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Clinical observations and theoretical considerations suggest
some degree of radiosensitivity in Fanconi’s anemia (FA), but
experimental evidence remains controversial. We tested the
sensitivity of primary skin fibroblast cultures from all known
FA complementation groups to ionizing radiation and ultra-
violet light using conventional cell growth and colony forma-
tion assays. In contrast to previous studies, and because FA
fibroblasts grow and clone poorly at ambient oxygen, we per-
formed our sensitivity tests under hypoxic cell culture condi-
tions. Fibroblast strains from healthy donors served as nega-
tive controls and those from patients with ataxia telangiectasia
(AT) and Cockayne syndrome (CS) as positive controls. We
observed interstrain variation but no systematic difference in
the response of FA and non-FA control fibroblasts to ionizing
radiation. After exposure to UV radiation, only complemen-
tation group A, G and D2 strains displayed values for colony
formation EC50 that were intermediate between those for the
negative and positive controls. Because of considerable inter-
strain variation, minor alterations of the response of individ-
ual FA strains to ionizing and UV radiation should be inter-
preted with caution and should not be taken as evidence for
genotype-specific sensitivities of primary FA fibroblasts. All
together, our data indicate neither systematic nor major sen-
sitivities of primary FA fibroblast cultures of any complemen-
tation group grown under hypoxic cell culture conditions to
ionizing or UV radiation. q 2004 by Radiation Research Society

INTRODUCTION

Fanconi’s anemia (FA) is an autosomal recessive disease
caused by mutations in at least seven different genes (1).
Like the ATM, WRN and XP genes, the FA family of genes

1 Correspondence and reprint requests should be addressed to: Depart-
ment of Human Genetics, University of Wuerzburg, Biozentrum, Am
Hubland, D-97074 Wuerzburg, Germany; e-mail: schindler@
biozentrum.uni-wuerzburg.de.

belongs to the group of caretaker genes whose presumptive
function is to safeguard the genome against endogenous
and exogenous DNA damage. Mutations in FA genes cause
genomic instability, cell cycle alterations, bone marrow
failure and neoplasia. Allogenic bone marrow transplanta-
tion (BMT) is the treatment of choice for patients with a
matching sibling donor, and the success rate using HLA-
compatible unrelated donors is improving (2). While it is
well established that FA fibroblasts are highly sensitive to
DNA-crosslinking agents such as diepoxybutane, mitomy-
cin C (MMC) and nitrogen mustard, it remains controver-
sial whether FA cells are sensitive to ionizing radiation (re-
cently reviewed in ref. 3). Within the context of condition-
ing regimens prior to BMT, there has been a longstanding
clinical impression of increased radiosensitivity of FA pa-
tients because of prominent skin reactions (4). In contrast,
no excess radiation toxicity was observed after 6 Gy single-
dose total-body irradiation in a recent study of FA patients
in a dose escalation trial (5).

In vitro studies with FA cells have also yielded conflict-
ing results, with some studies claiming enhanced sensitivity
and others normal sensitivity to ionizing radiation (for re-
view, see ref. 3). To explain this discrepancy, it is conceiv-
able that the various types of assays used to assess radiation
sensitivity measure different facets of the radiation re-
sponse. In addition, radiosensitivity may vary as a function
of complementation group since the FA phenotype can be
caused by mutations in any one of multiple FA genes. A
study by Carreau et al. (6) tested FA lymphoblasts and
suggested increased sensitivity of FA complementation
groups D2 (EUFA202), E (EUFA410), F (EUFA121), G
(EUFA143, EUFA316) and H (EUFA173) to the radiomi-
metic drug bleomycin. These results were partly at variance
with the reassignment of the FA-H line to group FA-A (7),
which did not show increased sensitivity. Other evidence
regarding potential X-ray (or bleomycin) and UV-radiation
sensitivity of FA cells came from studies of the Chinese
hamster ovary (CHO) mutant lines UV40 8 and NM3 (9),
both of which have genetic defects in the Chinese hamster
homologue of the human FANCG/XRCC9 gene. Differenc-
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es in genetic background and the possibility of additional
mutations in rodent cell lines derived by chemical muta-
genesis may explain these obvious variations in the spec-
trum of sensitivity of FA and FA-like cells.

Recently, the FANCD2 gene was identified as a putative
key player in the FA gene network (10). Exposures to both
ionizing and UV radiation were shown to activate a time-
and dose-dependent conversion, through monoubiquination,
of the FANCD2-S to the FANCD2-L protein, leading to
increased numbers of FANCD2 foci in irradiated HeLa
cells (10). Moreover, in response to ionizing radiation, FA
cells derived from multiple complementation groups failed
to show the FANCD2-S to L conversion (10). These studies
therefore suggest a biochemical basis for the putative ra-
diation sensitivity of FA cells and implicate the participa-
tion of FA proteins in DNA repair pathways.

To further clarify the issue of in vitro sensitivity of hu-
man FA cells to ionizing and UV radiation, we undertook
a systematic study using primary fibroblast cultures of all
known FA complementation groups. A technical aspect that
sets the current study apart from previous studies is the fact
that cell growth and colony formation after exposure to
ionizing and UV radiation was determined in hypoxic rath-
er than ambient oxygen cell culture conditions. Close to
physiological hypoxic culture conditions were chosen be-
cause of the known oxygen dependence of chromosomal
aberrations in FA cells (11), and because FA fibroblasts
grow and clone poorly at ambient oxygen, whereas near
normal proliferation and colony formation can be achieved
under hypoxic culture conditions (12).

MATERIALS AND METHODS

Cells

Primary FA fibroblasts were subcultures of reference strains established
by the participating laboratories with informed consent from patients un-
dergoing diagnostic evaluation for FA. Assignment to a given comple-
mentation group was by complementation by somatic cell hybrids (13)
and/or detection of one or two mutant alleles in a given FA gene. Multiple
independent strains were obtained for the complementation groups FA-
A, FA-C and FA-G, whereas only single strains were available for the
groups FA-B, FA-D1, FA-E, FA-F and FA-H [which has been reassigned
to FA-A (7)]. Two strains were established from siblings belonging to
group FA-D2. Two types of control cells were used: negative controls
from healthy laboratory volunteers and positive controls from patients
with known sensitivity to UV and ionizing radiation. The following 36
strains were investigated in this study [with the corresponding FA mu-
tations shown in parentheses (14)]: complementation group FA-A:
EUFA432 (FANCA 3639delT/3639delT), EUFA598 (FANCA exon43del/
exon43del), EUFA517 (FANCA IVS4011del18bp/n.d.), EUFA880 (FAN-
CA 2493insC/n.d.); group FA-B: HSC230; group FA-C: 77RD325
(FANCC 322delG/1806insA), EUFA001 (FANCC 322delG/322delG),
VU811 (FANCC 322delG/322delG), VU911 (FANCC 322delG/322delG),
F97/16 (FANCC 322delG/n.d.), F99/194 (FANCC: 322delG/n.d.); group
FA-D1: EUFA423; group FA-D2: VU202 and VU008 (both FANCD2
904C→T/958C→T); group FA-E: EUFA622 (FANCE IVS5–8g→a/
IVS5–8g→a); group FA-F: EUFA121 (FANCF 16C→T/349–395del);
group FA-G: FA1BER (FANCG IVS211g→a/346–347delCA),
FA15BER (FANCG IVS13–1g→c/IVS13–1g→c), EUFA316 (FANCG
313G→T/1183–1192del), F99/112 (FANCG 313G→T/n.d.); former

group FA-H, reassigned to FA-A (7): EUFA173 (FANCA 2852G→A/
exon17–31del). Control fibroblast strains from healthy individuals were
F86/15, F88/75, F96/1, F96/35, F98/JRR, F99/9 and F99/GRS. Positive
controls with proven hypersensitivity to UV radiation, derived from pa-
tients with Cockayne syndrome (CS) included GM00739, GM01428 and
GM01098 (NIGMS Human Genetic Mutant Cell Repository, Camden,
NJ). Fibroblast strains with proven increased sensitivity to ionizing ra-
diation (strains F95/20, F95/47, F96/35SYM, F96/49SND and F98/
72KSA) were established in the participating laboratories from patients
with ataxia telangiectasia (AT). Aliquots of each culture were frozen at
in vitro passages 2–3 and were thawed for the present series of experi-
ments. All strains tested negative for mycoplasma at the time of the study.

Reagents and Equipment

For cell culture, NUNC plasticware (Gibco BRL, Karlsruhe, Germany)
was used. Minimum essential medium (MEM) with Earle’s salts (catalog
no. 41500), pretested fetal bovine serum (FBS; catalog no. 10270), phos-
phate-buffered saline (PBS; catalog no. 14200), and trypsin-EDTA (cat-
alog no. 35400) were all from the same supplier (Gibco BRL) and were
used throughout the study to maintain consistent culture conditions.

Other reagents included MMC (mitomycin 2, medac, Hamburg, Ger-
many) and the Mycoplasma PCR ELISA kit (Roche, Mannheim, Ger-
many).

Ionizing radiation was from a 60Co source. The radiation energy was
1.033 MeV and was distributed evenly through 1 cm acrylic glass cov-
ering the culture flasks The focus–source distance was approximately 80
cm to yield a dose rate of about 1 Gy/min. Dosimetry ensured exact dose
application. UV radiation of 254 nm wavelength was from a UV lamp
with variable aperture and exposure timer (Type 3.260 002; Schuett,
Goettingen, Germany). The dose was adjusted using a UV-C meter
(Kuehnast, Waechtersbach, Germany).

Cell Culture and Irradiation Procedures

Cells were maintained at 378C and 95% air/5% CO2 in Earle’s minimal
essential medium (MEM) supplemented with 16% FBS in high-humidity
incubators equipped with CO2 and O2 sensors (Heraeus, Hanau, Germa-
ny). Air was replaced by nitrogen to obtain a final oxygen concentration
of 3% (v/v). Fibroblasts were grown in 25-cm2 tissue culture grade flasks
until they reached subconfluence (monolayer of spindle-shaped cells
without visible mitotic activity and without crowding). At this stage, the
cells were detached using 13 trypsin-EDTA in PBS. Aliquots of the
single-cell suspensions were counted in a Fuchs-Rosenthal chamber. Den-
sity of the cell suspension was adjusted to 50,000/ml in MEM.

For exposure to ionizing radiation, volumes containing 55,000 cells
each (1.1 ml) were transferred into seven 1.8-ml plastic cryotubes. While
one vial was left untreated, the other six were exposed to g radiation at
0.5, 1.0, 1.5, 2.5, 4.0 and 8.0 Gy. Immediately thereafter, cell suspensions
were diluted by a factor of 10 (55,000 cells per 11 ml of medium).
Aliquots of 3 3 0.1 ml from each of the seven vials corresponding to 3
3 500 cells were seeded in three petri dishes 6 cm in diameter for colony
formation studies. The remaining 10.7 ml containing 53,500 fibroblasts
was plated in a 25-cm2 tissue culture flask (at about 2,000 cells per cm2)
and incubated for the 5-day growth study. After 5 days, these cultures
were suspended by trypsinization and the total number of cells per culture
flask (n) was determined using a Fuchs-Rosenthal chamber. The number
of population doublings achieved after 5 days (PD) and was calculated
using the function PD 5 log(n:53,500):log2.

Colony formation was evaluated by plating triplicate aliquots of 500
fibroblasts each in three 60-mm petri dishes containing a total of 5 ml
culture medium. There were two medium changes on days 5 and 10
during the 12- to 14-day incubation period. These conditions were chosen
in accordance with the studies of Pomp et al. (15) showing the influence
of cell density on the outcome of colony-forming assays. At days 12 to
14 after seeding, colonies were simultaneously fixed and stained using
1% crystal violet in 20% ethanol for 3 min. The number of colonies was
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TABLE 1
Sensitivity of FA and Control Skin Fibroblast Cultures to Ionizing Radiation,

Expressed as EC50 Values

Group

Cell growth

n EC50 6 1 SD (Gy) t

Colony formation

n EC50 6 1 SD (Gy) t

Normal (‘‘negative’’) controls
Positive controls (AT)
FA-A
FA-C
FA-G

4
3
3
4
4

4.33 6 1.22
1.45 6 0.51
3.71 6 0.58
4.89 6 2.53
3.67 6 0.47

0.023
0.527
0.741
0.070

5
3
4
3
4

1.51 6 0.31
0.51 6 0.07
1.82 6 0.48
1.59 6 0.40
1.55 6 0.27

0.002
0.325
0.775
0.836

Notes. Means 6 1 SD of EC50 values were computed by fitting to dose–response curves reflecting 5-day cell
growth in mass cultures and 12- to 14-day colony growth. AT 5 ataxia telangiectasia; FA-A, FA-C and FA-G 5
Fanconi’s anemia complementation groups A, C and G.

TABLE 2
Sensitivity of FA and Control Skin Fibroblast Cultures to UV Light,

Expressed as EC50 Values

Group

Cell growth

n EC50 6 1 SD (J/m2) t

Colony formation

n EC50 6 1 SD (J/m2) t

Normal (‘‘negative’’) controls
Positive controls (CS)
FA-A
FA-C
FA-G

3
3
3
4
4

11.06 6 1.32
1.45 6 0.49

11.10 6 1.07
11.26 6 2.54
10.05 6 1.94

0.001
0.976
0.922
0.539

3
3
4
6
4

8.19 6 0.92
1.35 6 0.24
5.77 6 1.06
8.42 6 2.46
5.98 6 0.87

0.001
0.045
0.893
0.040

Notes. Means 6 1 SD of EC50 values were computed by fitting to dose–response curves reflecting 5-day cell
growth in mass cultures and 12- to 14-day colony growth. CS 5 Cockayne syndrome; FA-A, FA-C and FA-G 5
Fanconi’s anemia complementation groups A, C and G.

assessed visually by counting and marking the colonies on a light-table
projector. All colonies visible by eye were counted by two independent
investigators. Eighty to 90% of these colonies consisted of more than 30
cells per colony. The agreement between the two independent colony
counts was better than 95%.

To study the effect of UV radiation, aliquots of 53,500 cells were plated
in a single dish and triplicate aliquots of 500 fibroblasts each were seeded
in three 60-mm diameter dishes containing 5 ml of culture medium. Cells
were allowed to settle overnight before the lid and the culture medium
were removed so that cells were exposed for the duration of the irradi-
ation process with no medium over them. This procedure was necessary
because culture medium and polystyrol plasticware absorb almost all the
UV light and prevent its effective application to the cells. After exposure
to UV light, growth medium was restored and changed for the colony
formation assay at days 5 and 10. Evaluation of cell growth and colony
formation after UV-light exposure was as described for the experiments
with ionizing radiation.

Statistics

The cell and colony counts after irradiation were expressed relative to
those for nonirradiated cultures. EC50 values were computed by curve
fitting to the corresponding dose–response graphs. Wilson’s t test was
used to compare fluctuations between FA and control strains.

RESULTS

Table 1 shows the average EC50 values after g irradiation
of cultures representing FA complementation groups A, C
and G for which multiple independent strains were tested.
The difference between normal control and AT cells was

significant in both types of assay (cell growth and colony
formation). In contrast, there was no significant difference
in the growth and cloning parameters of all three categories
of FA cultures and the (negative) controls. This finding also
holds for most comparisons between FA and control cul-
tures that were exposed to UV radiation (Table 2). How-
ever, the mean EC50 values for colony formation of the FA-
A and FA-G strains but not the FA-C strains were inter-
mediate between those of the negative and positive (CS)
control cells. Does this observation indicate increased UV-
radiation sensitivity of fibroblasts belonging to the FA-A
and FA-G complementation groups?

Sensitivity to UV Radiation

The question of differential sensitivity to UV radiation
as a function of complementation group can be answered
by inspection of Fig. 1A, which displays colony formation
as a function of UV-radiation dose for all strains tested.
Differences in EC50 values are reflected by the shapes of
the dose–response curves indicating a slightly higher sen-
sitivity of the FA-A and FA-G strains to UV radiation com-
pared to the negative controls. This also holds for a single
FA-C strain, but there is considerable interstrain variation
within all three groups. In contrast, the positive control
strains with known sensitivity to radiation (CS) are clearly
set apart from FA and negative control cultures. There is
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FIG. 1. Panel A: UV-radiation-induced reduction of colony formation.
Various types of fibroblasts were exposed to increasing doses of UV light.
CON, fibroblast cultures derived from clinically normal individuals (neg-
ative controls); CS, fibroblast cultures derived from patients with Cock-
ayne syndrome (positive controls); FA-A, FA-C, FA-G and FA-
B,D1,E,F,(H), fibroblast cultures of FA complementation groups A–G(H),
where H has been reassigned to A (7). Solid lines with dark circle sym-
bols denote means 6 1 SD derived from three to six single curves each
(light lines). For complementation groups with only one available strain
each, the following symbols are used: circle: FA-B; inverted triangle: FA-
D1; cross: FA-E; square: FA-F; upward triangle: FA-(H). Panel B: UV-
radiation-induced reduction of 5-day cell growth. Various types of fibro-
blasts were exposed to increasing doses of UV light. Abbreviations and
symbols used for FA-B,D1,E,F,(H), are as in panel A.

no obvious systematic difference in UV-radiation response
between FA fibroblasts and those from healthy donors, and
all of the FA strains, but none of the CS cells, were able
to form colonies at exposures above 4 J/m2. Figure 1B
shows the corresponding data for the 5-day cell growth ex-
periment in mass cultures. As in the colony assay data,
there is considerable interstrain variation, but there is no
systematic difference between any of the FA groups of
strains and the negative controls.

Sensitivity to Ionizing Radiation

As shown in Fig. 2A, there was a certain amount of
interstrain variation within each complementation group as
a function of g-ray dose, but the degree of this variation
was very similar among all the groups tested. In contrast,
there was a systematic difference between the dose–re-
sponse curves for AT cells and all the other (FA and neg-
ative control) strains. Both interstrain variation and the dif-
ference between FA and AT strains were even more pro-
nounced when 5-day cell growth data were taken as the
end point (Fig. 2B). A single FA-G strain appeared to be
slightly sensitive to g radiation, albeit much less than the
positive (AT) control curves. AT strains stopped growing
beyond 2.5 Gy, whereas the relative growth of the excep-
tional FA-G strain still amounted to 30% at 4 Gy.

Radiation Response of FA-D2 Fibroblasts

Since the recently identified FANCD2 gene appears to
play a central role in the function of the FA proteins (1),
and since (SV-40 transformed) FA-D2 fibroblasts have been
reported to be sensitive to ionizing radiation (10), we paid
special attention to fibroblast cultures derived from two sib-
lings belonging to FA complementation group D2. Figure
3 compares the growth and cloning performance of the two
D2 strains with the control group means. There was no
difference between the g-radiation responses of the FA-D2
strains and the non-FA controls. After exposure to UV light,
colony formation of the FA-D2 strains declined more steep-
ly than that of the controls, whereas the 5-day cell count
assays were similar to those of the non-FA controls. Since
the outcome of the colony assay after UV-light exposure
was at variance with the 5-day cell count data, the colony
formation experiment was repeated three times with iden-
tical results.

DISCUSSION

In analogy to the sensitivity of bacteria to antibiotics, we
refer here to radiosensitivity as any enhanced cytotoxic,
cytostatic or anti-proliferative reaction to ionizing radiation
or UV light. Other types of assays assess the reaction to
ionizing radiation or UV light by measuring short-term bio-
chemical effects such as DNA fragmentation, activation of
FANCD2-L protein, and the formation of nuclear foci (3,
10). The conditions employed in the present study mainly
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FIG. 2. Panel A: Gamma-radiation-induced reduction of colony for-
mation. Various types of fibroblasts were exposed to increasing doses of
ionizing radiation. AT, fibroblast cultures derived from patients with atax-
ia telangiectasia (positive controls). Other abbreviations, and symbols
used for FA-B,D1,E,F,(H), strains are as in Fig. 1A. Panel B: Ionizing
radiation-induced reduction of cell growth. Various types of fibroblasts
were exposed to increasing doses of ionizing radiation. AT, fibroblast
cultures derived from patients with ataxia telangiectasia (positive con-
trols). Other abbreviations, and symbols used for FA-B,D1,E,F,(H), are
for complementation groups with only one available strain each, the fol-
lowing symbols are used: circle: FA-B; inverted triangle: FA-D1; cross:
FA-E; square: FA-F; upward triangle: FA-(H).

reflect long-term cellular effects of ionizing radiation or UV
light. Using multiple primary fibroblast cultures from all
known FA complementation groups and comparing their
UV-light and ionizing radiation response relative to positive
and negative controls, we arrived at the following conclu-
sions:

With AT cells serving as positive controls, there is no
evidence for a systematic ionizing radiation sensitivity of
FA fibroblasts of any complementation group under the
conditions of our assays. Rather, FA fibroblasts exhibit the
same dose–response relationship and the same degree of
interstrain variation as non-FA control cultures derived
from healthy donors. A considerable range in the radiation
response of human diploid fibroblast cultures appears to be
the rule rather than the exception in this type of study (16,
17). Differences related to cell type, culture history, culture
conditions, nutrient supply, and donor genotype may ac-
count for such heterogeneity (18–20).

Likewise, our study provides no evidence for increased
radiosensitivity of FA-D2 fibroblast cultures derived from
two sibling donors. This finding seems to be at variance
with the original report on the function of the FANCD2
gene in which SV40-transformed skin fibroblast-derived
lines were found to react abnormally to ionizing radiation
(10). The apparent discrepancy is unexpected, since trans-
formation of human diploid fibroblasts using either SV40
T-antigen or the HPV16 E6 gene usually results in en-
hanced rather than decreased radioresistance (21–24). One
possible explanation might be that this is the first study in
which cell growth and colony formation were assessed un-
der hypoxic culture conditions that mimic in vivo oxygen
tension. Cell cycle progression of primary but not trans-
formed FA cells is known to be sensitive to ambient oxygen
(11, 12, 25), and many studies make a case for a protective
function of the FA gene products against reactive oxygen
species (26). Since damage induced by ionizing radiation
is thought to occur in part through the formation of reactive
oxygen intermediates (27), hypoxic cell culture conditions
might prevent or lessen the burden of such damage in FA
cells. This would imply that there is no gross and system-
atic deficiency of the recognition and/or repair of ionizing
radiation-induced damage in FA cells as long as these cells
are kept under culture conditions that are hypoxic relative
to ambient air but physiological with respect to the in vivo
state.

With CS cells serving as positive controls, there is no
consistent evidence for increased UV sensitivity of FA fi-
broblasts. This is uniformly true if 5-day cell growth in
mass cultures is taken as the end point. Compared to non-
FA control cultures, FA-A and FA-G strains show reduced
colony formation at higher doses of UV radiation. Since
FANCG/XRCC9 is the human homologue of the gene de-
fective in the UV-radiation-sensitive Chinese hamster ovary
cell lines UV40 and NM3 (8, 9, 28), the marginal UV-
radiation sensitivity of our FA-G strains is interesting.
However, the degree of UV-radiation sensitivity displayed

by our group of FA-G strains is in no way close to the
sensitivity displayed by the positive control (CS) fibro-
blasts. In addition, there is considerable interstrain varia-
tion, with individual strains within the FA-A and FA-G
groups showing a completely non-FA control-like response.
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FIG. 3. Radiation-induced reductions of cell growth and colony for-
mation of FA-D2 strains. Relative numbers of cells in fibroblast mass
cultures (top panels) and relative numbers of colonies after dilute plating
(bottom panels) after exposure of cells to increasing doses of ionizing
radiation (left panels) and UV light (right panels). FA-D2, fibroblast cul-
tures derived from patients belonging to complementation group D2. FA-
D2 strains are denoted by thin dotted or solid lines connecting inverted
triangles and diamonds. The dark and solid lines connecting solid circles
denote means 6 1 SD of four control strains derived from healthy donors.

A close to normal UV-radiation response of FA cells is
consistent with the fact that the major DNA lesion after UV
irradiation consists of DNA adducts that are removed by
nucleotide excision repair, a process that has been shown
to function normally in FA cells (29). Nevertheless, it may
be of interest that yeast two-hybrid studies have shown a
much more prominent interaction between the products of
FANCA and FANCG genes compared to other FA gene
products (30) so that the common radiation response of
these two complementation groups may reflect their close
functional relationship.

Whereas our study provides no evidence for increased
ionizing radiation sensitivity of FA-D2 primary fibroblast
cultures, our two FA-D2 strains were found to be more UV-
radiation sensitive than strains from non-FA donors with
regard to their colony-forming ability. It must be pointed
out, however, that the UV-radiation-induced decrease in
colony numbers in this group of strains is far less severe
than that of cells with the CS genotype. To establish firmly
whether the observed dose-dependent reduction in colony
formation after UV-radiation exposure might be a consis-
tent and characteristic property of FA-D2 cells, additional
strains from different FA-D2 donors with other genetic
backgrounds need to be tested. We clearly cannot exclude
the possibility that the unusual behavior of our FA-D2
strains might be a special characteristic of the genetic back-
ground of these particular strains that were derived from
sibling donors. Moreover, the question remains why the re-
duced colony survival of our FA-D2 strains after UV-ra-
diation exposure was not paralleled by the corresponding
cell growth data. We can only speculate that the 100-fold
difference in plating density, by some mechanism such as

metabolic cooperation and/or the bystander effect (31), may
have contributed to these discrepant results.

A certain degree of variability among cell lines has been
a common experience in similar studies and may reflect
subtle differences in genetic background, growth fraction,
and cell culture conditions. A case in point is the study by
Carreau and colleagues (6), who tested the drug sensitivity
spectra of FA lymphoblast lines and found a degree of var-
iation similar to that described in the present study but few
systematic differences. In particular, there was no difference
in the UV-radiation response of lymphoblast cell lines orig-
inating from various complementation groups. However,
Carreau et al. (6) found increased sensitivity of some of
their cell lines to the radiomimetic drug bleomycin. It is
clear that the response to clastogens can vary as a function
of cell type. Differences in the radiosensitivity of FA lym-
phocytes and FA fibroblasts were noted in previous studies
(32), and a recent study (33) describes consistent differenc-
es between FA fibroblasts and lymphoblasts in the way that
the cells repair DNA double-strand breaks. In addition, FA
lymphoblasts are known to undergo apoptosis effectively
in response to DNA-crosslinking agents, whereas FA fibro-
blasts have been shown to be delayed in the 4c stage of the
cell cycle and may eventually recover (34). In addition, it
has not been determined whether the reported radiosensi-
tivity of FA lymphoblast cell lines (6, 35) persists under
hypoxic cell culture conditions. Since fibroblast cultures de-
rived from FA knockout mice of the complementation
groups A, C and G are not radiosensitive (36), it appears
that mesenchymal cell types from both mice and humans
agree with respect to their in vitro response to ionizing
radiation.

Radiation therapy studies generally report a positive cor-
relation between in vivo and in vitro radiosensitivity (37).
However, at present the risks of radiation therapy in FA
patients are not clear (38). When testing the in vitro re-
sponse of cells from patients clastogens, one must be aware
of the fact that the (artificial) in vitro situation may not be
representative of the (physiological) in vivo state. This com-
plicates the ‘‘predictive’’ value of in vitro sensitivity assays.
A very instructive case in point is the pronounced discrep-
ancy between in vivo and in vitro radiosensitivity that has
been reported by Marcou et al. (39). While their FA patient
showed a severe tissue reaction during radiation therapy for
tonsillar carcinoma, there was no evidence for in vitro ra-
diosensitivity using conventional assays with cultures of the
patient’s fibroblasts. As mentioned above, it is conceivable
that different cell types use different mechanisms to re-
spond to DNA damage, which could account in part for
differences when comparing in vivo with in vitro exposures.

In summary, with the possible exception of minor alter-
ations in the UV-radiation response of FA-A, FA-G and FA-
D2 cells, our study provides no evidence for systematic
differences in radiation response as a function of FA com-
plementation group, nor do we find evidence for increased
radiosensitivity of FA fibroblasts of any complementation
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group compared to fibroblasts from healthy donors. This is
also true for the single FA-D1 strain included in our testing,
which has recently been shown to carry biallelic mutations
in the BRCA2 gene (40); this is true for the ionizing radi-
ation response of our two strains belonging to complemen-
tation group FA-D2, which acts downstream of and diver-
gent from the other members of the FA protein complex
(10, 41). It must be stressed, however, that our results were
obtained under hypoxic cell culture conditions, and using
fibroblast strains with major proven ionizing radiation and
UV-radiation sensitivities (AT and CS cells) as positive
controls. Since each of the positive controls represents an
extreme degree of sensitivity, minor degrees of sensitivity,
such as observed with some of our UV-irradiated strains,
cannot be excluded since such minor sensitivities cannot be
reliably separated from the background variation of our cell
culture assays.
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