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Background

Radiobiology contributes to public health by provid-
ing the necessary scientific background for radiation
protection, radiotherapy and nuclear medicine. In the
field of radiation protection, radiobiological research
aims at evaluating the potential risks of low doses of
ionising radiation delivered to the organism. Our
research programmes cover the radiosensitivity of
the developing mammalian organism, genetic dam-
age in the child in utero and soon after birth, and the
individual susceptibility to ionising radiation.

SCK-CEN is involved in a retrospective epidemio-
logical study to determine the cancer mortality in
workers from 5 Belgian nuclear facilities
(SCK«CEN, BELGONUCLEAIRE, Belgoprocess
and Electrabel (power plants of Doel and Tihange),
as part of an international multi-centre programme,
co-ordinated by the International Agency for
Research on Cancer (IARC/WHO, Lyon).

Objectives

B to study cancer mortality in nuclear workers in
Belgium, and to co-ordinate the Belgian part of
the "International Collaborative Study of Cancer
Risk among Radiation Workers in the Nuclear
Industry" from the International Agency for
Research on Cancer (IARC/WHO, Lyon);

61 to elucidate the molecular basis of individual sus-
ceptibility to ionising radiation in the mammalian
embryo during the early phases of its develop-
ment;

is to assess the genetic risks of maternal exposure to
ionising radiation;

B to elucidate the cellular mechanisms leading to
brain damage after prenatal irradiation;

a to monitor the early variations of gene expression
induced by ionising radiation and cytokines;

fii to evaluate the use of cytokines and natural sub-
stances for improving radiotherapy protocols;

B to advise authorities and to provide the general
population with adequate information concerning
the health risks arising from radiation exposure.

Programme and Achievements

Epidemiology

The main activities of 2000 were finalising the data
for SCK-CEN, BELGONUCLEAIRE and
Belgoprocess. For Electrabel, the completion of the
data set is impossible for this moment due to more

recent interfering privacy protection legislation in
Belgium. We await the publication of a specific
Royal Decree (foreseen: spring 2001 ; a draft was
already approved by the board of ministers on
September 15th 2000). Standardised mortality ratios
(for males, females, exposed- and nori exposed) have
been calculated for all above mentioned cohorts
except for the Electrabel workforce. No statistical
significant increases were observed.

Effects of ionising radiation on the
mammalian embryo

Cell cycle is a tightly regulated process during which
a cell first replicates its genetic material (DNA repli-
cation), and subsequently evenly partitions it among
the two future daughter cells (mitosis). Ionising radi-
ation can block progression of the cell cycle, either
before the cell replicates its DNA (Gl arrest), or
before entry into mitosis (G2 arrest;. Both Gl and
G2 arrests are considered as active cellular respons-
es to irradiation, in order to allow time for repair of
damaged DNA or chromosomes. In the past, research
in this area at SCK'CEN has shown that irradiation
at the 1-cell stage of embryos from the BALB/c
mouse strain caused an extended G2-arrest. In order
to better characterise this phenomenon, and to evalu-
ate the repair of chromosome damage after irradia-
tion of 1-cell embryos, we developed two different
techniques of PCC (premature chromosome Conden-
sation). PCC is an alternative to the conventional
metaphase analysis and is independent of the cell
cycle so that chromosomes can be condensed and
visualised in any phase of the cycle. The efficiency
of the "fusion" technique, consisting in fusing indi-
vidual 1-cell embryos with oocytes in the first meiot-
ic division, was compared to that of the "chemical"
technique, in which irradiated embryos were exposed
in vitro for a short time to calyculin A, a potent
inhibitor of phosphatases 1 and 2A.

The easiness of the chemical technique made it gen-
erally preferable to the fusion method, which
required a great expertise, and was much more time
consuming. Both PCC techniques yielded similar
results when chromosome aberrations, were com-
pared in irradiated embryos at different times during
G2-arrest. The level of chromosome fragments and
chromatid exchanges, the most frequent aberrations
found in irradiated embryos, remained almost con-
stant during all G2-arrest, further supporting the idea
that BALB/c 1-cell embryos are defective in some
DNA damage repair mechanisms (see figure).
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A fairly high proportion of irradiated BALB/c 1-cell

embryos are normally unable to divide after G2-

arrest and die by a process that is not yet completely

characterised. The chemical and the fusion PCC

techniques were used in an attempt to force mitosis

of such embryos. PCC could be observed in a low

number of embryos exposed to calyculin A, but the

quality of the spreads was very poor and did not

allow an objective analysis of the G2 chromosomes.

Using the fusion PCC technique, low numbers of

cytogenetically analysable preparations could be

obtained. In those, the proportion of chromosome

fragments and chromatid exchanges appeared to be

similar to those observed in embryos fixed at earlier

time intervals during G2-arrest. Surprisingly, beside

the expected G2-PCC, some of the preparations

showed PCC with a pulverised aspect evoking S-

PCC, with thick and thin portions normally corre-

sponding to replicated and non replicated DNA. This

suggested that some irradiated 1-cell embryos had

been able to undergo mitosis (= nucleus division)

without cytokinesis (= cell division) and enter a new

DNA synthesis phase. When compared to results

obtained very recently in human cell lines, these

results evoked some deficiency in the newly discov-

ered p53/14-3-3c pathway, possibly due to the

impossibility for the embryos to express one or

another component of this pathway at this early pre-

transcriptional stage. Further work will be undertak-

en in 2001 in order to challenge this hypothesis.

induced DNA double-strand breaks is DNA-PKcs

kinase, which can act notably by phosphorylating the

p53 tumour suppressor protein in response to ionis-

ing radiation. The ability of an organism to repair

DNA damage varies among individuals, and is likely

to be related to the propensity to develop cancers. In

an attempt to develop animal models for the study of

the individual radiation sensitivity, we have previ-

ously reported that the BALB/c mouse strain shows

an extreme susceptibility to ionising radiation, clear-

ly manifested by an extended G2 block or delayed

death in the 1-cell embryo, in addition to an

increased tendency to develop radiation-induced

mammary carcinomas during adulthood. It has

recently been shown that BALB/c mice have a poly-

morphism in the DNA-PKcs gene, which might ren-

der these mice less efficient in repair/signalling of

radiation-induced DNA double strand breaks. In

order to address whether DNA-PKcs is involved in

the increased sensitivity of BALB/c mice to ionising

radiation, we have started generating congenic mice

by crossing Fl from BALB/c x C57BL (which do not

exhibit a radiation-induced G2 arrest) back with

BALB/c mice. Only the progeny that retained one

allele of the C57BL DNA-PKcs was used for further

backcrosses with BALB/c mice. This turbo-congenic

approach leads to enrich the genome of each new

generation with chromosomes from the BALB/c

strain, while maintaining one allele of the C57BL

DNA-PKcs gene (see figure).

Role of DNA-PKcs in the radiation-
induced G2 arrest of 1-cell embryos

A substantial part of the damage caused to cellular

DNA by ionising radiation is repaired before it

results in tissue injury and genetic alterations. One of

the key players in signalling and repair of radiation-
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fPCC preparation obtained after fusion of an irradiated 1-cell embryo with an oocyte
in metaphase of the first meiotic division. The normally blocked embryo has been
forced to enter mitosis, allowing its cytogenetic analysis. Oocyte chromosomes are at The turbocongenic approach to generate BALB/c
the left, while embryonic chromosomes are at the right. In the latter, a chromatid mice possessing 2 alleles of the C57BL DNA-PKc
exchange can be seen (arrow). gene.
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We have also performed the reverse backcrossing

with C57BL (maintaining the DNA-PKcs allele from

BALB/c). To date, we have obtained BALB/c F7

mice (99.2% BALB/c genomic DNA) containing

one allele of the C57BL DNA-PKcs. One more cross

(scheduled in March 2001) between the F7 genera-

tion will allow to select almost pure BALB/c mice

with the two DNA-PKcs alleles from the C57BL

strain. F3 mice of the reverse backcrossing are

presently available (87.5% C57BL genomic DNA

with one allele of the DNA-PKcs BALB/c). Further

backcrosses will be performed in 2001 to obtain

homozygous F7 mice. The sensitivity of these con-

genic mice towards radiation-induced G2 arrest of

single cell embryos will be compared to the parental

strains in 2001.

Role of p53 in the developmental
damage caused by ionising radiation on
the embryo

In humans, a germ line mutation affecting one allele

of the p53 gene (p53+/~ heterozygous mutation) caus-

es the rare Li-Fraumeni syndrome, characterised by a

high frequency of familial cancers and an increased

sensitivity to ionising radiation. In order to assess the

influence of a p53 mutation on radiation-induced

developmental effects, we used p53 knockout mice

obtained from the CNRS at Orleans (France). Males

heterozygous for the p53 mutation (mimicking the

human Li-Fraumeni syndrome) were crossed with

C57BL females, and their heterozygous p53+/~ proge-

ny were mated with each other, in order to obtain

p53+/-, p53+ and p53+/+ embryos. Pregnant females

were X-irradiated with 0.5 Gy on days 1 (pre-

implantation period), 8 or 11 (organogenesis period)

of gestation. Dissection of the pregnant females

occurred on day 19 of gestation. Prenatal losses were

recorded and the living foetuses were weighed and

examined for the presence of external malforma-

tions. P53 genotype was determined by PCR from

small pieces of soft foetal tissues. Additionally, skin

fragments were dissociated and fibroblast cultures

were established from all the foetuses for future cyto-

genetic analyses.

In non-irradiated animals, slightly less p53 + foetuses

were found at dissection, as compared to the expect-

ed frequency (25 %), probably reflecting a predomi-

nant elimination of these embryos in the course of

gestation. Exencephaly was the only external malfor-

mation found in foetuses from this group. It occurred

at a rather high frequency and affected only p53 + or

(at a lesser extent) p53+/- foetuses. In animals irradi-

ated on days 1, 8 or 11 of gestation, an even

increased elimination of the p53"A embryos was

noticed, compared to the control group. Furthermore,

mortality was found to affect essentially female

embryos. Exencephalies were found at a low fre-

quency after irradiation on day 1. When irradiations

occurred either on days 8 or 11, the frequency of

externally malformed foetuses was significantly

increased. In addition to exencephaly, malformations

included cephalic oedema, gastroschisis, polydactyly

and cleft palate. All malformed foetuses were p53~'\

Although they have still to be completed, these

results point to the importance of the p53 tumour-

suppressor protein for normal development. They

also strongly suggest that homozygous p53 + (or het-

erozygous p53+/- at a lesser extent) embryos may be

more at risk for radiation-induction of external mal-

formations during the organogenesis period, though

they might be also preferentially eliminated at early

developmental stages.

Genetic risks of maternal exposure to
ionising radiation

Beside its role in the cell cycle control, p53 also

exerts a key role in the process of apoptosis ("pro-

grammed cell death"). However, p53-independent

pathways of apoptosis induction have been reported

in normal and tumour cells. In particular, recent stud-

ies in the mouse have shown a lack of requirement

for p53 in chemotherapy-induced female germ cell

death. The influence of a lack of p53 on fertilization

and further embryonic development of irradiated

oocytes was, therefore, assessed. Homozygous p53 +

and p53+/+ mice were obtained by the same method

as that used for the above-reported experiments.

Females were X-irradiated with 0.5 or 1 Gy 9 h

before hormone-induced superovulaion, which is

the time of highest sensitivity of oocytes for radia-

tion-induction of chromosome aberrations. Directly

after irradiation, p53+ and p53+h females were mated

with either p53 + or p53+/+ males in order to obtain

p53 + , p53+/" or p53+/+ embryos, and the pregnant

females were killed 12-15 h after superovulation. At

dissection, no differences were seen in the levels of

fertilized oocytes between the various groups, and

cellular fragmentation indicative of apoptosis affect-

ed a low proportion of oocytes in all control and irra-

diated groups. These results confirm that, in the

mature mouse oocyte, apoptosis can hardly be

induced by ionising radiation, contrasting with its

high sensitivity observed in guinea pig. A significant

decrease of cultured embryos able to reach the bias-
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tocyst stage was observed only after a dose of 1 Gy.
There appeared to be no differences according to the
genetic constitution of the embryos, indicating that
p53 had no delayed effect on DNA damage repair
and embryonic survival after fertilization.

Effects of ionising radiation on the
developing central nervous system

One of the most important factors aside from dose, in
determining the nature of the damage to the embryo
from exposure to ionising radiation, is the develop-
mental stage. Indeed, radiosensitivity is usually
recognised as the vulnerability of the mitotic cell to
ionising radiation. Since the brain is the final result
of a series of well timed consecutive or concomitant
waves of cellular proliferations and migrations, an
acute irradiation during pregnancy should selectively
damage components which, at that particular time of
exposure, are proliferating or migrating. Embryonic
brain response to ionising radiation shows a maxi-
mum sensitivity during brain organogenesis i.e., in
the mouse, during embryonic days 15 to 17. With a
dose of 200 cGy, mitotic progenitor cells are killed,
resulting in depleted cortex layers. However at lower
doses, damage resulting from injury to the progenitor
cells is not so evident and rather difficult to detect. It
could be minimised by the normal overproduction of
neural cell during development. Some very delayed
responses are observed. In humans, it results lately
most often, in mental retardation, acute or chronic
neurodegenerative process including ischemia, trau-
ma and Alzheimer's disease.

We have shown that brain cells, in the rat and mouse
embryo, elicited an apoptotic response after exposure
to a dose of 60 cGy of X-ray. Apoptosis was clearly
evidenced by DNA ladder within 6 hours following
exposure. Such immediate response, which could be
prevented either by blockade of glutamatergic neuro-
transmission with NMDA receptor antagonists, or by
blockade of calcium dependant proteolytic enzymes
like calpain, suggested that post-mitotic but still
immature neurons were the target cells in these
process. Apoptosis is an essential event in normal
brain development for eliminating excess cells. It
allows the survival only of the healthy and rightly
migrated and connected neural cells. An increased
apoptotic process elicited by radiation might elimi-
nate post-mitotic but immature neural cells and
deeply impair the establishment of the neural cell
network, leading to subsequent brain pathologies that
can appear later at birth or during the adult life.

We have further shown that the neuronal apoptosis in
the foetal brain is p53 gene dependent. Only
homozygous p53+/+ mice showed a clear apoptotic
response to irradiation while homozygous p53+ mice
never showed DNA ladder.

The neuronal apoptotic mechanism is now being fur-
ther investigated with an in vitro model.

We developed neural cell cultures from mouse brain
hippocampus. Those cells are shown to keep in vitro
the capacity to elaborate neuronal network with
synaptic differentiation. Such a model should allow
studies of gene expression by DNA Suppression
Subtractive Hybridisation (SSH), and of caspase
sequence activation by immunological techniques.

Alteration of the profile of gene
expression in human cells

In the frame of a post-doctoral work and a new Ph.D.
thesis, we have started to study the effect of ionising
radiation on the profiles of gene expression in
humans. We are using the DNA micro-array technol-
ogy to identify human genes that are modulated by
ionising radiation (X-rays) at doses relevant in radia-
tion protection or for normal tissue during radiother-
apy (10 mGy to 2 Gy), or at doses relevant in frac-
tionated radiotherapeutic treatment of solid tumours
(2-8 Gy). In addition, since cytokines play a role as
mediators of radiation effects on normal tissue and
tumours, we will study how these factors, such as
Interleukin 1 and 3 (IL1 and IL3), Tumour Necrosis
Factor (TNF), kit-ligand/Stem Cell Factor (SCF),
and Tumour necrosis factor-Related Apoptosis-
Inducing Ligand (TRAIL), interfere with ionising
radiation on the profiles of gene expression and sig-
nal transduction pathways.

For these experiments, total RNA is extracted from
control and irradiated samples, and tested at the level
of purity (ratio of absorbencies 260/280nm) and
integrity (agarose gel electrophoresis). When the
quality of total RNA has been ranked high enough,
polyA+ mRNA is isolated using the Oligotex mRNA
extraction kit (QIAGEN). PolyA+ mRNA is then
used as a template for reverse transcription yielding
complementary DNA (cDNA). This cDNA is then
used to quantify the expression of some known genes
by using real-time quantitative PCR (polymerase
chain reaction). mRNA samples that fulfil all the
quality criteria will be included for the analysis of the
expression of thousands of genes by using the DNA
micro-array technique. Preliminary results have been
obtained, in collaboration with the Janssen Research
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Foundation, from an experiment with polyA+
mRNA from HeLa cells different times (0,5; 3; 21
hours) after irradiation with 2 Gy X-rays. The results
show that, out of 4330 genes present on the micro-
array, 18 are differentially regulated. Among these,
one half shows an increased expression and corre-
sponds mostly to genes involved in DNA synthesis
and DNA replication. The other half is repressed by
radiation, and includes integrins and amino-trans-
ferases. The collaboration with Janssen Research
Foundation will be extended in 2001 with other RNA
samples. In parallel, micro-array experiments will be
performed in early 2001 at the VIB facility in
Leuven, using micro-arrays spotted with more than
4000 DNA sequences representing known and
unknown genes. These experiments will include
RNA from human normal blood cells (CD4+ T
clone, T and B lymphocytes, Natural Killer cells,
macrophages, monocytes, CD34 cells) and will be
compared to malignant cell line counterparts, such as'
Jurkat, Raji and HL-60. The behaviour of these cells
following ionising radiation (cell cycle distribution,
apoptosis, and survival) has already been charac-
terised by flow cytometry, and for some of them,
RNA has been purified. As an alternative approach,
we have started the development of the SSH method
in order to selectively identify genes specifically
induced by ionising radiation.

Action of natural antioxidants in cancer
cells following X-irradiation

Over the past 15 years, some potential anticarcino-
genic and anti-inflammatory effects of antioxidants
have been defined. Antioxidants are known to act as
powerful free-radical scavengers. Free radicals are
able to induce DNA strand breaks and oxidative
modifications of DNA bases and are not only pro-
duced naturallyjm the cell following a stress or res-
piration but also following ionising radiation. In
2000, a project was started in order to explore
whether some antioxidants naturally present in the
food can protect normal tissues against X-radiation-
induced DNA damage while inducing apoptosis (or
programmed cell death) of cancerous cells. The
antioxidants chosen for/this study were epigallocate-
chin gallate (EGCG) present in tea, resveratrol from
wine and curcumin, the yellow colorant of curry. The
action of these compounds, alone or in combination
with X-irradiation, was tested on various human can-
cerous cell lines: HeLa (derived from cervical carci-
noma), K562 (chronic myelogenous leukaemia), IM-
9 (multiple myeloma) and EOL-1 (eosinophilic

leukaemic cell line). The parameters investigated
were cell proliferation, morphological changes, cell
cycle and apoptosis. Our preliminary results showed
that in certain conditions depending an the concen-
tration and on the cell line, EGCG could act as radi-
ation enhancer on cancerous cell lines. So far, such
effects were not seen in X-irradiated cancerous cells
incubated in the presence of resveratrol or curcumin.
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