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Abstract

Aim Gemcitabine (2’,2’-difluoro-2’-deoxycytidine, dFdC) is a potent radiosensitizer. The 

mechanism of dFdC-mediated radiosensitization is yet poorly understood. We recently 

excluded inhibition of DNA double-strand break (DSB) repair by nonhomologous end-

joining (NHEJ) as a means of radiosensitization. In the current study, we addressed the 

possibility that dFdC might affect homologous recombination (HR)-mediated DSB repair 

or base excision repair (BER). 

Methods dFdC-mediated radiosensitization in cell lines deficient in BER and in HR was 

compared to that in their BER-proficient and HR-proficient parental counterparts. Sensiti-

zation to mitomycine C (MMC) was also investigated in cell lines deficient and proficient in 

HR. Additionally, the effect of dFdC on Rad51 foci formation after irradiation was studied.

Results dFdC did induce radiosensitization in BER-deficient cells; however, the respective 

mutant cells deficient in HR did not show dFdC-mediated radiosensitization. In HR-pro-

ficient, but not in HR-deficient cells dFdC also induced substantial enhancement of the 

cytotoxic effect of MMC. Finally, we found that dFdC interferes with Rad51 foci formation 

after irradiation. 

Conclusion dFdC causes radiosensitization by specific interference with HR.

Introduction

Gemcitabine (2’,2’-difluoro-2’-deoxycytidine, dFdC) is a deoxycytidine analogue with anti-

tumor activity in different tumor types. It is also one of the more effective drugs to sensitize 

cells to radiation, an effect that has been demonstrated in vitro under non-cytotoxic 

conditions for human tumor cell lines [1, 2] and in vivo in tumor-bearing mice [3, 4]. The 

interaction of dFdC and radiation has not been elucidated yet. It has been shown that 

dFdC enhances radiation-induced chromosomal aberrations [5], which suggests that it 

interferes with the repair of radiation-induced DNA damage, particularly the repair of DNA 

double-strand breaks (DSBs). Nonhomologous end-joining (NHEJ) is the most prominent 

cellular DNA repair pathway of radiation-induced DNA DSBs in mammals [6]. In recent 

experiments, however we have shown that the NHEJ pathway is not the target for dFdC-

mediated radiosensitization because a radiosensitizing effect of dFdC is also observed in 

cells lacking the functional parts of the NHEJ pathway e.g., the DNA-dependent protein 

kinase catalytic subunit (DNA-PKcs) or Ku80 [7]. It has been suggested that a decline in 

deoxyadenosine triphosphate is crucial in the induction of radiosensitization by dFdC [1, 

8]. If correct, this would be consistent with the noninvolvement of a short-patch repair 

pathway like NHEJ. Rather long-patch repair pathways such as nucleotide excision repair 

or homologous recombination (HR) may be involved in dFdC-induced radiosensitization. 

Indeed, data suggest that dFdC can interfere with nucleotide excision repair [9]. However, 
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because nucleotide excision repair plays no (major) role in the repair of ionizing radiation-

induced DNA damage, the most likely pathway remaining as a target for dFdC-mediated 

radiosensitization would be HR. 

However, whereas HR plays a major role in DNA DSB repair in yeast, its role in higher eu-

karyotes is less clear. The irs1 and irs1SF hamster cell lines deficient in HR due to mutations 

in respectively the Rad51 homologues XRCC2 (X-ray repair cross complementing group 

2) and XRCC3 show increased radiosensitivity [10-18]. Also in Drosophila melanogaster, 

HR-deficiency (Rad54 homolog DmRad54) leads to increased radiosensitivity. In a HR 

and NHEJ double mutant (DmRad54 and DmKu70) a strong synergistic increase in radio-

sensitivity is observed compared to both single mutants [19]. Adult mice deficient in HR, 

however, do not show hypersensitivity to ionizing radiation, and the impact of HR-defi-

ciency only becomes apparent in a NHEJ-deficient background [20, 21]. Radiosensitivity 

testing of embryonic stem cells from HR-deficient mice reveals moderate sensitivity [21]. 

So, although NHEJ may be the dominant pathway to repair radiation-induced DSB in 

higher eukaryotes, HR does play a role under certain conditions. 

From these data, a picture emerges that HR plays only a minor role in the repair of DSBs 

in maturated, differentiated cells. In undifferentiated cells or cells in culture, however, HR 

may contribute to DSB repair and hence to cellular radiosensitivity and herein it could be a 

target for dFdC-mediated radiosensitization. An alternative target could be base excision 

repair (BER). This repair pathway is also crucial for the repair of DNA damage induced by 

ionizing radiation [22, 23] and BER-mutants like the XRCC1 mutant Chinese hamster ovary 

cell line EM-C11 show an increased sensitivity to radiation and mitomycin C (MMC) [24, 

25]. However, BER is thought to be a short patch repair pathway and can be expected to 

be insensitive to a dFdC-mediated drop in nucleotide level. Hence, it seems an unlikely 

target for dFdC-mediated radiosensitization; however, this has not been established ex-

perimentally.

In the current study, we therefore tested the possibility that dFdC-mediated radiosensi-

tization may be due to interference of dFdC with the BER or HR pathway, using BER- and 

HR-deficient cell lines and assessment of radiation-induced Rad51 foci formation.

Methods and Materials

Cell culturing procedures

The rodent cell lines were grown as monolayers at 5% CO
2
 in a humidified 37 °C incubator 

in plastic flasks (Nunc, Roskilde, Denmark). The Chinese hamster cell lines CHO-9 (parental 

cell line of EM-C11), AA8 (parental cell line of irs1SF), irs1 (XRCC2-deficient mutant) and 

irs1SF (XRCC3-deficient mutant) were grown on Ham’s F12 medium (Gibco, Paisley, UK). 

The EM-C11 cell line (XRCC1-deficient mutant) was grown on Ham’s F10 medium (Gibco, 

Paisley, UK). The V79 cell line (parental cell line of irs1) was maintained in Dulbecco’s modi-
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fication of Eagle’s medium (Gibco, Paisley, UK). All media were supplemented with 10% 

bovine calf serum (Gibco, Paisley, UK). Media of CHO-9, EM-C11, AA8, irs1 and irs1SF cells 

were also supplemented with penicillin and streptomycin. All our standard laboratory 

chemicals were purchased from Sigma (St Louis, MO) or Merck (Darmstadt, Germany).

Treatment of cells

Exponentially growing cells were incubated with 0.5 and 5 µM Gemcitabine (dFdC; Eli 

Lilly, Nieuwegein, the Netherlands) for 4 h. We choose such short incubation time to avoid 

major effects on cell cycle distributions. By DNA flow cytometric analysis we previously 

found no significant alterations in cell cycle distribution of CHO-K1 and xrs5+huKu80 

cells after 4 h incubation with dFdC [7]. Shewach and Lawrence found that the effect of 

gemcitabine on the viability of HT-29 cell was highly dependent on the length of incuba-

tion [8]. Minimizing the cytotoxic effect of dFdC was another argument for choosing a 

short incubation period. After dFdC-treatment cells were trypsinized, and diluted in fresh 

complete medium to a density of 106 cells/mL. Cells were irradiated, using a 137Cs γ-ray 

machine (IBL 637; CIS Biointernational, Gif-sur-Yvette, France) at a dose rate of 0.9 Gy/min. 

The dosimetry was performed with an ionization chamber (Philips 37489/19; Eindhoven, 

the Netherlands) calibrated with a 90Sr source (Philips 2011/00).

For experiments with dFdC and mitomycin C (MMC; Christiaens, Breda, the Netherlands) 

cells were first incubated with 5 µM dFdC for 4 h. After centrifugation of the medium (5 

min, 1000 rpm) the cell pellet was added to the cell culture flask. Thereafter cells were 

incubated with MMC in different concentrations for 1 h. Cells were subsequently tryp-

sinized and the removed medium was centrifuged (5 min, 1000 rpm). The remaining cell 

pellet was added to the trypsinized cells. Cell suspensions were diluted in fresh complete 

medium to a density of 106 cells/mL. 

To study the effects of hyperthermia, growing cells were trypsinized and diluted with 

fresh complete medium to a density of 106 cells/mL. Thereafter cells were exposed to 

hyperthermia (43 oC) in precision waterbaths (± 0.1°C) for 30 min immediately followed 

by irradiation.

Cell survival

Cell survival was assessed with clonogenic assay by plating 100 µl of an appropriately 

diluted sample to triplicate plastic Petri dishes (Nunc, Roskilde, Denmark), containing 5 mL 

of growth medium. After 6-8 days of incubation, colonies (containing >50 cells) were fixed 

with 70% ethanol and stained with 0.5% crystal violet. 

dFdCTP determination by high-performance liquid chromatography (HPLC). For determi-

nation of 2’,2’-difluoro-2’-deoxycytidine triphosphate (dFdCTP) concentrations, exponen-

tially growing cells were incubated with 5 µM dFdC for 4 h. After trypsinization cells were 

twice washed with phosphate-buffered saline (PBS; Gibco, Paisley, UK), centrifuged and 
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resuspended in 100 µl water, 50 µl of 50% trichloroacetic acid, and 50 µl of 1 µM internal 

standard solution of inosine-5’-triphosphate. Cells were chilled on ice for 20 min and cen-

trifuged for 3 min at 10,000 g and 500 µl of freshly prepared trioctylamine and 1,1,2-trichlo-

rotrifluoroethane (1:4) was added. After centrifugation for 2 min at 10,000 g, the cellular 

dFdCTP concentrations in the supernatant were determined by anion-exchange HPLC 

analysis (Waters, Milford, MA) using a Partisphere SAX anion exchange column (internal 

diameter 125 x 4.6 mm, particle size 5 µm; Whatman, Maidstone, UK). A linear gradient was 

running from 100% buffer A (5 mM NH
4
H

2
PO

4
, pH 2.80) to 100% buffer B (0.5 M NH

4
H

2
PO

4
 

and 0.25 M KCl, pH 3.00) in 40 min with a flow of 2 mL/min. Re-equilibration to 100% 

buffer A was achieved in 20 min. Calibration was performed with 2-20 µM dFdCTP (Eli Lilly, 

Nieuwegein, the Netherlands). Detection was performed using a model 996 photograph-

diode array detector (Waters, Milford, MA) at 266 nm. Cellular dFdCTP concentrations were 

calculated using the ratio peak-area dFdCTP versus peak-area internal standard. 

Rad51 foci formation

Cells grown on coverslips were incubated with 5 µM dFdC for 4 h at 37 oC. To induce DNA 

DSBs, cells were exposed to a dose of 10 Gy. Because Raderschall et al. found a dose-

dependent relation of Rad51 foci formation between 0.5 – 10 Gy [26], we used 10 Gy to 

induce Rad51 foci in a high percentage of cells. At different time intervals after irradiation 

cells were fixed using 3.7% formaldehyde solution and washed with 0.2% Triton-X100, 

glycine-PBS (50 mM glycine in PBS) and PBG (0.5% bovine serum albumin and 0.1% 

glycine in PBS). Subsequently, cells were incubated with a rabbit polyclonal antibody 

against Rad51 (H-92; Santa Cruz Biotechnology) at a concentration of 4 µg/mL for 2 h 

and with fluorescein isothiocyanate (FITC)-conjugated swine anti-rabbit immunoglobu-

lins (Dako, Glostrup, Denmark) at a concentration of 24 µg/mL for 1 h. After washing with 

0.1% Tween-20 and incubation with 2 µg/mL 4’,6-diamidino-2-phenylindole (DAPI) for 10 

min, samples were analyzed with a laser scanning confocal microscope (Leica microsys-

tems, Rijswijk, the Netherlands). For analysis, 6 to 10 slices made through cell nuclei were 

compressed into one overlay projection. When two or more foci were observed, cells were 

scored as positive.

Results

Radiosensitization by dFdC in cells proficient and deficient in BER

The XRCC1 mutant EM-C11 is partially defective in the ligation step of BER [25]. Consis-

tent with other experiments [24] we found this cell line to be hyperradiosensitive (Fig 

1A). Like its parental CHO-9 cell line, also the EM-C11 cells could be clearly radiosensitized 

when pretreated with dFdC (Fig. 1, C and D). However, it should be mentioned that the 

magnitude of the enhancement was somewhat less in the EM-C11 cells compared to the 
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CHO-9 cells. This may be explained, though, by the fact that the EM-C11 cells also appeared 

less sensitive to the direct toxic action of dFdC (figure 1B). In any case, our data suggest 

that full BER-proficiency is not a prerequisite for radiosensitization by dFdC. 
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Figure 1 Comparison of the effect of dFdC on radiosensitivity of the parental CHO-9 cell line and 
the BER-deficient cell line EM-C11. Cells (106/mL) were exposed to radiation with or without a 4-h 
preincubation with either 0.5 or 5 µM dFdC. Cell survival was assessed with clonogenic assay. Each 
point represents mean and standard error of three experiments. A Comparison of radiosensitivity of 
the parental CHO-9 ( )  cell line, and the EM-C11 ( ) cell line (mutated for the XRCC1 gene and therefore 
deficient in BER). B Cytotoxic effect of 0.5 and 5 µM dFdC on the CHO-9 ( ) and EM-C11 ( ) cell lines. C, 
D Effect of preincubation without ( )  or with either 0.5 ( ) or 5 µM ( ) dFdC on radiosensitivity of the 
BER-proficient CHO-9 C cell line or on the BER-deficient EM-C11 D cell line.
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Figure 2 see next page for legenda
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Radiosensitization by dFdC in cells proficient and deficient in HR

Irs1 and irs1SF cell lines are mutated for, respectively, the Rad51 homologues XRCC2 

and XRCC3 and therefore deficient in HR, which explains their increased radiosensitivity 

compared to the wild-type parental cell lines V79 and AA8 [11-18] (Fig. 2A). The cytotoxic 

effect of dFdC (no irradiation) was similar in all cell lines (Fig. 2B). However, whereas V79 

and AA8 cells showed clear-cut radiosensitization when pretreated with 0.5 or 5 µM dFdC 

for 4 h (Figs. 2C and 2E), dFdC cause no radiosensitization in either HR-deficient cell line 

(Figs. 2D and 2F). To exclude the possibility that the HR-deficient cell lines were affected 

in metabolizing dFdC, cellular levels of dFdCTP, the major intracellular metabolite of 

dFdC [27], were determined. HR-proficient (V79 and AA8) as well as HR-deficient (irs1 

and irs1SF) cell lines were both able to phosphorylate dFdC to dFdCTP (Table 1). Only 

irs1 showed a decreased dFdCTP level compared to the other three cell lines tested. Still, 

a substantial amount of dFdCTP was found in irs1, yet dFdC-mediated radiosensitization 

was completely absent in these cells. Moreover, dFdCTP concentrations in irs1SF cells 

were comparable with dFdCTP concentrations in HR-proficient cell lines, and also in this 

cell line no radiosensitization was observed. Therefore, defects in drug accumulation and 

metabolism are not expected to be responsible for the absence of radiosensitization by 

dFdC in HR-deficient cells. In fact, the absence of dFdC-mediated radiosensitization in two 

independent HR-deficient cell lines clearly shows that HR may exert its radiosensitizing 

effect through interference with the process of HR.

Figure 2 (opposite page) Effect of dFdC on radiosensitivity of the parental V79 and AA8 cell lines and 
their HR-deficient counterparts (irs1 and irs1SF). Cells (106/mL) were exposed to radiation with or with-
out a 4-h preincubation with either 0.5 or 5 µM dFdC. Cell survival was assessed with clonogenic assay. 
Each point represents mean and standard error of four experiments. A Comparison of radiosensitivity 
of the V79 ( ) and AA8 ( ) cell lines, and the irs1 ( ) and irs1SF ( ) cell lines (respectively mutated for 
the XRCC2 and XRCC3 genes and therefore deficient in HR). B Plotted are the cytotoxic effect before 
irradiation (represented by percentage survival) and the concentration of dFdC for the V79 ( ), AA8 
( ), irs1 ( ) and irs1SF ( ) cell lines. C-F Effect of preincubation without ( )  or with either 0.5 ( ) or 5 µM 
( ) dFdC on radiosensitivity of the HR-proficient V79 C and AA8 E cell lines or on the HR-deficient irs1 D 
and irs1SF F cell lines.

Cell lines dFdCTP p†

V79 2.37 ± 0.30

Irs1 1.46 ± 0.03 0.050

AA8 2.60 ± 0.31

Irs1SF 2.44 ± 0.46 0.513

*dFdCTP concentration per 106 cells in µM. Data are the mean (± SE) of at least 3 individual experiments. 
(HR = homologous recombination). †Differences between HR-proficient and HR-deficient cell lines were 
tested by the Mann-Whitney test (two sided).

Table 1 DFdCTP concentrations in cell lines proficient and deficient in HR*
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Figure 3 see next page for legenda
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MMC-sensitization by dFdC in cells proficient and deficient in HR

To further substantiate that HR interferes with the process of HR, we next investigated 

whether dFdC can cause sensitization to MMC in a manner depending on HR proficiency. 

MMC introduces DNA DSBs by interstrand cross-links in DNA. Repair of MMC-induced 

interstrand cross-links is especially dependent on HR [28]. This is also illustrated by the 

extreme sensitivity to MMC of the HR-deficient irs1 and irs1SF cells (Fig. 3A) [12, 29]. In V79 

and AA8 cells, dFdC before treatment with MMC induced significant sensitization to MMC 

(Figs. 3B and 3D). In contrast, irs1 and irs1SF cells did not show sensitization to MMC when 

pretreated with dFdC (Figs. 3C and 3E). These data further support our suggestion that the 

HR pathway is targeted by dFdC. 

HR-deficient cells can be radiosensitized by hyperthermia

In order to demonstrate that HR-deficient cells are not in general unable to respond to 

radiosensitizers, we pretreated cells with hyperthermia, a potent radiosensitizer, likely 

through effects on BER [30]. V79 and AA8 cells as well as irs1 and irs1SF cells were equally 

sensitized when exposed to hyperthermia (43 oC) prior to irradiation (Fig. 4). These data 

demonstrate that irs1 and irs1SF cells can be radiosensitized by means other than dFdC, 

via effects on repair pathways other than HR. They also support the idea that HR is not a 

target for heat-induced radiosensitization in accordance with earlier suggestions [30].

 

Rad51 foci formation after irradiation and dFdC

Next, we tested the effect of dFdC on the radiation-induced formation of Rad51 foci which 

are thought to represent sites of HR [31, 32]. In nontreated, cultured mammalian cells, the 

Rad51 protein is detected by immunofluorescent antibodies in a small number of discrete 

foci in the nucleoplasm of a small fraction of cells [26, 33]. After DNA damage the number 

of foci as well as the percentage of cells with focally concentrated Rad51 protein increases 

in a time- and dose-dependent manner, suggesting activation of HR [26]. In experiments 

by Haaf et al. [33] the highest number of nuclei showing Rad51 foci and the strongest im-

munofluorescence was observed starting from 3 h after irradiation with doses above 3 Gy. 

In this study an obvious relation between irradiation-dose and foci formation was found 

6 h after irradiation [33].

We found that untreated V79 cells showed a normal pattern of small Rad51 foci scattered 

Figure 3 (opposite page) Effect of dFdC on sensitivity to MMC of the parental V79 and AA8 cell 
lines as compared with cell lines deficient in HR (irs1 and irs1SF). Cells (106/mL) were exposed to graded 
doses of MMC with ( ) or without ( ) a 4-h preincubation with 5 µM dFdC. Cell survival was assessed 
with clonogenic assay. Each point represents mean and standard error of three experiments. A Com-
parison of the MMC-sensitivity of V79 ( ) and AA8 ( ) cell lines, and the irs1 ( ) and irs1SF ( ) cell lines 
(respectively mutated for the XRCC2 and XRCC3 genes and therefore deficient in HR). B-E Effect of 
dFdC on sensitivity to MMC of the HR-proficient V79 B and AA8 D cell lines or on the HR-deficient irs1 C 
and irs1SF E cell lines.
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in the nucleus (Fig. 5A). In 14% of these cells foci were observed. Positively scored cells 

(two or more foci per cell) generally contained less then 5 foci per cell. Irradiation (10 Gy) 

induced formation of multiple small Rad51 foci within 3 h after irradiation in about 70% 

of the cells (Fig. 5B), which subsequently condensed into large and bulky conglomerates 

in about 67% of the cells (observed 6 h after irradiation). About 16% of the cells contained 

only small foci 6 h after irradiation (Fig. 5C). These data are consistent with other reports 

on Rad51 foci formation [26, 29]. Incubation with dFdC alone induced an increase in 

Rad51 foci positive cells (small foci in about 51% of the cells) compared to untreated cells 
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Figure 4 Effect of hyperthermia on radiosensitivity of the parental V79 and AA8 cell lines as compared 
with cell lines deficient in HR (irs1 and irs1SF). Cells (106/mL) were exposed to radiation with ( ) or with-
out ( ) prior treatment with hyperthermia (30 min, 43oC). Cell survival was assessed with clonogenic 
assay. Each point represents mean and standard error of three experiments. In all cell lines radiosensiti-
vity is increased by hyperthermia.



Chapter 6

126

Selective targeting of HR-DNA repair by gemcitabine

127

(Fig. 5D). At 3 h after irradiation small foci were observed in about 59% of V79 cells pre-

treated with 5 µM dFdC (Fig. 5E). However, at 6 h after irradiation reduced maturation into 

large foci was observed in dFdC-pretreated cells, whereas 59% of these cells contained 

a multitude of small foci and only 10% contained large and bulky conglomerates (Fig. 

5F). These data indicate that dFdC indeed affects the HR and support our data that dFdC 

causes radiosensitization by targeting the pathway. 

Rad51 foci formation was also assessed in the XRCC2 deficient, irs1 cells. Consistent with 

experiments of O’Regan et al. [29], we found little foci formation both before and after irra-

diation in these cells consistent with their HR deficiency and consistent with the absence 

of an effect of dFdC on the radiosensitivity of these cells (data not shown).

Figure 5 Effect of dFdC on radiation-induced Rad51 foci formation. V79 cells were incubated with or 
without 5 µM dFdC for 4 h prior to either immediate fixation or irradiation (10 Gy) followed by fixation 
after a 3-h or 6-h incubation period. Subsequently cells were successively incubated with a rabbit 
polyclonal antibody against Rad51, FITC-conjugated swine anti-rabbit immunoglobulins and DAPI. 
Shown are overlay projections of the FITC- and DAPI-signal made by a confocal laser microscope. 
The pictures represent a typical pattern of Rad51 foci in the nuclei of V79 cells. A Immunofluorescent 
visualization of Rad51 foci formation in nuclei of control cells. B) Rad51 foci formation in cells fixated 3 h 
after irradiation. C Rad51 foci formation in cells fixated 6 h after irradiation. D Rad51 foci formation after 
a 4 h incubation period with dFdC. E Rad51 foci formation in cells after a 4-h pre-incubation with dFdC, 
followed by irradiation and 3 h time of repair before fixation. F Rad51 foci formation in cells after a 4-h 
pre-incubation with dFdC, followed by irradiation and 6 h time of repair before fixation.
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Discussion

Our data reveal that sensitization to radiation and MMC by dFdC did not occur in cells 

mutated in the XRCC2 and XRCC3 genes, associated with a defective DNA DSB repair by 

HR [11]. This implicates that a functional HR pathway is essential to cause dFdC-mediated 

radiosensitization. This is supported by the observation that dFdC interferes with the 

formation of Rad51 foci in HR-proficient cells, strongly indicating that HR is a target for 

dFdC-mediated sensitization to ionizing radiation. In contrast, it was found that BER pro-

ficiency is not required for dFdC-mediated radiosensitization, because cells defective in 

XRCC1 could be radiosensitized by the drug. One must realize though that BER consists of 

several parallel, partially overlapping and likely redundant pathways [34]. Hence, it cannot 

be totally ruled out that other non-XRCC1 dependent pathways are not affected by dFdC. 

If relevant to the radiosensitizing effect of dFdC, however, this should also have caused 

sensitization in the HR-deficient cells, which was not the case. Moreover, this would also 

not be consistent with the cell cycle specificity of the dFdC radiosensitization effect (see 

also below). 

Previously, we already excluded NHEJ as being a target for dFdC, because the radiosen-

sitizing effect of dFdC was also observed in cells lacking either functional DNA-PKcs or 

Ku80 [7]. In fact, the extent of dFdC-mediated radiosensitization was even larger in the 

NHEJ-deficient mutants. This is quite intriguing given the fact that the relative impact of 

HR-deficiency on radiosensitivity is larger when NHEJ is also defective as demonstrated 

by Essers et al. [21]. In the latter studies mRad54-/- HR-deficient adult mice were only 

hypersensitive to ionizing radiation in a NHEJ-deficient background. In other words, the 

relative importance of HR in radiosensitivity is greater when the cells lack functional NHEJ. 

Therefore, our previous findings that dFdC-effects on radiosensitivity are larger in NHEJ-

deficient cells further substantiate our hypothesis that dFdC targets HR. Lastly, support for 

this hypothesis also comes from data from Latz et al. [35] showing that the extent of dFdC-

induced radiosensitization is higher in late S phase than in G
1
 and early S phase. Studies 

with the Rad54-/-/Ku70-/- double knockout from the chicken B-cell line DT40 revealed that, 

whereas NHEJ is more important for repairing radiation-induced DNA-DSBs during G
1 
and 

early S phase, HR is preferentially used in late S and G
2
 phases of the cell cycle [36]. Based 

on all these observations we conclude that the target for radiosensitization induced by 

dFdC is HR.

It is yet unclear which step in the pathway of HR is inhibited. Our data on Rad51 foci 

suggest that dFdC induces inhibition of maturation into larger foci. In fact, at 6 h after 

irradiation we see more, albeit smaller foci in cells treated with dFdC. One possible expla-

nation for this observation is that dFdC interferes with the DNA polymerization step in 

HR, thereby halting the process. However, this has yet to be established experimentally, 

for example, by live-recording experiments using green fluorescent protein tagged Rad51 

expressing cells [37]. 
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The specificity of dFdC to target HR, but not BER or NHEJ [7] may be of important clinical 

relevance. As was demonstrated by Essers et al. [21], HR-deficient mice are hypersensitive 

to ionizing radiation at the embryonic but not at the adult stage. Thus, whereas a defect 

in HR may affect the radiosensitivity of undifferentiated embryonic stem cells [20] and 

cultured cell lines [10-18, 36], its impact on the radiosensitivity of differentiated adult 

cells in vivo might be limited or even absent. One could therefore speculate that the ra-

diosensitizing effect of dFdC in patients might be less in normal healthy tissue and more 

restricted to (undifferentiated) tumor cells, making it a tumor-selective radiosensitizer. 

Our data therefore support further trials to evaluate the clinical usefulness of dFdC in 

combination with radiation.
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