibitor p21 (269, 288). p21 interacts directly
with the cyclin/kinase complexes which drive the cell
through the division cycle; Fig. 5.

Senescence arrest can be overcome by the action of
tumour viruses such as SV40, human papilloma viruses,
etc. The viruses produce proteins such as the large T
antigen (SV40), or E6 and E7 (human papilloma viruses)
which bind to p53 and pRb (289, 290). This binding
inhibits the normal inhibitory function of these proteins,
permitting signals which promote cell growth to stimulate
cell division. When cells are infected by tumour viruses
they can escape the cell cycle arrest and continue to grow
for a few more divisions, the telomeres getting even
shorter. This extreme shortening is associated with genetic
instability (291, 292). When, on average, the telomeres are
about 1 kbp long, the cells enter a second arrest, referred
to as crisis or M2, and die. However, a few cells circum-
vent crisis because the length of their telomeres stabilises
due to the presence of a protein/RNA complex called
telomerase. When this enzyme is active the cells are able to
divide indefinitely, becoming immortal. In the germ line,
telomerase is active so the line is capable of indefinite
growth ensuring the preservation of the species; Fig. 10.

Somatic cells have only a finite division potential before
they senesce. After each cell-division telomeres shorten and
upon reaching a certain minimal length they signal to the
cell to stop dividing and undergo senescence (271, 272).
This marks the Hayflick limit, also referred to as MI.
However, in cells of the germ line (responsible for the
perpetuation of the species) a special ribonucleoparticle is
active called telomerase. Telomerase maintains telomeres
at a constant length so that cells do not senesce but are
capable of unlimited division (293). Telomerase is a ri-
bonucleoparticle; consisting of both protein subunits and
an RNA molecule (293, 294). It is not yet known how
many protein subunits the telomerase complex consists of.
However, in a number of species the gene coding for the
RNA molecule has been cloned and its sequence estab-
lished. The RNA possesses a region of homology to the
telomeric repeat. This region acts as a template for replica-
tion of the telomeric DNA. Because telomerase synthesizes
new DNA from an RNA template it is a reverse transcrip-
tase (295). The ability of telomerase to extend, or to hold
constant, the length of the telomere over multiple cell
divisions has been demonstrated to go hand-in-hand with
unlimited growth potential and the development of malig-
nancy (296). By modifying existing PCR technologies Kim
et al. (297) developed a method to evaluate telomerase
activity in single cells. They demonstrated that in essen-
tially all immortalised tumour cell lines investigated (98 of
100) and in 90% of all tumours examined (90 of 101),
telomerase activity had been reactivated. No existing tu-
mour marker or oncogene is as frequently observed, in as
many different tumours types, as telomerase activity. Cell
immortalization requiring ectopic telomerase activity ap-
pears to be an almost universal step in carcinogenesis.
Telomerase activity has high prognostic value and could
provide the clinician with new alternative and supplemen-
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Fig. 10. Average telomere length depends on the ‘age’, type, and health of a cell. Reproduced with permission (273).

tary therapies. An intensive search for telomerase in-
hibitors is currently underway. These should re-initiate
telomere shortening and restore finite division potential to
the tumour cells, converting malignant to benign tumours
(296, 298).

If transformed cells do not become immortal they tend
to cause only benign tumours (299, 300). Thus cellular
senescence, the physiological cause of ageing, can be con-
sidered the price paid to reduce the frequency of malignant
tumours. Ageing is a natural consequence of an anti-onco-
genesis mechanism. Longer-life resulting from an extension
of the ‘telomere-clock’ would not mean being old for
longer; rather the total process of ageing would be slowed
down (282). However, the probability of cancer at the
same time would be much greater because the probability
of cancer inducing events increases with age and the
probability of larger benign tumours becoming malignant
increases with cell number. If it were possible to reset the
telomere lengths via telomerase activation, specifically in
non-tumorigenic cells, increased life-span might be feasible
(301). As the process of ageing appears to be primarily a
consequence of telomere-attrition driven cellular-senes-
cence, such an increased life-span might be welcome, at
least for the individual (273).

QUANTIFICATION OF PROGRAMMED RESPONSE
FOR CLINICAL APPLICATION

Measurement of programmed radiation response has many
practical applications in radiation therapy including:

(a) monitoring response to radiation therapy, especially
when evaluating new modalities or treatment
protocols.

(b) evaluating complementary therapy adjuvants, such as
photodynamic therapy (PDT), neutron capture ther-

apy (NCT), the use of cytokines in bone marrow
transplantation, and the use of pharmaceuticals which
modify radiation response.

(c) individualization of therapy protocols, tailoring them
to the specific characteristics of the patient and his/her
tumour.

Monitoring response to radiation therapy

One of the advantages of using protons for radiation
therapy is the reduction of total dose made possible to the
healthy tissues. Using comparative treatment planning
techniques, it has been demonstrated that conform therapy
using either protons or photons leads to similar total doses
to target tissues and favourable dose fall-offs to therapy-
limiting normal tissues surrounding the target. However,
the integrated doses to more distal healthy tissues after
conform photon irradiations are up to three times larger
(30% of total therapy dose), than the proton integral dose
(10—15% of total therapy dose) (302, 303). During photon
treatments, large volumes of normal healthy tissue, 10
litres or more, may receive total doses greater than 20 Gy.
Such exposed healthy tissues are many times larger than
the actual target volume. Equivalent treatments using the
advantageous physical properties of protons, permits re-
duction not only of the normal tissue volume irradiated
but also the average dose, 6 Gy, received by these tissues.

Although therapy doses to normal tissues do not have a
major impact on rate of patient survival, much evidence
suggests that these tissues have been altered due to the
radiation exposure. The tissues are hypersensitive to subse-
quent radiation treatment and display enhanced frequen-
cies of various cytogenetic abnormalities and gene
mutations. Radiation-induced damage acts in a manner
similar to a co-carcinogen, see Chapter 4, and can cause
transformation of the cells. Instability induced in the



genome, which accompanies transformation and which
drives tumour progression, is induced by radiation in a
high percentage of the cells. It can even be induced in cells
indirectly; in cells adjacent to or near others which re-
ceived the dose (193). Radiation-induced transformation is
classified as a stochastic radiation effect, indicating that no
threshold for dose induction is evident. Radiation protec-
tion in these cases recommends application of the ALARA
principle; as low as reasonably achievable, in order to keep
risk to a minimum. For the patient, however, Swiss law
permits normal dose limits to be circumvented; ‘Strahlen-
schutzgesetz, Art. 15°. Although justified in order to save
lives, it is not meant to be a carte blanche for the radio-
therapist. The same law refers to ‘Artikel 9° which requires
reduction of radiation exposures to those possible within
the realms of ‘contemporary technologies’. The ALARA
principle needs to be applied in the clinic as well.

Proton conformal therapy is a typical ‘contemporary
technology’ which can be used in practice to spare the
patient unnecessary and harmful radiation exposures (304,
305). The ALARA principle in these cases is not always
‘achievable’ because of lack of availability of proton ma-
chines. In some instances of conformal therapy, reduction
of dose to considerable volumes of normal healthy tissue is
a major radiation protection issue. Using standard elec-
trons or photons for conformal therapy, litres of otherwise
healthy tissue are exposed to integral doses of 20 Gy or
more, which is most unfortunate. This is not a negligible
dose, even if it is fractionated. The average age of radio-
oncology patients is above 60 and life expectancy even
after successful radiotherapy is not extensive. A short-
sighted clinician can easily play down the risks involved.
Unfortunately, it is young patients and children who are
most endangered. They have risk values 10-fold greater or
more than ‘average-aged patients’ (60, 306, 307). With the
application of conformal proton irradiations, normal tis-
sue doses could often be reduced at least 3-fold, with a
commensurate reduction in secondary cancer risk and
therapy-associated complications. In patients with exten-
sive post-therapy life expectancies (e.g. patients with paedi-
atric tumours) the preferential use of conformal proton
therapies is clearly indicated. Previously it has been
difficult to monitor the effects of radiation on normal
healthy tissue in order to evaluate the severity of the
radiation damage. The Leukocyte Apoptosis Assay, how-
ever, provides a means of monitoring the response of
various blood cell types to fractionated therapy. With this
assay, a detailed log of normal tissue response to radiation
therapy is available and clinically relevant comparisons of
biological response to proton and photon therapies can
now be made.

Neutron capture therapy is another clinical modality
whose therapeutic potential has been recognised for many
years (308). Various technical limitations must still be
overcome before it gains acceptance in clinical routine.
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Nevertheless, a fascinating therapeutic potentiality has
arisen for treating rheumatoid arthritis (309), an autoim-
mune disease characterised by chronic inflammation of the
joints. The body produces antibodies against its own anti-
bodies, these build complexes together which are deposited
in the synovia, the membranes lining the joints. These
complexes activate the complement cascade and thus cause
chronic inflammation of the synovia. If joints remain
unresponsive to drug treatment, physical removal of infl-
amed synovia, synovectomy, becomes necessary. A non-in-
vasive therapy using neutron capture therapy is being
developed. First a boron-labelled compound is injected
into the joints, where it is actively taken up by the synovial
membranes. These membranes can then be selectively de-
stroyed by irradiating the joints with neutrons (309). Use
of the Leukocyte Apoptosis Assay will permit surveillance
of normal tissue response for adverse reactions during
development and application of this therapy.

Besides acting as a rapid screen for cancer patients
hypersensitive to radiation, the Leukocyte Apoptosis As-
say can assist the clinician in planning patient-specific
treatment protocols. Correlations are being sought be-
tween the spectrum of radiosensitivities displayed by the
leukocyte sub-populations and the levels of acute, sub-
acute and late response of the normal tissue to photon and
proton therapy. Preliminary studies of ocular melanoma
patients treated at the OPTIS proton facility at the Paul
Scherrer Institute display a correlation between radiation-
induced apoptosis in the CD8 lymphocytes and the fre-
quency of optical neuropathies observed 3.5 years after
treatment. To date only 12 patients have been tested.
Those patients (6) whose CD8 T-lymphocytes had less
than the median frequency of apoptosis (15%) after an 8
Gy dose, displayed optical neuropathies with a frequency
of 35%, and those patients (6) whose CD8 T-lymphocytes
had more than the median frequency of apoptosis, dis-
played optical neuropathies with a frequency of 80%.
None of the patients displayed extremely abnormal apop-
totic responses. These preliminary findings suggest that
individuals with a reduced capacity to respond to ionising
radiation eventually develop fewer neuropathological
complications.

Evaluating complementary therapy adjuvants

Photodynamic therapy. After accumulation of a light-
sensitive substance (photosensitizer) in tumour cells, laser
irradiation at a defined wavelength induces cell death.
Since this therapy modality is relatively new, a number of
characteristics, including the mode of cell death, still re-
quire evaluation. Using a number of cytotoxicity assays in
various lymphoid cell types, we have demonstrated that
cells are killed via a necrotic mechanism following treat-
ment with PDT using mTHPC (meta tetra-hydroxylphenyl
chlorin). Human blood from healthy donors, or TK6
human B-lymphoblastoid cells, were incubated in the pres-
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Fig. 11. Large vacuoles and apoptotic bodies induced in TK6 cells by Gy x-rays.

ence of the photosensitizer mTHPC for 24 h, subsequently
exposed to 625 nm laserlight, and left to incubate for
various periods up to 24 h to permit expression of cytotox-
icity (310). PDT is a therapeutic modality well suited to
the treatment of certain malignant tumours. The photosen-
sitizer is critical and on its own should never be toxic to
the patient. No genotoxic influences of the photosensitizer
mTHPC have been observed (311). We have studied the
mode of PDT-induced cell death. If PDT kills cells via a
necrotic mechanism it would be a useful adjuvant for
radiation therapy. If the programmed response of tumour
cells is compromised due to mutation of components of
the signalling pathways, tumour cells become resistant to
radiation therapy. Alternative therapies which kill cells
directly by causing necrosis are then desirable. We have
examined cytotoxicity in various lymphoid cell types after
PDT treatment.

The difference between the frequencies of necrotic and
apoptotic cell death was determined using three separate
assays. First, peripheral blood lymphocytes were examined
for PDT-induced sub-G1 DNA peaks. No apoptotic cell
populations were induced by PDT in either CD4 or CDS8
T-lymphocytes, between 0.5 h or 72 h after treatment.
Second, the time kinetics of PDT-induced cytotoxicity
were compared to x-ray-induced apoptosis in TK6
lymphoblastoid cells. x-rays induce apoptosis in TK6 cells
causing vital stain uptake in these cells starting 12 h after
exposure, due to secondary necrosis which is the last phase
of apoptotic death. However, TK6 cells treated with PDT
displayed vital stain uptake within minutes after treatment
and a maximum was observed within 8 h. Third, cells were
examined with the electron microscope for evidence of

apoptotic chromatin bodies. Although these were readily
observed following exposure to x-rays no such bodies were
observed at various doses or times post-PDT treatment;
Figs. 11 and 12.

Based on the results from DNA and cell-size measure-
ments in lymphocytes, loss of membrane integrity in TK6
lymphoblastoid cells, and electron microscopic examina-
tion of cytotoxic action, we conclude that PDT induces cell
death in lymphoid cells by a necrotic mechanism. No
evidence of PDT-induced apoptosis in CD4 and CDS§
T-lymphocytes or TK6 B-lymphoblastoid cells was ob-
served. This suggests that the success of PDT will be
relatively independent of the mutational status of various
oncogenes (e.g. p53, myc, ras) which have been shown to
enhance resistance to radiotherapy (9, 6, 8, 220). There-
fore, our experiments support the view that PDT should
be a useful modality for salvaging radiotherapy failure.
The study was performed with lymphoid cells, as these
cells are generally most sensitive to induced apoptosis.
Nevertheless, carcinomas and sarcomas may respond dif-
ferently, and assessment of their specific reaction to PDT
has yet to be established. We are presently developing a
similar test system to examine solid tumour response.

Cytokines for bone marrow transplantations. Granulocyte
colony-stimulating factor (G-CSF) not only increases the
yield of polymorphonuclear neutrophils (PMN) in leuka-
pheresis blood-donors but also protects the PMN from the
harmful effects associated with harvesting and irradiation,
and delays the onset of apoptosis in in vitro culture
(312-314). We confirmed this observation. Samples of
G-CSF-treated leukapheresis products tested 24 h after
irradiation, using the Leukocyte Apoptosis Assay, showed
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Fig. 12. Photodynamic therapy does not appear to affect the integrity of the nucleus, the damaged chromatin condenses onto the lamin

scaffold and nucleolar structures.

the same levels of apoptosis as their non-irradiated, non
G-CSF treated counterparts. Based on these data, a bone
marrow transplantation (BMT) patient, the leukapheresis
recipient, was also administered G-CSF at 10 ug/kg each
day beginning with the first granulocyte transfusion. This
method of G-CSF administration, to both donor and
recipient, made successful passage through the aplasia
period possible with only four transfusions of pre-acti-
vated, long-living granulocytes despite an aspergillus con-
traindication (315).

Chronic granulomatous disease (CGD) is a primary
immunodeficiency resulting from complete absence or mal-
function of the NADPH oxidase in the phagocytic cells,
i.e. neutrophils, monocytes, macrophages and eosinophils.
Deficiency of this oxidase causes a marked reduction or
complete extinction of the phagocyte respiratory burst
resulting in defective microbial killing. As a consequence,
the patient is susceptible to recurrent bacterial and fungal
infections. Based on the observation that granulocyte
colonies, derived from the progenitor cells of CGD pa-
tients, display defective oxidative metabolism; bone mar-
row transplantation (BMT) appears to be an ideal method
to replace the malfunctioning cell populations. The ap-

proach has been used on a dozen patients since 1976.
Usually, BMT from a histocompatible donor results in
cure of the disease, provided that the patient is trans-
planted in an infection-free interval. However, invasive
aspergillosis has been a universal contraindication for
BMT for fear of overwhelming aspergillus sepsis and death
during aplasia (316). In order to overcome these problems,
G-CSF mobilized, irradiated granulocytes from healthy
donors were transfused during aplasia. G-CSF was admin-
istered to the donor to increase the quantity of granulo-
cytes harvested 3- to 10-fold.

Granulocytes obtained from the leukapheresis process
and granulocytes obtained from fresh blood samples from
healthy volunteer donors were investigated. The leuka-
pheresis granulocytes were given 0 or 25 Gy and examined
0, 24, and 48 h post-irradiation for vitality and apoptosis
using the Leukocyte Apoptosis Assay. The granulocytes
from fresh blood were separated from the lymphocyte
fraction by density centrifugation. The samples were incu-
bated with or without G-CSF for 24 h (312), irradiated at
0 or 25 Gy and examined at 0, 24, and 48 h post-irradia-
tion for vitality and apoptosis (215). Flow-cytometric anal-
ysis of granulocytes confirmed previous findings



38

demonstrating protection against apoptosis by G-CSF
treatment of PMN (315). Granulocyte transfusions from
healthy donors mobilized with G-CSF provide about a
four-fold increase in the PMN yield compared to steroid-
mobilized leukapheresis products (317, 318). Moreover,
G-CSF protects the PMN from deleterious effects of har-
vesting and irradiation, and delays the onset of apoptosis
in in vitro systems (312-314).

Pharmaceutical manipulation of radiation response. Eu-
karyotic cells in cycle respond to ionising radiation by
delaying entry into mitosis (91). Delay of entry into mito-
sis has been suggested to prevent the fixation of a compo-
nent of potentially lethal damage by extending the repair
period (92). This additional repair, in tumour cells, could
impede radiotherapy and lead to compromise of tumour
control. Elucidation of the arrest mechanism should per-
mit the design of drugs to improve therapeutic ratios by
mitigating tumour radioresistance and/or sparing neigh-
bouring healthy tissue. Use of caffeine, as an adjuvant in
radiotherapy due to the radiosensitizing effects of G2
arrest abrogation, is not yet feasible. Despite complete
absorption following oral administration, the concentra-
tions required are too toxic. Even a 2 mM caffeine dose
(equivalent to approx. 4.5 litres of strong ‘Robusta’ ex-
presso or more than 11 litres of ‘Robusta’ drip coffee)
would cause emesis, seizure and death probably via the
adenosine receptors of the central nervous system (319,
320). Maximum whole body doses of 0.2 mM may be
tolerable but in our system these had no measurable effect
on the duration of G2 delay. Means to localise millimolar
caffeine concentrations are required.

Individualization of therapy protocols

Statistical testing of clinical assays. Measurement of
programmed radiation response can be used to stratify
patients for alternative clinical protocols (321). Based on
the results, patients are given either conventional radio-
therapy (CT) or an alternative (AT). The probability (P) of
favourable outcome (O) given the alternative therapy must
be greater than the probability of favourable outcome
given the conventional therapy; P(O|AT) > P(O|CT).
Based on this stratification, the resultant increase in clini-
cal gain provides a quantitative measure for the clinical
relevance of the predictive assay in terms of percent gain in
overall clinical outcome. The ‘cut-off” value of the evidence
(E), used for defining stratification, is usually the median.
In this case 50% of the patients derive the benefits of the
alternative treatment. However, it may be that only the
upper (or lower) 10% of the patients significantly benefit
from the alternative treatment and alternative ‘cut-off’
values can be used. The placing of the ‘cut-off’ is clearly
critical, particularly for more aggressive alternative treat-
ments. Clinical gain is a measure of average benefit to all
patients tested. Here, the vital statistic is the proportion of
patients stratified multiplied by percent gain per stratified

patient. In a worst case scenario, predictive assay screening
would result in too little improvement to justify its use.
Patient inconvenience and assay overheads also play an
important role in defining ‘improvement’. The clinical
attraction of normal-tissue radiosensitivity assays (215,
216) lies in their dual potential; both the high proportion
of patients (95%) and the reasonable gain per patient
(hypothetically 20%), given the alternative therapy.

Primary univariate analyses are rapid and simple tests of
the ability of an assay to stratify patients based on stan-
dard Bayesian probabilities. Patients treated with a con-
ventional therapy and demonstrating the clinical outcome
of interest (O), are examined for the specific test results
(E). Various test values are then determined: sensitivity,
P(E| O); specificity, P(E’|O’); predictive value, P(O|E);
false-positive rate, P(O’|E); and false-negative rate,
P(O| E') (322). The efficiency of an assay can be measured
in terms of the clinical outcome or in terms of the evi-
dence. In terms of the clinical outcome; the sensitivity of
an assay P(E|O) is the proportion of evidence-positive
individuals amongst the outcome-positive group (O); type
I errors are caused by evidence-negative (E’) individuals
amongst the outcome-positive group P(E’| O). The specific-
ity of an assay P(E’| O’) is the proportion of evidence-neg-
ative individuals amongst the outcome-negative group
(0"); type II errors are caused by evidence-positive (E)
individuals amongst the outcome-negative group P(E| O).
In terms of the evidence, the relationship P(O| E) > P(O) is
examined using contingency tests (chi-square, Fisher’s,
etc.), which concentrate on rejecting or not rejecting the
hypothesis that the two probabilities are equal. Confidence
intervals are even more illuminating; the z-test (difference
of proportions) indicates both the reliability of the data
and how to handle non-significant results.

More extensive univariate analyses make use of all the
available data. The preferred method for such analyses
uses logistic regression, defining a linear function between
two outcome values and the evidence; Fig. 13 (323). The
p-value obtained from this test defines the discriminatory
power of the assay, and the slope of the function is the
natural logarithm of relative risk. From such curves the
sensitivity and specificity of the test at all cut-off (evidence)
levels can be obtained and a receiver-operating characteris-
tic (ROC) curve determined; Fig. 14 (324). ROC curves
graphically display the discriminatory power of a predic-
tive assay. In practice, the sensitivity of such a curve at the
95% specificity is given. However, standard levels of criti-
cality are very restrictive for assay systems where both
variables are subject to biological and experimental
variation.

Using multiple tests it is possible to examine the rela-
tionship between multiple types of evidence and the chosen
outcome (e.g. tumour cell survival can depend on SF2,
CFE, oxic state, and Tpot). Multiple assays can be used to
analyse the contribution of each parameter to a given
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Fig. 13. Logistic regression curve, the illustrative data are purely fictitious.

outcome. Using multiple assays is equivalent to testing in
series, and tends to increase specificity at the expense of
sensitivity. Such methodologies, by decreasing the number
of false positives, would have the advantage of increasing
the expected therapeutic gain per patient and reducing the
proportion of patients selected. Multivariate analysis can
also be used to determine the independent contributions of
each type of evidence to the outcome. These are given as
relative risks, which can be used to provide better criteria
for stratification. Furthermore, multiple predictive assays
can give multiple types of evidence for more than just one
type of clinically relevant factor (e.g. oxic state and Tpot
are expected to have an influence on both radiosensitivity
and tumour growth kinetics). Multivariate analysis can be
used here to determine the impact of the various indepen-
dent contributions which also provides better criteria for
stratification. The appropriate test for stratification given
multiple predictive assays is multiple logistic regression
analysis. This yields a relative risk and confidence intervals
for each factor, whose combined contributions are
additive.

Evaluation of clinical outcome may often involve cen-
sored data (incomplete observations). In these cases, actu-
arial analyses should be conducted (323). Actuarial
analyses are graphically displayed using Kaplan—Meier
(325) or life-table methods. Curves are compared using the
log-rank test (326), and regression models can be estab-
lished according to the Cox proportional hazards regres-
sion model (327). Many assays predicting local cure pass
through a peak of discriminatory power related to the
confounding influence of recurrence. The true discrimina-
tory power of a test, for any desired clinical outcome, only
becomes apparent after some years. This is why retrospec-
tive studies are so useful when developing such assays. If
statistical tests confirm the value of an assay, a formal
two-armed, prospective, randomised trial is called for in

order to confirm the usefulness and reliability of the assay
in standard clinical practice. As all types of clinical out-
come are normally censored (time dependent) data, only
actuarial analyses are really appropriate (321).

Clinical assays of programmed radiation response. Indi-
vidualization of therapy protocols is only practical if the
response of the individual can be estimated in advance.
Appropriate tests of radiation response must be made
either on normal tissues from the patient or on biopsy
specimens from the tumour. Previous responses from
healthy donors or cancer patients can then be used as a
basis for estimating the patients response and tailoring the
therapy to his/her needs. Such tests evaluate many differ-
ent aspects of normal tissue and tumour tissue response,
including normal tissue radiosensitivity, tumour growth
kinetics, and multi-parametric
analyses. In the future, advances in molecular genetic
techniques will provide new avenues for individualising
patient therapy protocols.

When deciding upon an appropriate radiotherapy proto-
col, it is helpful for the clinician to know how quickly the
tumour is growing. Using fluorescence labelled anti-BrdU
antibodies and flow-cytometric methods it is possible to
determine the growth rate of a tumour from BrdU-labelled
tumour biopsies (328). We have also used this method to
investigate radiation-induced cell cycle arrests in cell cul-
ture systems (148). The method is referred to as the Tpot
method because it determines the potential doubling Time.
We have been performing Tpot analyses on spontaneous-
tumour biopsy samples from cats and dogs to test its

tumour heterogeneity,

application in veterinary radiation oncology (329-331).
The animals were given bromodeoxyuridine intravenously
4-6 hours prior to tumour biopsy excision. Tumour cells
in S-phase incorporate this thymidine analogue into their
DNA. The Tpot technique involves determination of both
the fraction of tumour cells replicating their DNA (la-
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Fig. 14. Receiver operating characteristic curves, the data are from Fig. 13.

belling index) and the average length of the S phase (Ts).
From these two parameters, the potential doubling time of
the tumour can be determined (328). If the Tpot values
indicate a rapidly growing tumour, a poor clinical response
is also indicated. This is attributed to excessive tumour
growth during the course of fractionated radiotherapy. We
observed a large spectrum of Tpot values for epithelial and
mesenchymal tumours both in cats and in dogs. A highly
significant correlation between labelling index and Tpot
was observed (331). This suggests that alternative ap-
proaches to tumour growth-rate determination are feasible
based on non-invasive methods for measuring labelling
index. Positron emission tomography can be used to evalu-
ate labelling index based on tumour incorporation of
positron-emitting radiolabelled thymidine analogues (332).

A major drawback of these existing techniques is their
assessment of only one tumour parameter (333). Multi-
parametric analyses will have an important role in clinical
radiotherapy in the 21st century. A technique for cell
culture using palladium islands on a sea of agarose has
been developed for multi-purpose applications in tumour-
cell study. Petri dishes are layered with a thin film of
agarose, and a pattern of 0.3 mm-diameter palladium
islands are deposited onto the agarose. Cells are unable to
grow on agarose but grow on the palladium islands to
form colonies (334). Palladium islands are suitable for
selecting cell cultures derived from tumour biopsies, in
order to perform various types of radiosensitivity assay.
Evaluation of single cells or their growth into colonies can
then be conducted. Using this technique, survival curves of
fibroblasts and tumour cells show good correlation with
colony formation in dishes (335). We are currently devel-
oping compact cell cloning discs 10-cm in diameter, which
carry more than 8000 ‘micropits’ 0.8 mm in diameter, each
holding a single palladium island (336). By FACS charac-
terisation of preselected cells when seeding these discs, it

will be possible to separate the various tumour-cell popula-
tions (tumour cells, fibroblasts, endothelial cells, etc.) from
a patient biopsy. The cells can then be analysed on their
islands for many types of programmed cellular response;
e.g. colony forming ability, p53 transcription, etc. Confo-
cal microscopy, antibody, and cytotoxicity studies can be
performed; or the cells can be investigated with small-sam-
ple molecular biology technologies. The compact cell
cloning discs provide many novel approaches for investi-
gating tumour heterogeneity and, with further develop-
ment, to establishing defined and reproducible conditions
for live-biopsy archiving.

Exposure to ionising radiation causes the production of
broken chromosome ends in a cell. The cell responds to
these apparently telomere-less chromosome ends in a pro-
grammed manner by inducing cell cycle arrests or pro-
grammed cell death. With its experimental confirmation
Barbara McClintock’s remarkable insight that the genome
responds in a ‘discernible but unforseen manner’ is being
amply confirmed. The programmed component of radia-
tion response is most significant in radiation oncology. The
prescribed dose is actually determined by normal healthy
tissue response rather than the type or size of the tumour
being treated. The challenge to the therapist is finding
methods of changing radiotherapy practice in ways that
increase the probability of local cure whilst permitting
isoeffective or reduced complication rates in normal tis-
sues. Successful radiotherapy is synonymous with opti-
mised sparing of healthy tissue. As our understanding of
radiation response increases, the empirical advantages of
dose fractionation, best achieved with low LET radiation;
and dose conformation, best achieved with hadron radia-
tion, take on a more mechanistic nature. Proton therapy
which combines the advantages of both is a sophisticated
and an astute approach to cancer treatment (337). One
which will bring great benefits to the patient with its
implementation in routine clinical practice.
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