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Frequencies of X-ray induced chromosome aberrations in lymphocytes of
xeroderma pigmentosum and Fanconi anemia patients estimated by Giemsa
and fluorescence in situ hybridization staining techniques

Radha Saraswathy and A.T. Natarajan

Abstract

Blood lymphocytesfrom xerodermapigmentosum (XP) and Fanconi anemia(FA) patientswere assessed for their sengitivity toionizing
radiation by estimating thefrequency of X-ray (1 and 2 Gy)-induced chromosome aberrations (CA). Thefrequenciesof aberrationsinthe
wholegenomewere estimated in Giemsa-stai ned preparations of lymphocytesirradiated at G, or G, stages. Thefrequenciesof trand oca-
tionsand dicentricsinvolving chromosomes 1 and 3 aswell asthe X-chromosomewere determinedin dides stained by fluorescencein situ
hybridization (FISH) technique. Anincreasein al typesof CA wasobserved in XPand FA lymphocytesirradiated at G, when compared
to controls. Thefregquency of dicentricsand ringswas 6to 27% higher (at 1 and 2 Gy) in XPlymphocytesand 37% higher (at 2 Gy) in FA
lymphocytesthan in controls, while chromosome del etionswere higher inirradiated (30%in 1 Gy and 72%in 2 Gy) than in control XP
lymphocytesand 28 to 102% higher in FA lymphocytes. In G,-irradiated lymphocytesthe frequency of CA was 24 to 55% higher in XP
lymphocytesthan in controls. In most casesthe trand ocation frequencieswere higher than the frequencies of dicentrics (21/19).

INTRODUCTION

| onizing radiation induces chromosome aberrationsin
G, human peripheral lymphocyteswhich canbeclassified as
unstable (dicentrics, centric rings and acentric fragments)
or stable (variouskinds of tranglocations) (Natargjan et al.,
1992, 1994). Unstable aberrations are lost during succes-
sive cell divisionswhereasthe stable ones can persist for a
longtime (Natargan et al., 1991; Lucasetal., 1992; Boei et
al., 1994). The frequencies of structurally aberrant chro-
mosomes in peripheral lymphocytes of persons acciden-
tally exposed to ionizing radiation have been used since
the 1960sto estimate absorbed radiation dose (Bender and
Gooch, 1966; Sasaki and Miyata, 1968; Natargjan, 1984).

According to classical models of formation of chro-
mosome exchange aberrations, the ratio of radiation-in-
duced symmetrical exchanges (reciprocal translocations,
inversions) and asymmetrical exchanges (dicentrics, rings)
should be 1:1 (Evans, 1962). A changeinthisratioin favor
of trand ocation frequencies has been observed (Natargjan
etal.,1992; Schmid et al., 1992; Nakano et al., 1993), and
it has been suggested that the higher estimate of transloca-
tionsin these studies may be due to the misclassification
of exchange aberrations. Thisproblem could be overcome
by combination of whole chromosome marking with cen-
tromere specific DNA probes (Weier et al., 1991). Straume
and Lucas (1993) found a close correlation between di-
centricsand reciprocal transl ocations even after the appli-
cation of these techniques. Finnon et al. (1995) also ob-
served that theyield of radiation-induced trand ocationswas

not significantly higher than that of dicentrics. Natarajan
et al. (1996) explained this by suggesting that if one con-
fines scoring only to reciprocal translocations, ignoring
other types such asterminal and interstitial translocations,
then the frequencies of dicentrics and translocations are
almost equal. In general, the frequency of translocations
has been found to be higher than the frequency of dicen-
trics. Thisshift may be dependent upon the structure of the
chromosomes, position of the centromere (Natargjan et al .,
1996), and the nature of the chromatin at thetime of irra-
diation (Vyasetal., 1991). Theformation of thesetwo types
of aberrations (translocations and dicentrics) may be the
result of different mechanisms (Natargjan et al., 1996).

Fanconi anemia (FA) and xeroderma pigmentosum
(XP) arerare repair-deficient, mutagen-sensitive, autoso-
mal recessive human disorderswith chromosomeinstabil-
ity, which are cancer prone. Cellsderived from FA patients
have more spontaneous chromosomal damage than those
of other instability syndromes (Schroeder et al., 1964,
1989; Natargjan et al., 1989). Thereexist inter- and intra-
individual variations specifically with regard to suscepti-
bility to cross-linking agents and X-rays (Sasaki and
Tonomura, 1973).

XPischaracterized by high sensitivity to sun expo-
sure, susceptibility to skin cancer, cutaneous pigmentation,
impaired DNA repair and, in some patients, neurological
degeneration (Kraemer and Slor, 1985). These patientshave
a greater than 1000-fold-increased frequency of UV-in-
duced skin cancer (Cleaver and Kraemer, 1989) when com-
pared with the normal population.
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Severa studies (Bigelow et al., 1979; Arlett and
Harcourt, 1980; Parshad et al., 1983) have shown increased
radiosensitivity of XP and FA cellsin the G, phase of the
cell cycle, but in other studiesan increasein chromosomal
aberrationswasnot observedin FA cells(Evanset al., 1978;
Sasaki, 1978) and X Pfibroblasts (Darroudi et al., 1995).

The present study was designed to estimate the fre-
guenciesof X-ray-induced chromosomeaberrationsin lym-
phocytesof XPand FA patients.

MATERIAL AND METHODS
Culture conditions

Venousblood drawn in lithium heparin tubeswas set
up for whole blood culturesin Ham’s F10 medium supple-
mented with 15% heat inactivated fetal calf serum (Gibco),
phytohemagglutinin and antibiotics. The cultureswerein-
cubated at 37°C in a5% CO, atmosphere. The FA blood
samplewas obtained from the Academic Hospital, Leiden,
and XP from the Institute of Human Genetics, Budapest,
Hungary; the complementation groups of these patientsare
not known.

X-Raysweregenerated by an ENRAF machine, oper-
ating at 200kV, 6 mA at adoserate of 2 Gy/min.

Treatment
G, irradiation

Normal, XPand FA blood lymphocyte cultureswere
irradiated with adose of 1 or 2 Gy and harvested 48 h after
initiation of the cultures. Colcemid (Sigma; 0.3 ug/ml) was
added to the cultures 2-3 h before harvest. 5-Bromo-2-
deoxyuridine (BrdU, Sigma; 10 uM) was added to all the
cultures after irradiation for identification of first and sec-
ond division cells. Scoring of chromosomal aberrationswas
restricted to cells at first mitosis.

G, irradiation

Lymphocyte cultureswere set up and grown for 69 h
and then irradiated with doses of 0.5 or 1 Gy. Colcemid
was added to these cultures 0.5 h after irradiation and the
lymphocyteswere harvested and fixed after 2.5 h. For har-
vesting the cultures, cells were subjected to hypotonic
shock (0.075 mM KCI) for 25 min and fixed in acetic
acid:methanol (1:3). Appropriate controlswere prepared.

For G, irradiation studies, air-dried preparationswere
stained by the fluorescence plus Giemsa (FPG) technique
(Perry and Wolff, 1974). Two hundred metaphases were
analyzed for the presence of dicentrics, ringsand chromo-
some fragmentsfor each radiation dose. For G, irradiation
studies, the slides were stained with 5% Giemsasol ution.
Chromatid gaps, chromatid breaks, isochromatid breaksand
chromatid exchangeswere scored in 200 cellsat each dose.

Fluorescencein situ hybridization

Slidesto be processed for in situ hybridization were
stored dry at -20°C. Chromosome specific libraries were
obtained from blue-scribe plasmids. A mixture of three dif-
ferent chromosomes (1, 3 and X) was used. The in situ
hybridization method routinely used in our laboratory
(Natargjan et al., 1992) was adapted. In order to analyze
the aberrationsin thefirst mitosis, the dlideswere stained
with Hoechst 33258 (Sigma), exposed to UV light and pro-
cessed for in situ hybridization (Boei et al., 1994).

Triple-color hybridization was performed using bi-
otin 11-dUTP (chromosome number 1; Sigma), digoxigenin
11-dUTP (chromosome number 3; Boehringer Manheim,
Germany) and fluorescein 12-dUTP (X-chromosome;
Boehringer). Thelabelled DNA representing thelibrary was
combined with competitive (human cot 1 DNA) DNA fol-
lowed by denaturation, then hybridized in situ (overnight
at 37°C) with metaphase preparation.

For immunological detection, after hybridizationthe
slides were washed successively in 50% formamide/2X
SSC (42°C), 0.1X SSC (60°C) and 4X SSC/0.05% Tween
20, pH 7, at room temperature. Thefirst incubation was
carried out with immunological buffer (NFDM) for 30
min at room temperature. After four washes with SSC,
0.05% Tween20and TNT (0.1 M Tris-HCI, 0.15M NaCl
and 0.05% Tween 20), the second incubation with anti-
bodiesavidin-FITC and mouse anti-digoxigenindilutedin
TNB (0.1 M Tris-HCI, 0.15M NaCl and 0.5% Boehringer
blocking agent) was performed at 37°C for 30 min. The
third incubation was carried out with goat-anti-avidin D
and sheep anti-mouse dig diluted in TNB for 30 min at
37°C. Thefourth incubation was carried out with avidin-
FITC and sheep anti-dig TRITC for 30 min at 37°C. Each
incubation wasfollowed by washing with TNT. After the
final wash with PBSthe slides were counter-stained with
DAPI (4,6-diamidino-2-phenylindole; Sigma) dilutedin
an anti-fading agent, vectashield (Vector Laboratories)
(Figurel).

In order to detect trans ocations, dicentrics and com-
plex exchanges involving chromosome numbers 1 and 3
and the X-chromosome, 300 to 500 metaphases were ana-
lyzed for each radiation dose using a Zeiss fluorescence
microscope equipped with triplefilters. Dueto variations
inmitoticindex the number of metaphases scored by FISH
varied for each experimental point. Thetrand ocationsand
dicentrics were scored using the same slide. The back-
ground frequencies were subtracted to obtain theinduced
frequency of trand ocationsand dicentrics.

The genomic trand ocation and dicentric frequencies
were calculated using the formula for correction of the
probed fraction of the genome (Lucas et al., 1992). This
formularelates the transl ocation frequency measured by
FISH, Fp, to the genomic translocation frequencies, Fg,
through the fraction of the genome covered by the probes,
fp, asfollows:
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RESULTS AND DISCUSSION

Spontaneous chromosomal aberrationsin
normal, XPand FA lymphocytes

Thebasdline aberration frequenciesin normal and XP
lymphocyteswerein therange of 2to 3%, whereasin FA
the frequency was 23% (Table I). Darroudi et al. (1995)
also observed asimilar spontaneous aberration frequency
intherange of 2t0 3% inthenormal and XP-C cell lines,
and 16 to 22% in FA cells, which isknown to be character-
istic of FA patients (Schroeder et al., 1964; Natarajan et
al., 1989). However, thefrequency of spontaneous aberra-
tionsin XPlymphocyteswas similar to that of normal lym-
phocytes.

G, radiationinduced CA innormal,
XPand FA lymphocytes

To comparethe aberration frequenciesin X P, FA and
normal lymphocytes the background aberration frequen-
cieswere subtracted from theinduced aberration frequen-
cies. Thefrequency of dicentricsandringsin XPandin FA
lymphocyteswasmarkedly high. Therewasahigh frequency
of chromosome deletions with a 30-72% increase in XP
lymphocytes after 1 and 2 Gy of X-rays and a 28-102%
increasein deletionsin the FA lymphocytes as compared
with normal lymphocytes. Theratio between the frequen-
ciesof dicentricsand chromosome deletionswas 1:0.6 and
1:0.8in normal lymphocytes, 1:1.9and 1:1.6 in XP lym-
phocytesand 1:3.8 and 1:1.8 in FA lymphocytes (1 and 2
Gy, respectively). Thefrequencies of chromatid type aber-
rationsin FA lymphocyteswere morethan 30 times higher
when compared with XP lymphocytes and no chromatid
aberration was observed in normal lymphocytes, whilechro-

Figurel- A. Metaphase spread of anirradiated lympho-
cyte painted with libraries for chromosomes 1, 3 and X
showing translocations (a, b) involving chromosome 1
and dicentricsinvolving chromosome 3 (c) and chromo-
some 1 (d). B. The same cell counter-stained with DAPI
(4,6-diamidino-2-phenylindole).
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matid exchangeswere only observed in FA lymphocytes, a
known characteristic of these cells. G, radiation produced
chromatid breaks/gapsin FA lymphocytes (0.37 and 0.36
per cell in 1 Gy and 2 Gy, respectively) and were zero in
normal lymphocytesand 0.01in XPlymphocytes, which
further confirms a positive defect in repair of radiation
damagein FA célls.

G, radiosensitivity innormal and XPlymphocytes

Thefrequency of X-ray-induced total CA aberrations
in XPlymphocyteswas0.79 and 2.17 per cell for 0.5 Gy
and 1 Gy, respectively, whilein the normal lymphocytesit
was0.55 and 1.62, indicating an increase (24-55%) in XP
lymphocytes (Table I1). The frequency of chromatid and
isochromatid breaksin XPlymphocyteswas0.72 and 2.03
for 0.5 and 1 Gy, respectively, while in normal lympho-

Tablel - G, radiosensitivity of human peripheral lymphocytesin
normal, xeroderma pigmentosum (X P) and Fanconi anemia
(FA) individuals estimated by Giemsa staining*.

X-ray dose Chromosome aberrations per cell (n = 200)
G
Chromatid Interchange Dicentric Chromosome
break/gap +ring deletion
Normal (46, XX)
Control - - - 002
1 - - 015 010
2 - - 031 025
XP(46,XX)
Control - - 0 003
05 001 - 015 015
1 0.01 - 021 040
2 - - 058 097
FA (46, XY)
Control 0.16 0.06 0.07 023
1 037 004 0.07 038
2 0.36 0 068 127

*nduced aberrations have been corrected for spontaneous aberrations.

Tablell - G, radiosensitivity of human peripheral lymphocytes
innormal and xeroderma pigmentosum (XP) individuals
estimated by Giemsa staining*.

X-ray dose (Gy) Aberrations per cell (n=200)
Chromatid Interchange Isochromatid
break/gap break

Normal (46,XX)

Control - -

05 054 001

1 16 002

XP(46,XX)

Control 0 0 002

05 057 007 015

1 181 014 022

*nduced aberrations have been corrected for spontaneous aberrations.

cytesthe frequencieswere 0.54 and 1.6, indicating anin-
crease (18-43%) in the X P lymphocytes when compared
to normal lymphocytes. Thefrequency of interchangeswas
seventimes (6% at 0.5 Gy and 12% at 1 Gy) higher inthe
XPIlymphocytesthan in the controls. |sochromatid breaks
induced by X-rayswere observed only in XP lymphocytes
and were doserelated (0.15 and 0.22 per cell for 0.5and 1
Gy, respectively). Eventhough Taylor (1978) observed an
increasein chromatid aberrationsin XP cellsirradiated in
G,, itwasnot assignificant asit wasin the case of ataxia
telangiectasiacells. In XP-C lymphocytes an increasein
ionizing radiation-induced chromosome aberrations has
been observed in the G, phase of the cell cycle (Parshad et
al., 1983).

Estimation of radiation-induced dicentrics
and trandocationsin normal, XPand FA
lymphocytesusing FISH

A. Genomic translocation frequency

The genomic transl ocation frequency (including re-
ciprocal and terminal ones) calculated for individual chro-
mosomes (1, 3, X) represents about 20% of the total ge-
nome. Thetranslocation frequenciesfor chromosomes,
3 and the X-chromosome followed the order expected on
the basis of their DNA contentsin normal lymphocytes.
The DNA contents of chromosomes 1, 3 and the X-chro-
mosome are 8.15, 6.63 and 5.08% of the total genomic
value, respectively (Mendelsohn et al., 1973). Thetrans-
location frequenciesinindividual chromosomesof XPlym-
phocytes when compared with those of the chromosomes
of normal lymphocytes showed an increase of 73.2%in
the X-chromosome (2 Gy) and 48.5% in chromosome 3
(at 2 Gy). At 1 Gy thetranslocation frequency was 3.2%
and 10.3% higher than those of X P lymphocytesfor chro-
mosome 3 and the X -chromosomerespectively (Tablelll).
In FA lymphocytes, thetrand ocation frequenciesfor chro-
mosomes 1, 3 and the X-chromosome followed the or-
der based on their DNA content. The translocation fre-
guenciesinindividual chromosomesof FA lymphocytes
were almost equal to the respective chromosomesin nor-
mal lymphocytes except for the X-chromosome (27.5%
higher at 1 Gy).

M ean transl ocation frequency of the mixture of
chromosomes 1 and 3 and the X-chromosome
innormal, XPand FA lymphocytes

At 1 Gy the mean translocation frequency in XP
lymphocyteswas similar to that of normal lymphocytes,
whileat adose of 2 Gy themean frequency was about twice
that of normal lymphocytes. At 1 Gy the mean frequency
of translocationin FA lymphocytes was|ower than that
of normal but at 2 Gy it was almost similar to normal
(TablelV).
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B. Genomic dicentric frequency

The genomic dicentric frequencies cal culated using
the same formula for calculating genomic translocation
frequencies, for chromosomes 1, 3 and the X-chromosome
in normal and XPlymphocytesat 2 Gy followed the order
based on their DNA contents(Tablelll). Thedicentric fre-
guenciesin individual chromosomes of X P lymphocytes
when compared with the chromosomes from normal lym-
phocytes showed anincrease of 15.1% for chromosome 1
(2 Gy) and amost equal for chromosomes3 and X. In FA
lymphocytes, the dicentric frequenciesfor individua chro-
mosomes (1, 3 and X) followed the order based on their
DNA contents.

Rati o between trand ocation and
dicentric frequencies

The frequency of translocations in control, XP and
FA lymphocytesincreased 8.4, 10.8 and 10.6% at 1 Gy and
3.8,53.9and 25.9% at 2 Gy, respectively, over dicentrics
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(Table V). This confirms the observation of Natarajan et
al. (1996) that the frequency of trand ocation ishigher than
the frequency of dicentrics, indicating that two different
mechanisms may beinvolvedin the production of translo-
cationsand dicentrics as observed in normal humans.

C. Complex exchanges and centric rings

In XPand FA lymphocytes adose-dependent increase
in the frequency of complex exchanges and centric rings
was observed, ranging from 0.2-3.3%. These valueswere
not used in our analysis.

CONCLUSIONS

Thefrequency of CA produced by G,and G, irradia-
tionin XPand FA lymphocyteswas higher than that of nor-
mal lymphocytes. The deletion type of chromosomal ab-
errationsobserved in XPand FA lymphocyteswas several
fold more abundant than in the normal lymphocytes, re-
flecting apossible defect in their capacity to repair dam-

Tablelll - Genomic frequency of translocation and dicentricsin normal, xeroderma pigmentosum (X P) and Fanconi
anemia (FA) lymphocytesfollowing X-irradiation as estimated by FISH.

Chromosome  X-ray Normal XP FA
number dose (Gy)
No.ofcells  TT RT Dic No.ofcells TT RT Dic No.ofcells TT RT Dic
1 05 300 290 114 19 46 -
1 10 300 334 6.6 265 500 345 48 126 583 239 91 52
1 20 300 729 199 66.3 159 1125 355 814 483 741 352 293
3 05 300 290 27 00 27 -
3 10 300 16.1 00 81 500 129 48 177 583 110 69 19
3 20 300 53.0 161 484 159 1015 355 456 483 334 150 195
X 05 300 290 71 35 40 -
X 10 300 309 81 206 500 206 124 52 583 34 34 00
X 20 300 309 81 309 159 104.1 518 293 483 372 124 200
TT - Total translocation, RT - Reciprocal translocation, Dic - Dicentric.
TablelV - Mean genomic translocation and dicentric frequencies detected using a mixture of
chromosomes 1 and 3 and the X-chromosomein normal, xeroderma pigmentosum (X P) and Fanconi
anemia (FA) lymphocytes as estimated by FISH.
X-ray dose Normal XP FA
(Gy)
Translocation Dicentric Translocation Dicentric Translocation Dicentric

05 - - 71 176 - -

10 268 184 26 18 128 22

20 523 485 106.0 521 482 23
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TableV - Ratio between genomic transl ocation and dicentric frequenciesin normal, xeroderma pigmentosum (XP)
and Fanconi anemia (FA) lymphocytesfollowing X-irradiation as estimated by FISH.

X-ray dose Norma XP FA
(€Y
Chrom Chrom Chrom Chrom Chrom Chrom Chrom Chrom Chrom
No. 1 No. 3 No. X No.1 No. 3 No. X No. 1 No. 3 No. X
05 - - - 25 10 18 - - -
10 126 199 15 27 07 39 52 58 34
20 11 11 07 14 22 36 27 17 19

Chrom No. - Chromosome number.

aged DNA, whilethefrequency of trand ocationswas higher
than thefrequency of dicentricsin normal, XPand FA lym-
phocytes, indicating that more unrepaired breskswere avail-
ablefor interaction in these syndromes in comparison to
normal cells. Though X P cellsareknown to bedefectivein
repairing bulky DNA lesions, increased sensitivity toion-
izing radiation has been observed, which may indicate that
ionizing radiation induces several classes of DNA lesions
and/or X P cellsare defective not only in nucleotide exci-
sion repair but also in some other minor repair pathways.
Similarly, though FA cdllsareknownto be sensitiveto cross
linking agents, implying adefect intherepair of crosslinks,
they are also known to be sensitive to several classes of
clastogenic agents (Sasaki and Tonomura, 1973).
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RESUMO

Linfécitos sanguineos de pacientes com xeroderma pig-
mentosum (X P) eanemiade Fanconi (FA) foram avaliados quanto
asensibilidade aionizacdo radiante estimando-se afrequiénciade
aberracOes cromossdmicas (CA) induzidas por raios-X (1 e 2
Gy). As fregliéncias de aberracbes no genoma inteiro foram
estimadas em preparagdes delinfdcitosirradiados nasfases G, e
G, coradas com Giemsa. As frequéncias de translocagdes e
dicéntricos envolvendo os cromossomos 1 e 3 e 0 cromossomo X
foram determinadas em |&minas coradas por hibridizagao fluo-
rescentein situ (FISH). Um aumento em todos ostipos de CA foi
observado em linfdcitos XP e FA irradiados nafase G, quando
comparadosacontroles. A freqUénciade dicéntricoseanéisfoi 6-
27% maior (com 1 e2 Gy) emlinfécitos XP e 37% maior (com 2
Gy) em linfécitos FA do que em controles, enquanto que as
delegdes cromossdmicasforam maisfrequientesem linfocitos X P
irradiados (30% com 1 Gy e 72% com 2 Gy) do que em controles
e 28-102% mais freglentes em linfécitos FA. Em linfécitos
irradiados nafase G, afrequénciatotal de CA foi 24-55% mais
elevada em linfécitos XP do que em controles. Namaior parte
dos casos as frequiéncias de trans ocagdes foram maiores do que
asfregliénciasdedicéntricos (21/19).
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