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Abstract
Purpose—Individuals suffering from Fanconi Anemia (FA) exhibit a pronounced
hypersensitivity to agents that cause DNA inter-strand crosslinks and frequently also to ionizing
radiation. However, fibroblast lines derived from FA patients generally show little or no
radiosensitivity in vitro. Here, we sought to elucidate the role of the central FA protein D2
(FANCD2) in determining cellular radioresistance.

Material and methods—Clonogenic radiation survival was assessed in an isogenic pair of
human fibroblasts with or without wild-type FANCD2 under varying oxygen concentrations.
Additional endpoints included single-cell gel electrophoresis, RAD51 foci formation, and
apoptosis.

Results—At 20% oxygen, there was no reduction in the survival of FANCD2-deficient
fibroblasts compared to wild-type complemented cells. However, at 0% oxygen FANCD2-
deficient cells were more radiosensitive than wild-type cells. Interestingly, at 3% oxygen, which
more closely resembles the physiological environment in human tissues, the difference in
radiosensitivity was maintained. Our data also suggest that the increased radiosensitivity of
FANCD2-deficient cells seen under conditions of reduced oxygen is associated with apoptotic cell
death, but not secondary to a defect in the homologous recombination repair pathway that is
required for crosslink repair.

Conclusions—Our data may help explain the previously described discrepancy between the
clinical and cellular radiosensitivity of FA patients.
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Introduction
Fanconi Anemia (FA) is a heterogeneous clinical syndrome characterized by congenital
defects, bone marrow failure, and cancer predisposition (reviewed in (Kennedy and
D’Andrea 2005, Joenje and Patel 2001, Niedernhofer et al. 2005, W. Wang 2007, Thompson
et al. 2005)). The disease is caused by mutations in any of the 13 known genes, FANCA
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through FANCN. The FA proteins together with BRCA1 cooperate in a common
biochemical pathway, the FA/BRCA pathway, which is believed to function mainly in the
detection, stabilization, and repair of arrested DNA replication forks (Garcia-Higuera et al.
2001, W. Wang 2007). A multiprotein nuclear core complex of FA components is required
for baseline and damage-induced mono-ubiquitination of the downstream effector proteins
FANCD2 and FANCI (Smogorzewska et al. 2007). In response to replication-fork blocking
DNA lesions, mono-ubiquitinated FANCD2 relocates into chromatin and co-localizes with
repair proteins such as BRCA2/FANCD1 and RAD51. These protein accumulations can be
visualized as subnuclear foci (Garcia-Higuera et al. 2001, Godthelp et al. 2006, Houghtaling
et al. 2003, Tebbs et al. 2005, X. Wang et al. 2004, Digweed et al. 2002). RAD51 foci
formation is a surrogate marker for the local activity of the homologous recombination (HR)
pathway (Saleh-Gohari et al. 2005, Zhang et al. 2004) that is required for the repair and
restart of collapsed replication forks (reviewed by (Li and Heyer 2008)). Cells with a defect
in the FA/BRCA pathway or the HR effector pathway exhibit spontaneous and damage-
induced chromosomal aberrations, particularly chromatid-type breaks and exchanges
(Garcia-Higuera et al. 2001, Howlett et al. 2002, Smogorzewska et al. 2007). A hallmark of
these cells is their hypersensitivity to agents that cause replication fork-blocking DNA inter-
strand crosslinks (ICL), such as Mitomycin C (MMC).

In addition to ICL hypersensitivity, patients with FA and primary cell cultures derived from
these individuals exhibit a hypersensitivity to oxygen, the mechanisms of which remain to
be established (reviewed in (Pagano et al. 2005)). This observation has led investigators to
passage and transform primary FA cells under conditions of reduced oxygen concentration,
i.e., ~1–5%, which generally improves cell growth in vitro (Saito et al. 1993, Kalb et al.
2004, Schindler and Hoehn 1988). Maintaining FA cells under reduced oxygen tension
decreases the formation of chromosomal aberrations (Joenje et al. 1981); however, how the
response of FA cells to DNA damage introduced at 1–5% oxygen differs from the response
at 20% oxygen is not known.

Exposure of cells to ionizing radiation activates the FA/BRCA pathway, which includes
post-translational modification of FANCD2 as well as foci formation of the FANCD2 and
RAD51 proteins (Garcia-Higuera et al. 2001, Zhang et al. 2004). However, in general,
disruption of the function of FANCD2 or other FA proteins does not lead to cellular
hypersensitivity to radiation in vitro (Kalb et al. 2004, Arlett and Harcourt 1980,
Duckworth-Rysiecki and Taylor 1985, Fornace et al. 1979, Marcou et al. 2001,
Weichselbaum et al. 1980, Djuzenova et al. 2004). Exceptions apply to some cell types and
systems, such as Chinese hamster ovary cell lines containing mutations of the FANCG/
XRCC9 gene (Wilson et al. 2001), or when short-term survival/proliferation assays are used
for FA lymphoblasts (Taniguchi et al. 2002). In contrast, there are several reports on
increased normal tissue toxicity in patients with FA who received radiation as part of their
conditioning regimen prior to bone marrow transplantation (Gluckman 1990, Hows et al.
1989) or as part of therapy for solid cancers (Alter 2002, Marcou et al. 2001, Bremer et al.
2003). It remains to be established why the observed clinical radiosensitivity of FA patients
cannot be reliably reproduced in clonogenic survival assays in the laboratory setting. This is
a question not only of importance for the management of patients with FA but also for the
therapy of sporadic human cancers, which in many instances harbor genetic or epigenetic
alterations in the FA pathway (reviewed in (Lyakhovich and Surralles 2006)).

Recently, Begg and colleagues reported that HR proficiency was important for cellular
radioresistance under acute hypoxic conditions, i.e., an oxygen concentration of < 0.1%
(Sprong et al. 2006). That study also included two primary fibroblast strains from FA group
C and G patients, which were more radiosensitive than normal human fibroblasts under
hypoxic conditions but not at room air. The authors concluded that the cellular capacity to
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repair ICL determined hypoxic radioresistance. However, the importance of other FA genes
for hypoxic radiosensitivity and the magnitude of the effect in an isogenic cell system are
unknown. Furthermore, whether irradiated FA cells display a HR defect under hypoxic
conditions remains to be shown.

Therefore, in this study, we sought to test the hypothesis that FANCD2-deficient human
fibroblasts are more radiosensitive than cells with wild-type FANCD2 when irradiated under
hypoxic conditions. We report that at 0% or 3% oxygen cells without FANCD2 displayed a
small but reproducible increase in radiosensitivity compared to isogenic cells complemented
with wild-type FANCD2. Furthermore, the radiosensitivity of FANCD2-deficient fibroblasts
was not correlated with a defect in HR, but rather associated with increased apoptotic cell
death.

Methods and materials
Cell lines

SV40-transformed fibroblasts derived from individuals with FA group D2 (PD20 cells) or A
(PD220) and their retrovirally complemented counterparts expressing wild-type protein were
obtained from the Fanconi Anemia Cell Repository at the Oregon Health and Science
University (Jakobs et al. 1996). Cells were maintained in alpha-minimum essential medium
with 2 mM glutamine and 1 μg/ml puromycin (Sigma-Aldrich, St. Louis, MO, USA) using
15% bovine growth serum (HyClone, Logan, UT, USA). All cell lines were tested free of
mycoplasma.

X-irradiation under controlled gas conditions
Exponentially growing cells were trypsinized and resuspended in a volume of 10 ml of
complete media. Cell suspensions were transferred to custom designed glass flasks through
which the appropriate gas mixture was flowed (Held 1985). The flasks were either gassed
with room air and 5% CO2 (Figure 1B) or a mixture containing either 0% (v/v) oxygen, 95%
nitrogen, and 5% CO2 (Airgas East, Salem, NH, USA; Cat. No. Z02N19542000-36c)
(Figure 2A,B), or 3% oxygen, 92% nitrogen, and 5% CO2 (Airgas East; Cat. No.
Z03MI9242003486-056) (Figure 2D). Oxygen concentrations were provided by the supplier.
A concentration of < 10 ppm was assumed for 0% oxygen (i.e., anoxia) and correlated with
the measured oxygen enhancement ratio (OER) (Figure 2E). Gas was humidified by
bubbling through a bottle of distilled water, with the system being equilibrated to the
appropriate oxygen concentration by bubbling for at least 20 minutes prior to being attached
to the cell-containing flasks. Glass flasks were placed on a magnetic stirrer, and cell
suspensions were exposed to the respective gas mixture for 1 hour prior to irradiation or
mock treatment. Irradiation was performed using a Siemens Stabilipan 2 X-ray generator
operated at 250 kVp and 12 mA, and doses ranged from 2 Gy to 24 Gy. A dose rate of 2.08
Gy/min was determined prior to this study and used for all experiments. This dose rate was
defined at isocenter for the treatment of adherent cells. Gassing and irradiation was carried
out at room temperature. FA cells and the complemented derivatives were irradiated in
parallel. For each survival curve experiment, the X-ray generator was paused at individual
dose levels to allow removal of a cell aliquot from the glass flask by pushing a needle
through the rubber seal. These interruptions in radiation delivery lasted only 1–2 minutes
each. After the maximum desired dose was delivered, all cell aliquots were plated for colony
formation in 25-cm2 polystyrene tissue culture flasks. In a separate experiment (Figure 2C),
incubation under anoxia was maintained for another hour after uninterrupted dose delivery
to parallel flasks.
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Colony formation assay
Clonogenic cell survival was assessed by colony formation, as described (Willers et al.
2008, Dahm-Daphi et al. 2005). Colonies were stained with methylene blue after 13 days of
incubation in a 37°C incubator supplied with 5% CO2. Colonies containing at least 50 cells
were scored under a bright field microscope. Plating efficiencies were calculated as colonies
per number of cells plated and surviving fractions as ratios of plating efficiencies for
irradiated and unirradiated cells. All experiments consisted of 3–5 independent repeats.

Immunofluorescence microscopy
For the apoptosis experiments, PD20 and PD20-wtD2 cells were plated onto 8-well chamber
slides and after 24 hours exposed to 0.5 μg/ml MMC for 1 hour. After 24–48 hours, cells
were fixed with 4% paraformaldehyde. Alternatively, following anoxic irradiation with 16
Gy, cell suspensions were plated onto the chamber slides and fixed 24–48 hours later. For
scoring of apoptotic nuclei, cells were stained with 4′,6′-diamidino-2-phenylindole (DAPI)
(10 μg/ml). At least 500 nuclei per sample were examined using a fluorescence microscope
(Olympus BX51) and assessed for cell morphology and apoptotic bodies (Willers et al.
2008). RAD51 foci formation was assessed 5 hours after MMC treatment or irradiation, as
described (Zhang et al. 2004). All experiments consisted of three independent repeats.

Alkaline comet assay
To monitor ICL induction and incision by single-cell gel electrophoresis, we applied a
modified comet assay under alkaline conditions as previously reported (Purschke et al. 2004,
Rothfuss and Grompe 2004). Cells were mock-treated or subjected to approximately
isotoxic doses of MMC as a control (0.5 μg/ml), radiation at room air (5.3 Gy), or anoxic
radiation (16 Gy). Treated cells were analyzed at 0–5 hours after the treatment to determine
the initial induction of ICL and their uncoupling. Cells were mixed with 120 μl of 0.5%
low-melting-point agarose and spread on a chilled microscope slide precoated with agarose.
Slides were placed in cold lysis solution for at least 1 hour, washed and treated with
proteinase K in dimethyl sulfoxide-free lysis solution in order to remove DNA-protein
cross-links that might have been introduced by the treatment. Slides were then incubated for
60 minutes in alkaline unwinding buffer, electrophoresed for 20 minutes at 25 V and 300
mA, and washed in neutralization buffer, followed by drying at room temperature over
night. DNA was stained with 50 μl of ethidium bromide solution (20 μg/ml) for 10 minutes.
The comets obtained were recorded using a fluorescence microscope and the extent of
damage was categorized in five different levels. Slides were coded and at least two slides
were measured per data point with 25 cells each.

Results
To investigate the importance of FANCD2 for cellular radioresistance, we employed
FANCD2-deficient human fibroblasts derived from a patient with FA group D2 (PD20) and
cells complemented with wild-type FANCD2 (PD20-wtD2). Using a standard clonogenic
survival assay under room air conditions, we found that the absence of FANCD2 in PD20
cells did not lead to increased radiosensitivity compared to PD20-wtD2 cells (Figure 1A).
For reasons unknown, PD20 cells (dotted line) were actually more radioresistant than PD20-
wtD2 cells (solid line). In contrast, PD20 cells were hypersensitive to the crosslinking agent
MMC (data not shown), as reported previously (Willers et al. 2008, Taniguchi et al. 2002).
Given a recent report that FANCC- and FANCG-mutant human fibroblasts were more
radiosensitive than normal fibroblasts, but only when irradiated at < 0.1% oxygen (Sprong et
al. 2006), we sought to investigate the radiosensitivity of the PD20 cell pair under anoxic
conditions. Anoxia was defined as exposure to a balanced gas mixture containing 0%
oxygen (see Methods and materials). Exponentially growing PD20 and PD20-wtD2 cells
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were trypsinized and cell suspensions transferred to gassed glass flasks. Cells were exposed
for 1 hour to the desired oxygen concentration, followed by irradiation. Cells were returned
immediately to room air and plated for colony formation.

We first confirmed that normoxic irradiation under suspension conditions in the glass flasks
itself had no differential effect on the survival of the two PD20 strains, i.e., FANCD2-
deficient PD20 cells remained more radioresistant than wild-type complemented cells
(Figure 1B, compare to Figure 1A). Plating efficiencies of untreated suspended cells were
not reduced compared to adherent cells (data not shown), although radiation survival under
suspension conditions was overall decreased compared to adherent cultures. We also
determined that anoxic exposure and subsequent reoxygenation at the time of plating for
colony formation did not introduce any obvious bias (Figure 1C), though an effect of
reoxygenation on colony formation after irradiation cannot be excluded.

Next, PD20 and PD20-wtD2 cells were subjected in parallel to anoxia (0% oxygen) for 1
hour, followed by irradiation and immediate plating to determine clonogenic survival.
Figure 2A demonstrates a robust radiosensitization of the PD20 cells under these conditions,
especially when compared to the data in Figure 1B. At 20% oxygen, the PD20 survival
curve (dotted line) was above the PD20-wtD2 curve (solid line) in Figure 1B, but it shifted
below the PD20-wtD2 curve at 0% oxygen (Figure 2A). The corresponding dose
enhancement factor (DEF) under anoxic conditions was 1.15, calculated as the ratio of the
doses required to produce 10% survival of FANCD2 wild-type cells and FANCD2 deficient
cells. The same magnitude of effect was seen in a FANCA wild-type/mutant cell pair, with a
DEF of 1.2 (Figure 2B), thus validating our findings.

Since a 1-hour pre-incubation under anoxia only conferred a small radiosensitizing effect,
we maintained the PD20 pair after irradiation for another 1 hour under anoxic conditions
before plating for colony formation. In parallel, we confirmed that keeping cells in
suspension for 2 hours prior to irradiation had no differential effect on survival (data not
shown). Strikingly, maintaining cells under anoxia for an additional hour after anoxic
irradiation further increased the radiosensitivity of PD20 cells, yielding a DEF of 1.5 (Figure
2C).

Importantly, the physiological oxygen concentration in most human tissues is in the order of
3% (reviewed by (Davies 2000)). Thus, we repeated the experiment under 3% oxygen
conditions and found that the difference in radiosensitivity between the two PD20 lines was
maintained, i.e., DEF of 1.13 at 10% survival (Figure 2D).

Lastly, Figure 2E demonstrates the oxygen enhancement ratio (OER) for FANCD2 wild-
type complemented and deficient cells, calculated as the ratio of doses required to produce
10% cell survival under anoxic and room air conditions. OER values of ~3.5 for wild-type
cells are consistent with published data (Palcic and Skarsgard 1984), while the reduced OER
of FA cells is in excellent agreement with a previous report by Begg and colleagues (Sprong
et al. 2006).

It has been suggested that irradiation under hypoxic conditions produces more ICL than
under normoxic conditions, thus offering a possible mechanism to explain the unmasking of
the radiosensitivity of FA cells under hypoxia (Sprong et al. 2006). We, therefore, utilized a
modification of the alkaline comet assay introduced by Rothfuss and Grompe (2004) to
detect the presence of ICL. In this assay, ICL markedly inhibit the denaturation of DNA
under alkaline conditions and therefore retard the migration of DNA. However, no relative
reduction in DNA migration following anoxic irradiation compared to normoxic irradiation
was detected (data not shown). For example, after 16 Gy anoxic irradiation (associated with
~10% clonogenic survival), the fraction of PD20 cells with a comet after 1 hour was 19.8%
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but after an isotoxic dose at room air it was only 10%. In semi-quantitative analysis of cells
with comets, the fraction of cells with the smallest degree of DNA migration was similar at
60% and 70% for anoxia and normoxia, respectively, thus arguing against any significant
amount of ICL produced under anoxic irradiation conditions.

We also considered that ICL typically require HR for removal. We thus assayed the
formation of RAD51 foci as an established surrogate marker of HR activity. Approximately
isoeffective doses of anoxic radiation and MMC as a control were used (yielding ~ 10% cell
survival). Figure 3A demonstrates the ability of PD20 and PD20-wtD2 cells to promote the
formation of RAD51 foci after exposure to radiation under anoxia. PD20 cells mounted an
obvious RAD51 foci response upon irradiation under anoxic conditions, i.e., a 3.6-fold foci
induction above the background levels in untreated cells, and this was virtually identical to
the foci induction seen in the wild-type cells. By comparison, PD20 cells showed impaired
MMC-induced RAD51 foci formation, i.e., an only 1.7-fold induction of foci over
background, which was lower than in PD20-wtD2 cells (p=0.027) and consistent with a
separate study (Willers et al. 2008). In summary, this observation is consistent with a
reduced ability of FANCD2-deficient cells to repair MMC-induced ICL via HR. In contrast,
the HR response of PD20 cells to anoxic radiation appeared normal, arguing against the
presence of a large amount of ICL requiring HR for repair.

In addition, we considered that FA fibroblasts typically die due to lethal chromatid-type
aberrations resulting from replication forks collapsing at ICL (Willers et al. 2008) but not
due to apoptosis (Ridet et al. 1997). Accordingly, we found no difference in the fraction of
apoptotic cells upon treatment with MMC, with apoptotic levels of approximately 11–12%
in both cell lines at 48 hours (Figure 4A). Similarly, after normoxic irradiation, apoptotic
levels were 9.6% and 12.5% for PD20-wtD2 and PD20 cells (data not shown). However,
following anoxic irradiation, FANCD2-deficient PD20 cells were significantly more prone
to undergo apoptosis than the wild-type complemented cells, i.e., 26.4% versus 17.7% at 48
hours, respectively (p<0.05) (Figure 4B). Together, our data suggest that the anoxic
radiosensitivity of FANCD2-deficient cells is the consequence of a yet to be identified
mechanism that leads to apoptotic cell death.

Discussion
Here, we report for the first time that FANCD2-deficient human fibroblasts show
hypersensitivity to ionizing radiation compared to wild-type cells when irradiated under
conditions of 0% or 3% oxygen, which is not seen when cells are irradiated in air. Our data
provide an important confirmation of interesting recent findings by Begg and colleagues
who described a pronounced radiosensitivity of FANCC- and FANCG-mutant fibroblasts
compared to normal cells at < 0.1% oxygen (Sprong et al. 2006). Notably, in that study the
comparison was between strains from different individuals and based on large variations in
the hypoxic survival readout (Figure 5 in (Sprong et al. 2006)). The current study expands
on the data by Begg and colleagues in two significant ways.

First, our data indicate that the radiosensitivity of FANCD2-deficient cells is not correlated
with an impaired ability to promote RAD51-dependent HR but with increased apoptosis,
which was not investigated by Begg and colleagues (Sprong et al. 2006). We caution,
however, that the association of impaired RAD51 foci formation with a FA defect is not
consistent in the literature (Godthelp et al. 2006, Houghtaling et al. 2003, Tebbs et al. 2005,
X. Wang et al. 2004, Digweed et al. 2002, Willers et al. 2008). Importantly, the alkaline
comet assay did not suggest the presence of a large amount of ICL after anoxic irradiation.
Furthermore, radiosensitization of FANCD2 deficient cells was more pronounced when
maintaining the cells under anoxia for an additional hour following irradiation (Figure 2C).
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This observation is not consistent with the idea that changes in the type or amount of
radiation-induced DNA damage upon lowering the oxygen concentration were the cause of
the radiosensitizing effect. Rather, the data suggest that the anoxic conditions impaired the
ability of PD20 cells to respond to or repair radiation damage to DNA. Interestingly, several
groups have observed increased amounts of DNA damage or chromosomal aberrations in
irradiated FA cells compared to normal controls (Bigelow et al. 1979, Djuzenova et al. 2004,
Garcia-Higuera et al. 2001, Parshad et al. 1983). Yet, such damage has not translated into
reduced cell survival. It is tempting to speculate that FA cells may have evolved tolerance
mechanisms under conditions of high oxygen tension in-vitro that allow them to survive
radiation damage and that can be reversed under acute anoxia. This notion is consistent with
the observation of increased apoptosis of FANCD2 deficient cells when switching from
normoxic to anoxic conditions (Figure 4B).

Second, we observed radiosensitization not only under anoxia but also at 3% oxygen (Figure
2C). What is the significance of this finding? Most human tissues including skin are not
exposed to the artificial 20% oxygen concentration that is commonly used in cell culture
experiments, but typically are in an environment of approximately 3% oxygen (Davies
2000). This is of potential relevance for the described discrepancy between clinical and
cellular FA radiosensitivity (Marcou et al. 2001, Alter 2002, Kalb et al. 2004). In one
example, skin fibroblasts from a patient with FA group A who experienced pronounced
normal tissue toxicity from radiation therapy for an oropharyngeal squamous cell carcinoma
showed normal clonogenic survival in vitro (Marcou et al. 2001). It will be interesting to
determine whether repeating the in vitro survival assay under hypoxic conditions would
unmask the radiosensitivity phenotype of that patient’s fibroblasts. Conceivably, the
observed small difference in radiosensitivity after a 1-hour incubation at 3% oxygen (Figure
2D) may be enhanced in a physiological setting of long-term 3% oxygen exposure or during
a course of fractionated radiation treatment, and this will be an interesting question for
follow-up studies.

Our findings do not contradict the observations by Kalb et al. who used cell culture
conditions of 3% oxygen concentration but did not detect a difference in radiosensitivity
between FA and normal cells (Kalb et al. 2004). In that study, cells were handled at room air
for irradiation while our data suggest that the hypersensitivity of FA cells to radiation is only
revealed if cells are maintained at 0–3% oxygen at the time of irradiation and immediately
thereafter. Of note, in another report, PD20 cells irradiated at room air demonstrated a small
difference in radiation survival at doses of 6–8 Gy (Taniguchi et al. 2002). In contrast, under
our assay conditions, there was clearly no suggestion of increased radiosensitivity over the
entire dose range up to 8 Gy (Figure 1A). The reason for this small discrepancy between the
two laboratories is unknown. Similar to our results, another study reported that the
clonogenic survival of primary fibroblasts derived from a patient with FA complementation
group D2 was comparable to the survival of control strains from healthy donors over a dose
range of 1–8 Gy (Kalb et al. 2004).

In conclusion, assaying cells from FA patients for their radiosensitivity under conditions of
reduced oxygen concentration may serve as a predictor of clinical radiation hypersensitivity
when using radiation in conditioning regimens prior to bone marrow transplantation or as
part of the treatment of solid tumors. Our data are also consistent with the idea that FA
proteins are not exclusively involved in the repair of replication fork-blocking DNA lesions
(reviewed in (Bagby and Alter 2006, Pagano et al. 2005)). The mechanisms underlying the
improved growth of FA cells under conditions of low oxygen concentration and the
associated hypersensitivity to ionizing radiation constitute an important arena for future
investigations.
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Figure 1.
Clonogenic survival of FANCD2-deficient and wild-type complemented fibroblasts (PD20,
filled symbols, and PD20-wtD2, open symbols, respectively). (A) Survival of adherent cells
exposed to the indicated doses in air. (B) Survival of cell suspensions following a 1-hour
incubation in air and 5% CO2 (see Methods and materials). (C) Survival of cells following
exposure to 1–3 hours of anoxia, followed by plating for colony formation at room air (i.e.,
reoxygenation). Data points represent means +/− standard error based on at least three
independent repeats with all gassing and irradiation carried out at room temperature.
Radiation survival curves were fitted using the linear-quadratic formula and statistical
comparisons between curves were carried out by use of the F test (two-sided) (GraphPad
Prism 4.03, GraphPad Software, San Diego, CA, USA). Statistical significance was defined
at the level of p = 0.05 or less.
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Figure 2.
Sensitivity of fibroblasts to ionizing radiation at reduced oxygen concentrations. (A)
Clonogenic survival of FANCD2-deficient (PD20) and wild-type complemented (PD20-
wtD2) cells exposed to anoxia (0% oxygen) for 1 hour. (B) Clonogenic survival of FANCA-
deficient PD220 fibroblasts and wild-type complemented cells exposed to anoxia (0%
oxygen) for 1 hour. (C) Clonogenic survival of PD20 cells as in panel A, except that
incubation under anoxia was extended for 1 hour after irradiation. (D) Clonogenic survival
as in panel A, except that a gas mixture containing 3% oxygen instead of 0% oxygen was
used. (E) Oxygen enhancement ratios (OER) calculated at the 10% survival level using the
data shown in Figure 1B and 2A. Data points in panels A–D represent means +/− standard
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error based on at least three independent repeat experiments with all gassing and irradiation
carried out at room temperature. Radiation survival curves and p-values were derived as
described for Figure 1.
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Figure 3.
Formation of RAD51 foci in FANCD2-deficient (PD20) and wild-type complemented
(PD20-wtD2) fibroblasts. (A) The fraction of cells with at least 5 foci is plotted for untreated
cells (0) versus cells exposed to 16 Gy ionizing radiation (IR) at 0% oxygen (+) after 5
hours. The relative induction of foci was 3.6-fold for FANCD2-deficient cells. (B) Foci
formation analogous to panel A 5 hours following mock-treatment (0) or treatment with
mitomycin C (MMC) at 0.5 μg/ml (+). The induction was 1.7-fold for FANCD2-deficient
cells. The relative induction of foci above untreated levels between the two cell lines was
compared using the unpaired t-test (two-sided p-value). Bars represent means with standard
error based on three independent repeat experiments.
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Figure 4.
Apoptotic cell death of FANCD2-deficient (PD20) and wild-type complemented (PD20-
wtD2) fibroblasts. (A) The relative fraction of apoptotic cells is given at the indicated time
after treatment with 0.5 μg/ml mitomycin C (MMC) treatment. (B) Analogous to panel A
for treatment with 16 Gy ionizing radiation (IR) under anoxic conditions. The relative
induction of apoptotic cell death above untreated levels between the two cell lines was
compared using the unpaired t-test (two-sided p-value). Bars represent means with standard
error based on three independent repeat experiments.
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