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Abstract

Many cancer-prone diseases have been shown to be radiosensi-
tive. The radiosensitivity has been attributed to pitfallsin the
mechanismsof repair of induced DNA lesionsor to animpaired
cell cycle checkpoint response. Although discrepanciesexistin
theresults obtained by various authors on the radi osensitivity of
individuals affected by the same disease, these can be attributed
tothelargevariability observed aready in the responseto radia-
tion of normal individuals. To date threetest are commonly used
to assessradiosendgitivity in human cells: survival, micronucleous
and G, chromosomal assay. The three tests may be performed
using either fibroblasts or peripheral blood lymphocytesand all
thethreetestssharelargeinterindividua variability. Inthisregard
anew approach to the G, chromosomal assay which takesinto
account theeventual differencesin cell cycle progression among
individual s has been devel oped. Thisnew approach isbased on
the analysis of G, homogeneous cell populations. Cellsirradi-
ated areimmediately challenged with medium containing bro-
modeoxyuridine (BrdUrd). Then cellsare sampled at different
post-irradiation times and BrdUrd incorporation detected on
metaphases spread and the scoring isdone only at time points
showing similar incidence of labelled cellsamong the different
donors. Using this approach it has been possibleto reducethe
interindividual variability of the G, chromosomal assay.

INTRODUCTION: RADIOSENSITIVITY
AND HUMAN SYNDROMES

Interest in the radiosensitivity of human cells has
developed from the identification of a series of genetic
disorders that not only exhibit large, unambiguous ater-
ationsin sensitivity to radiation and genotoxic chemicals
but are a so cancer-prone.

Xeroderma pigmentosum (X P) wasthefirst disease
to be associated with amajor ateration in radiation response
(Cleaver, 1968, 1969). XP patients exhibit a hereditary
susceptibility to sunlight-induced cancer correlated witha
genetic defect inthe ability to repair DNA damage (Cleaver
and Kraemer, 1989). Fibroblastsand lymphoid cellsfrom

XP patients showed hypersensitivity to ultraviolet (UV)
light damagein vitro. Inthisview, many investigations of
the relationship between radiation sensitivity and cancer
susceptibility in awide range of genetic disorders were
performed, and it was demonstrated that several other dis-
eases are also characterized by a hypersusceptibility to
DNA -damaging agents, like Fanconi’ s anemiasyndrome,
sensitive to DNA cross-linking agents (Fujiwara and
Tatsumi, 1977) and Werner’s syndrome, susceptibleto the
carcinogen 4-nitroquinoline-oxide (Gebhart et al ., 1985).

A deficiency in DNA repair wasclearly demonstrated
to be an underlying cause of UV-sensitivity in XP and
Cockayne syndrome, but more complex abnormalitiesin
the processing of DNA damage induced by X-irradiation
wereidentified in ataxiatelangiectasia (AT).

Evidence from these disorders setsthe stage for the
ideathat awiderange of hereditary clinical disorderscould
berelated in varying degreesto an increased sensitivity to
DNA -damaging agents and radiosengitivity.

Themost striking exampleis AT, an autosomal reces-
sive disorder that causes immunological dysfunction,
proneness to cancer, and an unusual susceptibility to X-
irradiation (Higurashi and Conen, 1973; for a recent re-
view seeLavinand Khanna, 1999). Alsothe Nijmegen syn-
drome, an autosomal recessive disease previously identi-
fied as AT variant, ischaracterized by ahigh sensitivity to
X-irradiation (see Digweed et al., 1999). It has aso been
demonstrated that many other syndromes or inherited con-
ditions are characterized by increased radiosensitivity
(Tablel). Among them, both hereditary syndromes charac-
terized by wide genomic instability (e.g., Bloom's syn-
drome) and cancer syndromes (Wilm'stumor).

Itisnoteworthy that almost al these pathol ogical situ-
ations are reported to indicate predisposition towards can-
cer inthe affected individuals. For thisreason, it could be
very interesting to assesswhether astrong correlation be-
tween radiosensitivity and predisposition to cancer exists.

A typical example are AT heterozygotes which are
more radiosensitive than healthy controls and have an ap-
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Tablel - Syndromes exhibiting radiosensitivity.

Pathological condition

References’

Ataxiatelangiectasiahomozygotes
Ataxia telangiectasia heterozygotes

Basal cell nevus syndrome
Bloom'ssyndrome

Common variableimmune disorder
Down'’s syndrome

Dyskeratosis congenita
Epidermodysplasiaverruciformis
Familial dysplastic nevus syndrome
Fanconi’sanemia

Gardner’ssyndrome
Klinefelter syndrome
Li-Fraumeni syndrome
Nijmegen breakage syndrome

Rothmund Thomson syndrome
Retinoblastoma (familial)

Wilm'’stumour
Xeroderma pigmentosum

Higurashi and Conen (1973);

Sanford et al. (1990)
Sanford et al. (1990);

Scott et al. (1994)
Featherstone et al. (1983)

Higurashi and Conen (1973);

Kuhn (1980)
Vorechovsky et al. (1993)
Sasaki et al. (1970);

Morten et al. (1991)
DeBaucheet al. (1990)
El-Zeinetal. (1995)
Sanford et al. (1987)

Higurashi and Conen (1973);

Parshad et al. (1983);
Duckworth-Rysiecki and
Taylor (1985)
Parshad et al. (1983)
Sasaki et al. (1970)
Parshad et al. (1993)
Tamanet al. (1983);
Jasperset al. (1988)
Kerr etal. (1996)
Morten et al. (1991);
Sanford et al. (1996)
Sanford et al. (1989)
Priceetal. (1991)

“For bibliographic references see: Scott et al. 1996.

proximately 4-fold increased risk of breast cancer (Easton,
1994). Radiosensitivity has been extensively studied in
breast cancer patients (Samouhos, 1983; Rigaud et al.,
1990; Scott et al., 1998; Raberts et al., 1999; Barber et
al., 2000). To date mutations in two genes, BRCA1 and
BRCAZ2, have been found to correlated to breast cancer
predisposition. However, only 5% of breast cancer patients
show mutationsin either BRCA 1 or BRCA2 genes (Goldgar
etal., 1996; Ford and Easton, 1996).

In contrast, about 40% of an unselected group of
breast cancer caseswerefound to be radiosensitive (Scott
et al., 1994). This finding suggests that radiosensitivity
could actually be a potentia predisposing condition to
breast cancer (Roberts et al., 1999). In the study of Scott
and colleagues (1994), the authors al so found that about
9% of healthy controlswereradiosensitive.

Many other studieswere performed to determinethe
incidence of radiosensitiveindividualsin the general popu-
lation. For example, Sanford and colleagues (1989) re-
ported that about 5% of the normal populationisradiosen-
sitive.

However, discrepanciesexist in theresults presented
in each study. In particular, conditions proved to be radi-
osensitive by one author are not by others (Scott et al.,
1996; Palitti et al., 1999). One of the recognized prob-
lemsisthevariability intheresponseto radiation of appar-
ently normal individuals. Thisproblemwasextensively in-

vestigated by Little and colleagues (1989), who demon-
strated that great variability existsintheresponseto radia-
tion of normal cells. This finding complicates the use of
radiosensitivity as a marker of cancer predisposition. In
fact, this variability makes it very difficult to determine
therangeinwhichtheindividualsareto be considered ra-
diosensitive or normal. Moreover, itisnot proven that these
are always cancer-prone conditions and thus all the indi-
viduals predisposed to cancer haveto beradiosensitive. In
fact, radiosensitivity would result, from defectsin there-
pair of radiation-induced DNA damage or defectsin the
processing and/or signalling of thisdamage.

Inthisregard, alot of genescould beinvolvedinthe
radi osensitive phenotype, only afew of which areknown
(Tablell) anditisunlikely that all these genes can be cor-
related with predisposition to cancer.

On the other hand, apparently normal radiosensitive
individuals could be examined to discover new genesim-
plicated in the radiation response.

PATHWAYS INVOLVED IN THE REPAIR OF IONIZING
RADIATION-INDUCED DOUBLE-STRAND BREAKS

Double-strand breaks (DSB) are generated by endog-
enously produced radicals and exogenous agents such as
ionizing radiation (IR), which is often used in anti-cancer
therapy. Repair of DSBsisof cardinal importanceto pre-
vent chromosomal fragmentation, trand ocationsand dele-
tions. In the soma, the genomic instability resulting from
persistent or incorrectly repaired DSBs can lead to car-
cinogenesisthrough activation of oncogenes, inactivation
of tumor-suppressor genes or loss of heterozygosity, while
inthegermlinethey canlead toinborn defects (see Kanaar
et al., 1998).

The deleterious effects of DSBs have triggered the
evolution of multiple pathwaysfor their repair (see Kanaar
et al., 1998; Critchlow and Jackson, 1998; Pastink and
Lohman, 1999).

i) single-strand annealing (SSA),

ii) non-homologous end-joining (NHEJ),

iii) recombinational repair (RR) seeFigure 1.

All three mechanismsare conserved in evolution but
their relative contributions differ between higher and lower
eukaryotes. Therelativeimportance of each pathway also
dependson the phase of the cell cycle, NHEJbeing mostly
activeduring Gl/early-Sbut RR and SSA activeonly dur-
ing late-S/G2 (Takataet al., 1998).

Homol ogous recombination requires extensive re-
gionsof DNA homology and repairs DSBs accurately us-
ing information on the undamaged sister chromatid or ho-
mologous chromosome. This pathway depends upon the
presence of the protein products of the RAD52 epistasis
group of genes. These proteins, which appear conserved
from yeast to man, essentially act asduring meiotic cross-
ing-over (seeFigure 1; Haber, 2000).

DNA end-joining, on the other hand, usesno, or ex-
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Tablell - Genesinvolved intherepair and processing of |R-induced DNA damage.

Gene Disease Cellular phenotype

ATM Ataxiatelangiectasia IR-sensitive, checkpoint defects, impaired DNA damage signalling

MRE11 Ataxiatelangiectasia-like disorder IR-sensitive, checkpoint defects

NBSL Nijmegen-breakage syndrome IR-sensitive, partial checkpoint defects, impaired DNA damage signalling

RAD50 Unknown Very IR-sensitive. Embryonic lethal (mouse)

KU70 SCID IR-sensitive, reduced end-joining, DSB repair defective

KU80 CID IR-sensitive, reduced end-joining, DSB repair defective, chromosomal
rearrangements (mouse)

DNA-PKcs SCID IR-sensitive, slightly reduced end-joining, DSB repair defective, defect inthe
recovery from G2 arrest

LIG4 Unknown, possible IR-sensitive, end-joining absent, large

predisposition to leukemia chromosomal rearrangements (mouse)

XRCC4 Unknown Unknown

RAD51 Not applicable Embryoniclethal. Very IR-sensitive, G2-phase checkpoint defective, large
chromosomal rearrangementsin conditioned nullozygous chicken DT40 cells

RAD52 Unknown IR-sensitive, slightly impaired DSB repair, chromosomal rearrangements (mouse)

RAD51B-D Unknown Unknown

XRCC2 Unknown Slightly IR-sensitive, proficient DSB repair

XRCC3 DNA-crosslink sensitive
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tremely limited, sequence homology to rejoin juxtaposed
ends in a manner that need not be error free (Figure 1).
This repair system, first identified in mammals, has also
been foundinyeast; it repairs predominantly through RR,
and it isdependent upon the activity of the DNA-PK com-
plex and that of XRCC4/Ligase 4 (Jeggo et al., 1999).

The SSA pathway wasproposedinitialy to explainthe
results of intramolecular recombinationin plasmid DNAs
introduced into mammalian cellsor X. laevis oocytes. Later
onit becameevident that repair by SSA also occursinyeast.
The SSA pathway is dependent on the presence of direct
repeats on both sides of the break and thus does not re-
quire extensive homology. This pathway dependsuponthe
presence of the RAD52 protein aswell as of the mismatch
repair enzyme MSH2 and MSH3, at least in yeast (Pastink
and Lohman, 1999).

Not only arethe enzymes of the DSB repair systems
important for determining the cellular sensitivity toioniz-
ing radiation but also thoseinvolved in thesignalling of the
DNA damageto the checkpoint mechanism. Thisisproved
by the radiosensitive phenotype of the human syndrome
ataxiatelangiectasia, in which large defectsin the check-
point activation are present. (See Tablell for asummary of
the properties of the proteinsinvolved in the response to
IR-induced DSBs and the corresponding cellular pheno-
typesinmammalian cells).

The common use of IR inanti-tumor radiotherapy, as
well as the observation of links between radiosensitivity
and cancer proneness, makeit paramount to give attention
into the molecular intricacies of IR-induced DNA damage
repair when looking for aradiosensitive phenotype. Inthe
past few years, theavailability of known geneshasprovided
the essential tools to translate the results from the initial
genetic analysesto molecular mechanismsof DSB repair.

Currently, amajor challenge ahead isthe eval uation of the
relative contribution of thedifferent DSB repair pathways
survival after exposureto IR in different mammalian tis-
sues and tumorsin the view of assessing therisksarising
from radiation exposure.

RADIOSENSITIVITY ASSAYS

To date, three tests are commonly used to assessra-
diosensitivity in human cells:

+ Surviva assay;

+ Micronucleusassay;

+ G2 chromosomal assay.

Thefirst usesthe survival after irradiation with dif-
ferent dosesto obtain and compare the DO values (DO val-
ues are the dose value at which the survival isreduced to
37% of the untreated culture). A low DO value should cor-
respond to aradiosensitive phenotype.

The second looks at the X -ray-induced micronuclei,
both after low and high irradiation rates (giving better re-
producibleresults according to Scott et al., 1998). Higher
yields of micronuclei correlate with radiosensitivity.

Thethird usestheinduction of chromatid-type aber-
rations after irradiation (50 cGy usually) in the G2-phase
of the cell cycle. Alsoin this case, higher yields of chro-
mosomal damage correl ate with radiosensitivity.

Thethreetests may be performed using either fibro-
blasts or peripheral blood lymphocytes, the former being
preferred for the survival assay. All three tests share the
interindividual variability described above. Reasonsfor this
variability have been attributed to differences in the ex-
perimental procedures used by different investigators (Scott
et al., 1996) or to differencesin cellular growth among
theindividuals (Darroudi et al ., 1995; Palitti et al., 1999).
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Figure 1 - Schematic representation of pathways involved in repair of
double-strand breaksin DNA.

For example, inthesurvival assay, differencesintherela-
tiveduration of G1, Sand G2 phasesof thecell cycle, which
arenot uniformin their sensitivities could influenceradia-
tion sensitivity. On the other hand, different responsesin
the duration of the G2 arrest after irradiation could givea
largevariability intheyield of chromosomal damageusing
the G2 assay.

Inthisregard, anew approach to the G2 assay, which
takes into account these differences in the extent of the
X-ray-induced G2 delay has been devel oped by Palitti and
colleagues (1999). This new approach is based on the
analysis of the G2 homogeneous population in mitosis.
Cellsareirradiated and immediately challenged in me-
dium contai ning bromodeoxyuridine (BrdUrd). Then, cells
areharvested at different post-irradiation timesand BrdUrd
incorporation is visualized by means of immunocy-
tochemical detection on metaphase spreads. For each
time-point the percentage of labelled cellsin mitosisis
calculated and chromosomal damage scored in unlabelled
mitosis (G2) only at time-points showing asimilar inci-
dence of labelled cells (usually around 10%). Using this
approach, the authors have actually been able to reduce
theinterindividual variability of the G2 assay.

CONCLUDING REMARKS

It may be useful to develop asimple cytogenetic as-
say which would allow the screening of alarge number of
individualsfor radiosensitivity in order to direct the posi-
tive casesto more rel evant screening for cancer suscepti-
bility. In addition, unambiguousidentification of radiosen-
sitive patients with cancer could be of importance for the
correct use of the radiotherapy in oncology. Both situa-
tionsrequireagood test for radiosensitivity.

Homologous recombination

Nucleolytic processing ¢ RADS0/MRELL
<
[L[T] @ [T
»
NIRRNRNRNRRNRNR
Joint-molecule RAD51/RAD52
formation RAD54
Resolution ¢
NIRNRNRNRNNENRED
HERRNRERRRNRNEAN!
RESUMO

M uitas doencas que predispdem ao cancer tém se mos-
trado radiossensiveis. A radiossensibilidadetem sido atribuidaa
problemas nos mecanismos de reparo de lesdes de DNA in-
duzidas ou a uma resposta alterada no “checkpoint” do ciclo
celular. Emboraexistam discrepancias entre osresultados obtidos
por varios autores quanto aradiossensibilidade de individuos
afetados pela mesma doenga, essas discrepancias podem ser
atribuidas a grande variabilidade observada ja naresposta de
individuos normaisaradiacdo. Até hoje, tréstestestém sido co-
mumente usados paraavaliar aradiossensibilidade em células
humanas: sobrevivéncia, micronticleo e ensaio cromossdmico em
G2. Ostréstestes podem ser realizados usando tanto fibrobl astos
como linfdcitos do sangue periférico etodos ostréstestestém
em comum grande variabilidade interindividual. Uma nova
abordagem ao ensaio cromossdmico em G2 quelevaem consi-
deragdo as eventuais diferengas entre individuos quanto a
progressdo do ciclo celular foi desenvolvida. Estanovaabor-
dagem € baseada na andlise de populacdes celulares em G2
homogéneas. Células sdoirradiadas eimediatamente estimul adas
com meio contendo bromodeoxiuridina (BrdUrd). Entdo as
células sdo amostradas em diferentestempos poés-irradiacéo ea
incorporacdo de BrdUrd € detectada em esfregagos de meté-
fases, sendo acontagem feita apenas em periodos detempo que
mostrem incidénciasimilar de células marcadas em diferentes
doadores. Usando essa abordagem foi possivel reduzir avaria-
bilidadeinterindividual do ensaio cromossdmico em G2.
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