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ChromosomeChromosome aberrations detected by FISH and correlation with cell survival 

Abstract: : 

Aim:Aim: To determine whether measurement of chromosome aberrations by fluorescence in situ 

hybridizationn (FISH) predicts cell survival after irradiation at different dose rates and after 

radiosensitizationn by bromodeoxyuridine (BrdU) in a lung carcinoma cell line 

Materials:Materials: The human lung carcinoma cell line SWT573 was irradiated at high dose rate 

(HDR:: 0.8 Gy/min) or at pulsed - low dose rate (p-LDR: average dose rate of lGy/h) with or 

withoutt radiosensitization by bromodeoxyuridine (BrdU). Cell survival was determined with 

thee clonogenic assay. Chromosome aberrations {color junctions) were measured by whole 

chromosomee FISH of chromosome 2 and 18 and were scored according to the PAINT 

method. . 

Results:Results: Clear radiosensitization by BrdU was observed both after HDR and p-LDR 

irradiation.. Chromosome 18 was more radiosensitive than chromosome 2. There was a good 

correlationn between induction of color junctions and cell survival both after HDR and p-LDR 

irradiationn and after radiosensitization by BrdU, 

Conclusion:Conclusion: Determination of chromosome aberrations by FISH can predict cell survival 

afterr different dose rates and after radiosensitization by BrdU 
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Introduction n 

Muchh recent research has focused on the development of an assay that could predict the 

outcomee of radiation treatment so that patient treatment could be tailored individually. 

Inn several studies intrinsic radiosensitivity of the tumor cells as determined by clonogenic cell 

survivall  or growth assay has correlated well with treatment outcome (West et al., 1997, 

Girinskyy et al., 1994). However, this technique is time-consuming and not fast enough to 

individualizee treatments. 

AA good correlation between chromosome aberrations determined by whole chromosome 

fluorescencee in situ hybridization (FISH) and cell kil l has been shown for human tumor cells 

andd human fibroblasts (Coco-Martin et al., 1994, 1996, 1999, Franken et al., 1999a, Russell et 

al.,, 1995). This technique is much faster than the average clonogenic assay and thus could be 

off  clinical use. 

Att low dose rate (LDR) the increase in treatment time allows repair processes to take place 

duringg the irradiation leading to higher cell survival than after high dose rate (HDR) 

irradiation.. In the clinic next to conventional HDR irradiation, LDR irradiation in the form of 

brachytherapyy is used in the treatment of several malignancies. Owing to the very localized 

placementt of the sources, there is optimal sparing of normal tissues. 

Halogenatedd pyrimidines (HP) are known to sensitize cells to ionizing radiation in vitro 

(Iliaki ss et al., 1989). They are thymidine analogues that need to be incorporated into the DNA 

too be effective. The level of radiosensitization by HP correlates with the degree of thymidine 

replacementt (Philips et al., 1989, Lawrence et al., 1990). Incorporation of HP into DNA 

increasess the amount of DNA double strand breaks (dsb's) induced by radiation (Ling et al., 

1990,, Wang and Iliakis, 1992, Iliakis et al., 1992, Lawrence et al., 1995), reduces clonogenic 

celll  survival and increases the amount of chromosome aberrations after ionizing radiation 

(Wil tt et al.. 1994, Franken et al.,1999a,b). 

Too evaluate the use of FISH as a predictive assay, we have investigated whether chromosome 

aberrationn induction measured with FISH correlates with cell survival after irradiation at 

differentt dose rates and with or without radiosensitization by the halogenated pyrimidine 

bromodeoxyuridinee (BrdU) in a lung carcinoma cell line. 
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Materialss and Methods 

Celll culture 

Thee human squamous lung carcinoma cell line SW-1573 was grown in Leibowitz-15 medium 

(LI5 ;; G1BCO-BRL lif e technologies, Breda, The Netherlands) supplemented with 10 % fetal 

bovinee scrum and 2 mM glutamine at 37"C with no CCK The doubling time of the SW-1573 

cellss in exponential growth is 22-24 h (Haveman et al., 1995). 

Forr experiments, the cells were plated in 30 mm or 60 mm Petri dishes (p-LDR irradiation) or 

755 mm2 tissue culture flask (HDR irradiation) (Costar Europe LTD, Badhoevedorp, the 

Netherlands).. For sensitizing experiments cells were incubated with medium containing 4 uM 

bromo-deoxyuridinee (BrdU; Sigma, St. Louis, USA) for 48 hours before irradiation. Before 

thee start of irradiation medium containing BrdU was removed, cells were washed two times 

withh PBS and fresh medium was added. Cells were irradiated in late exponential growth/early 

plateauu phase (50- 65 % of the cells in Gl-phase, 30-40 % in S-phase, 7-15 % in G2-phase as 

determinedd by BrdU incorporation). The percentage of thymidine replacement at the time of 

irradiationn was 19.6  0.8 %. 

Irradiation n 

HDRR irradiation was performed with X-rays from ,37Cs sources at a dose rate of 0.8 Gy/min. 

Twoo 137Cs sources, one above and one below the culture flask were positioned at a distance of 

22,55 cm. Lead flattening filters were used to ensure a homogeneous dose through out the 

culturee flask. 

Pulsedd LDR (p-LDR) irradiations were performed with a Siemens Stabiliplan 2 X-ray 

machinee (Siemens, Germany). Pulse dose was 0.1 Gy at 9.16 cGy/min and the resting period 

betweenn the pulses was 4 min 52 s resulting in a mean dose rate of 1 Gy/h. The distance 

betweenn focus and culture dish was 1.60 m and a 1 mm Cu- filter was used. During irradiation 

cellss were kept at 37°C in a water bath. A maximum of six 100 mm culture dishes, fifteen 60 

mmm culture dishes or thirty-six 35 mm culture dishes could be irradiated simultaneously with 

955 % dose homogeneity. Dosimetry was performed with a BF-vat detector and a Fanner 

electrometerr once a month. 
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Clonogenicc Assay 

Celll  survival was determined by clonogenic assay. Twenty-four hours after HDR irradiation 

orr directly after p-LDR irradiation cells were trypsinized and replated in appropriate dilutions 

inn six-well culture plates (Costar). Eight days later the colonies were fixed and stained in 6 % 

glutaraldehydee with 0.05 % crystal violet. Colonies of > 50 cells were scored as originating 

fromm a single clonogenic cell. The plating efficiency of SW-1573 cells was 80-100%. 

Survivingg fractions (S(D)/S(0)) after dose D, corrected for toxicity o\" BrdU alone, were 

calculatedd and survival curves analyzed using Graphpad Prism statistical software (Graphpad 

Softwaree Inc, San Diego. USA) or BMDP (Los Angeles. USA). The HDR data were fitted by 

multiplee regression to the LQ formula: 

S(D)/S(0)=exp-<aD+pD:) ) 

Thee LDR data were fitted by a pure exponential model: 

S(D)/S(0)=expp -(aD) 

Metaphasee slide preparation 

SW15733 cells were plated in 100 mm culture dishes (p-LDR irradiation) or 75 cm2 tissue 

flaskss (HDR irradiation). For sensitization experiments cells were cultured for 48 hours in the 

presencee of 4 uM BrdU before irradiation. Twenty-four hours after HDR irradiation and 

directlyy after p-LDR irradiation, the cells were transferred to 172 cm2 tissue culture flasks. 

Twentyy four hours later, cells were incubated for 2 hours with colcemid (0.1 (ig/ml, Sigma) 

andd mitotic cells were shaken off. Mitotic cells were treated with hypotonic HCI for 10 min at 

37,lCC and subsequently washed and fixed in methanol/acetic acid (3:1). Finally the cells were 

droppedd onto moist slides. 

Fluorescencee in situ hybridization 

Chromosomee 2 and chromosome 18 were selected to study the induction of color junctions. In 

thesee chromosomes no spontaneous exchanges were observed. Directly labelled whole 

chromosome-specificc probes (chromosome 2-Cy3 and chromosome 18-FITC) were obtained 

fromm Cambio (Cambridge, UK). Metaphase double staining was performed with the method 

describedd by Pinkel et al. (1986) and Natarajan et al. (1992). Enhancement of the FITC signal 

wass achieved with a commercially available amplification kit (Cambio). Metaphase slides 

weree counterstained with DAPI (2.5 ug ml) in PBS and embedded in anti-fade solution (Vecta 

Shield.. Vector Labaratories. Burlingame. CA. USA). 
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Scoringg of aberrations 

Slidess were examined using a fluorescence microscope (Ortholux: Leica, Weltzar, Germany) 

withh a green light (552 nm) emission filter (615 nm) to detect Cy3 or a (495 nm) emission 

filterfilter  to detect FITC (519 nm). DAPl-stained metaphases were detected with a UV (372 nm) 

emissionn filter (456 nm). A total of 300 - 600 metaphases from three different experiments 

weree scored for each dose and each chromosome. Aberrations were scored according to the 

PAINTT method (Tucker et al., 1995). All aberrations involving a painted chromosome and an 

unpaintedd chromosome were scored as color junctions and are reported here. 

Threee copies of chromosome 2 and two copies of chromosome 18 are present in SW-1573 

cells.. In total SW-1573 cells contain between 60 and 67 chromosomes. 

Dose-effectt curves for induction of color junctions by radiation were analyzed using 

Graphpadd Prism statistical software. The data were fitted to a pure linear model: 

F(D)== aD 

Too determine the relative DNA content of chromosome 2 and chromosome 18, the length of 

alll  the chromosomes from ten photographs of well-spread metaphases was measured. For this 

purpose,, DAPI-stained metaphases and metaphases after FISH were photographed with a 

CCDD camera (Hi-Sis slowscan cooled, Lambert Instruments, Leutingewolde, The 

Netherlands)) and the ratio of stained chromosome and total genome was calculated. 
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Results s 

Celll survival after HDR and p-LDR irradiation 

Survivall  curves for control and BrdU treated cells after HDR and p-LDR irradiation are 

shownn in figure 1 and 2. The survival curve after p-LDR irradiation was adequately described 

byy a pure exponential model with only the linear component (figure 2a and table 1). However 

analysiss of the initial part of the survival curve, i.e. 0-4 Gy resulted in a different value of the 

aa term when compared to the a value obtained from the entire survival curve i.e. 0-20 Gy 

(figuree 2b and table 1). For the BrdU-sensitized curve this was not observed. 

HDRR irradiation: 

Celll  survival 

Chromosomee 2 
Chromosomee 18 
Totall  genome relative too 2 
Totall  genome relative to 18 

LQ:: * 

a a 

P P 
a a 
a a 
a a 
a a 

Control l 

0.122 2 
0.044  0.006 

0.0622  0.002 
0.0299  0.002 
0.799 3 
1.166  0.08 

BrdU U 

0.255 4 
0.066  0.008 

0.0955  0.003 
0.0422  0.002 
1.222 4 
1.688 8 

Enhancement t 
Factor r 
2.22 8 
1.55 4 

1.55  0.1 
1.55 1 

Pulsedd LDR irradiation: 

Celll  survival 
Celll  survival 0-4 Gy 
Chromosomee 2 
Chromosomee 18 
Totall  genome relative too 2 
Totall  genome relative to 18 

LQ* * 

a a 
a a 
a a 
a a 
a a 
a a 

Control l 

0.299 1 
0.211 1 
0.0211 1 
0.0144 1 
0.277 1 
0.566 4 

BrdU U 

0.444 1 
0.411 2 
0.0588 2 
0.0333 1 
0.744  0.04 
1.322 1 

Enhancement t 
Factor r 
1.55 1 
1.955 2 
2.88 2 
2.44 2 

*a<Gy-')andp(Gy-) ) 
Tablee I. LQ parameters describing cell survival and induction of colour junctions after HDR irradiation and p-
LDRR irradiation with and without BrdUrd-sensitizatio: 

Inn the radiation dose range in which cell survival and chromosome aberrations are compared 

(0-66 Gy) no changes in cell cycle distribution were observed, after 6 Gy p-LDR irradiation the 

S-phasee was 30-40 %. 
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3 3 
> > 
zs s 

CO O 

1.000 0 

0.100 0 

0.010 0 

0.001 1 

AA Control 

AA BrdU 

33 4 5 6 

Dosee (Gy) 

FigureFigure I Cell survival of plateau-phase SW-1573 cells after HDR irradiation with or without 4 (aM BrdUrd. 
Eachh point represents the mean value of at least 3 different experiments . HDR data are fitted with a 
linear-quadraticc model. 

Pulsed-LDRR irradiation in combination with 4 uM BrdU resulted in an increase in clonogenic 

celll  killin g by a factor of 1.5 After HDR irradiation the a value was increased by 2.2 and the 

PP value was increased by 1.5 (table 1). Incubation with 4 uM BrdU did not result in growth 

delayy or in a decrease of the plating efficiency. 
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5 5 
5 5 
CO O 

1.0000 0 

00 1000 

0.0100 0 

0.0010 0 

0.0001 1 

 Control 
 BrdU 

CO O 

 Control 
 BrdU 

«:: 0-4 Gy 

<x:: 0-20 Gy 

Dosee (Gy) 

FigureFigure 2 a,b: Cell survival of plateauphase SW-1573 cells after p-LDR irradiation with or without 4 uM 
BrdUrd.. Each point represents the mean value of at least 3 different experiments . Pulsed-LDR data are 
fittedd with a pure exponential model, b. Enlargement of the initial part of the p-LDR cell survival curve. 

Chromosomee aberrations 

Inn figure 3 and 4 the dose-effect relationship for color junctions for chromosome 2 and 18 

withh and without 4 uM BrdU are presented for HDR and p-LDR irradiation respectively. In 

tablee 1 the LQ parameters for color junctions are shown. Curves were analyzed with a pure 
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exponentiall  model with only the linear component because this resulted in the best 

correlationss (R~ = 0.92 - 0.99). For p-LDR irradiation LQ parameters were calculated based 

onn the 0-4 Gy region. It is striking that, whereas cell survival after p-LDR and HDR 

irradiationn at low doses was not very different, the efficiency of induction of color junctions 

differedd by a factor of 3 for chromosome 2 and a factor of 2 for chromosome 18 (chromosome 

22 : p<0.005, chromosome 18: p=0.03). HDR was more effective than p-LDR irradiation. 

** chr 2 AA chr 2 + BrdU FigureFigure 3: Yield of colour junctions per cell 
afterr HDR in chromosome 2 and 
chromosomee 18 with and without 
incorporationn of 4 uM BrdUrd. Each point 
representss the mean value of at least two 
differentt experiments . Data are fitted 
withh a pure exponentional model. 

chrr 18 A chr 18 + BrdU 

0.20n n 

0.15--

00 10-

0.05--

00 00 
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Afterr HDR irradiation wc could not score color junctions above 4 Gy because of insufficient 

yieldd of mctaphases. This is in contrast to the situation after p-LDR irradiation (figure 4). A 

strikingg increase in the number of color junctions is observed in the p-LDR curve without 

BrdU,, above 4 Gy notably in chromosome 2. At these doses, radiation-induced abnormalities 

suchh as dicentrics (data not shown) were observed. These were not seen after lower doses of 

p-LDRR or after HDR. Even though a large percentage of the cells arc in S-phase no S-phase 

specificc chromosome aberrations were observed. 

chrr 2  chr 2 +BrdU FigureFigure 4: Yield of colour junctions per cell 
afterr p-LDR irradiation in chromosome 2 and 
chromosomee 18 with and without 
incorporationn of 4 uM BrdUrd. Each point 
representss the mean value of at least two 
differentt experiments . Data are fitted 
withh a pure exponentional model. 

DD chr 18 +BrdU 

0.20 0 

00 10 
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Thee increase in color junctions in the p-LDR curve without BrdU could not be attributed to 

thee appearance of dicentrics. A clear enhancement of dicentrics by BrdU can be seen in both 

chromosomess (figure 5). Because no centromerie probe was used the detection of dicentrics 

mightt be underestimated in this study. 

0.155 1 

--

Dosee (Gy) 

FigureFigure 5: Induction of dicentrics after p-LDR irradiation in chromosome 2 and chromosome IX with and 
withoutt BrdUrd. Each point represents the mean value of at least two different experiments . 

Basedd on their physical length chromosome 2 and 18 represent 7.8  0.6 % and 2.5  0.07% 

off  the entire genome. Extrapolation of the values of LQ parameters for the entire genome 

resultedd in a values for chromosome 2 and chromosome 18 of 0.79  0.03 and 1.16  0.08 

respectivelyy for HDR irradiation and a values of 0.27  0.01 and 0.56  0.03 respectively for 

p-LDRR irradiation. This indicates a relative overrepresentation of chromosome 18 for color 

junctionn induction. 

Thee induction of color junctions in chromosome 2 and 18 after HDR irradiation combined 

withh BrdU was increased with a factor of 1.5  0.1 in both chromosomes. After p-LDR 
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irradiationn color junction induction in chromosome 2 and chromosome 18 was increased with 

aa factor of 2.8  0.2 and 2.4  0.2 respectively. 

1.00 + 

CO O 

0.1 1 

AA Chr 2 
AA Chr 2 + BrdU 

0.00 0.1 0.2 0.3 

Colourr junctions (ratio/cell) 

0.4 4 

FigureFigure 6: Correlation between cell survival 
andd colour junctions in chromosome 2 and 18 
afterr HDR irradiation 

1.0++ A 

CO O 

0.1--
0.00 0 

AA Chr 18 

AA Chr 18 +BrdU 

0.055 0.10 0.15 

Colourr junctions (ratio/celf 

0.20 0 

Correlationn between in vitro cell survival and induction of chromosome aberrations 

Inn figure 6 and 7 the correlation between cell survival and induction of chromosome 

aberrationss is shown after HDR and p-LDR irradiation with or with our BrdU. For all 

conditionss a correlation coefficient >0.85 was obtained (0.85-0.98). 
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> > > > 
--
co o 

Chrr 2 

Chrr 2 + BrdU 

FigureFigure 7: Correlation between cell survival 
andd colour junctions in chromosome 2 and 18 
afterr p-LDR irradiation 

0.11 0.2 0.3 0.4 

Colourr junctions (ratio/cell) 

> > 
> > 

CO O 

Chrr 18 
Chrr 18 

0.055 0.10 0.15 

Colourr junctions (ratio/cell) 

0.20 0 
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Discussion n 

BrdUU is a known radiosensitizer at HDR but little is known about its radiosensitizing 

capacitiess after p-LDR. The enhancement factors obtained for cell survival in this study are in 

agreementt with which enhancement factors found in previous studies using human cervical 

carcinomaa cells (Tishler and Geard 1991, 1992). 

Thee a value of the entire p-LDR curve (0-20 Gy) is slightly higher than the a value of the 

overalll  curve. Since our p-LDR irradiation consists of repeating pulses of 0.1 Gy followed by 

aa rest period, it can be speculated that the lower a value in the initial part of the curve may be 

duee to an adaptive response (Raaphorst et al., 2000). The first fraction may induce certain 

repairr processes so that cell survival after the second fraction is slightly higher than expected. 

Thiss has been reported for several cell lines which were primed to a small conditioning dose 

off  radiation, followed by a second larger radiation dose (Raaphorst et al.,. 2000, Raaphorst 

andd Boyden, 1999, Marples and Joiner 1995). The a value for the BrdU sensitized survival 

curvee did not change, indicating that this adaptive response is absent in the presence of BrdU. 

Thee induction of color junctions after HDR is considerably enhanced compared to p-LDR. 

Thee efficiency of color junction induction differs by a factor of 3 for chromosome 2 and by a 

factorr of 2 for chromosome 18. However, cell survival after HDR or p-LDR irradiation does 

nott differ much, indicating that the difference in induction of chromosome aberrations is not 

translatedd into a difference in survival. Color junctions are scored in the first mitosis after 

irradiation,, while cell survival is determined after 6 cell divisions. Coco-Martin et al. (1994, 

1996)) showed that the number of aberrations in surviving cells is much lower than in the first 

mitosiss after irradiation. We speculate that during HDR irradiation more aberrations are 

formedd and scored but that most of them do survive to form colonies. On the other hand after 

p-LDRR irradiation fewer aberrations occur that could be compatible with long term survival. 

Inn the present study, both HDR and p-LDR irradiation of chromosome 18 induced more color 

junctionss than expected when compared to chromosome 2. This suggests that chromosome 18 

hass a different radiosensitivity which contrasts with the assumption that radiation damage is 

randomm throughout the genome. A previous study in our laboratory showed no difference in 

radiosensitivityy between chromosome 2 and chromosome X (Franken et al., 1999a). In 

literature,, there is no clear consensus with respect to difference in radiosensitivity of 

chromosomes.. Several authors have found that the induction of chromosome aberrations is 

proportionall  to the length or DNA content of the chromosomes (Tucker et al., 1993, Matsuoka 
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ett al.. 1994, Johnson el al.. 1998), while other authors have observed aberrations yields that 

aree not relative to the length or DNA content (Wilt et al., 1994. Dominguez et al., 1996, Boei 

ett al., 1997, Barguinero et al., 1998, Xiao and Natarajan 1999). Differences in gene density, 

chromatinn organization and heterogeneity of repair processes have been suggested to explain 

thiss difference (Natarajan et al., 1996, Surrallés et al., 1998). 

Evenn though there is a difference in radiosensitivity between chromosome 2 and chromosome 

18,, the enhancement by BrdU for the induction of color junctions was the same for both 

chromosomes.. When the BrdU enhancement factors for chromosome aberration induction 

afterr p-LDR and HDR irradiation are compared, it is striking that the enhancement factor after 

p-LDRR irradiation is higher than after HDR irradiation However, when the BrdU 

enhancementt factors for cell survival are compared the opposite is observed. It is speculated 

thatt the DNA damage induced by combining p-LDR irradiation with BrdU is less complex 

thann when HDR irradiation is combined with BrdU, thus resulting in more viable color 

junctions.. After HDR irradiation combined with BrdU the damage may be more complex 

resultingg in more cell death. 

Evenn though there is no significant difference between the survival after HDR and p-LDR in 

thee low dose rate area and a difference in color junction induction was observed, the 

correlationn between cell survival and color junctions is still high both for HDR irradiation and 

p-LDRR irradiation. The present study tried to validate the predictive value of scoring 

chromosomee aberrations with the FISH technique. Both after HDR and p-LDR irradiation and 

afterr radiosensitization with BrdU the correlation between cell survival and chromosome 

aberrationn determined by FISH was very good. This indicates that the technique could be used 

too predict the outcome of radiation treatment even after different irradiation conditions. 

Acknowledgements: : 

Thee authors thank Prof. Dr. Gonzalez Gonzalez for his continued interest in this work. Dr. C. 

Koedooderr and Ing. Y. van Herten for expert help with dosimetry of HDR and p-LDR and A. 

Aktaouu and M.A.T. Veltmaat for technical assistance. 

57 7 



ChapterChapter 2 

References s 

Barquinero,, J. F., Knehr, S., Braselmann, H., Figet, M. and Bauchinger, M., 1998, DNA-

proportionall  distribution of radiation-induced chromosome aberrations analysed by 

flourescencee in situ hybridization painting of all chromosomes of a human female 

karyotype.. International Journal of Radiation Biology, 74, 315-323. 

Boeii  J. J. W. A., Vermeulen S. and Natarajan A. T., 1997, Differential involvement of 

chromosomess 1 and 4 in the formation of chromosomal aberrations in human 

lymphocytess after X-irradiation. International Journal of Radiation Biology, 72, 139-

145. . 

Coco-Martin,, J. M, Ottenheim, C. E., Bartelink, H. and Begg, A. C, 1996, Lethality of 

radiation-inducedd chromosome aberrations in human tumour cell lines with different 

radiosensitivities.. International Journal of Radiation Biology, 69, 337-344. 

Coco-Martin,, J. M., Smeets, M. F. M. A., Poggensee, M., Mooren, E., Hofland, I., Van Den 

Brug,, M., Ottenheim, C, Bartelink, H. and Begg, A. C, 1994, Use of fluorescence in 

situu hybridization to measure chromosome aberrations as a predictor of 

radiosensitivityy in human tumour cells. International Journal of Radiation Biology, 66. 

297-307. . 

Coco-Martin,, J.M., Mooren, E„  Ottenheim, C, Burrill , W., Nunez, M. I., Sprong, D.. 

Bartelink,, H. and Begg, A. C, 1999, Potential of radiation-induced chromosome 

aberrationss to predict radiosensitivity in human tumour cells. International Journal of 

Radiationn Biology, 75, 1161-1168 

Dominguez.. I.. Boei. J. J. W.. Balajee. A. S. and Natarajan, A. T., 1996, Analysis of radiation-

inducedd chromosome aberrations in Chinese hamster cells by FISH using 

chromosome-specificc DNA libraries. International Journal of Radiation Biology, 70, 

199-208. . 

Franken,, N. A. P., Ruurs, P., Ludwikow, G., Van Bree, C, Kipp., J. B. A., Darroudi, F. and 

Barendsen,, G. W.. 1999a. Correlation between cell reproductive death and 

chromosomee aberrations assessed by FISH for low and high doses of radiation and 

sensitizationn by iodo-uridine in human SW-1573 cells. International Journal of 

Radiationn Biology. 75. 293-299 

Franken.. N. A.P.. Veltmaat, M. AT.. Ludwikow. G.. Van Bree. C, Kipp.. J. B. A., and 

Barendsen.. Ci. W., 1999b. Increased chromosome exchange frequencies in iodo-

58 8 



ChromosomeChromosome aberrations detected by FISH and correlation with cell sun'ival 

deoxyuridine-sensitizedd human SW-1573 cells after y-irradiation. Oncology Reports. 

6,, 59-63. 

Girinsky,, T., Bernheim. A,, Lubin, R., Tavakolirazavi. T., Baker, F., Janot, F.. Wibault, P., 

Cosset,, J., M , Duvillard, P., Duverger. A. and Fertil, B., 1994, In vitro parameters and 

treatmentt outcome in head and neck cancers treated with surgery and/or radiation: cell 

characterizationn and correlations woth local control and overall survival. International 

Journall  of Radiation Oncology, Biology and Physics, 30, 789-794 

Haveman,, J., Rietbroek, R. C, Geerdink. A., Rijn Van, J. and Bakker, P. J. M., 1995, Effect 

off  hyperthermia on cytotoxity of 2\2,-dif-luorodeoxycytidine(gemcitabine) in 

culturedd SW1573 cells. International Journal of Cancer, 62, 627-630. 

Iliakis,, G., Kurtzman. S., Pantelias, G. and Okayasu, R., 1989, Mechanism of 

radiosensitizationn by halogenated pyrimidines: Effect of BrdU on radiation induction 

off  DNA and chromosome damage and its correlation with cell killing. Radiation 

Research,, 119,286-304. 

Iliakis,, G.. Wang., Y., Panthelias, G. E. and Metzger, L., 1992, Mechanism of 

radiosensitizationn by halegenated pyrimidines: effect of BrdU on repair of DNA 

breaks,, interphase chromatin breaks, and potentially lethal damage in plateau-phase 

CHOO cells. Radiation Research, 129, 202-211. 

Johnson,, K. L., Tucker, J. D. and Nath, J., 1998, Frequency, distribution and clonality of 

chromosomee damage in human lymphocytes by multi-color FISH. Mutagenesis, 13, 

217-227 7 

Lawrence,, T. S., Davis, M. A. and Normolle D. P.. 1995, Effect of bromodeoxyuridine on 

radiation-inducedd damage and repair based on DNA fragment size using pulsed-field 

gell  electrophoresis. Radiation Research, 144. 282-287. 

Lawrence.. T. S., Davis, M. A.. Maybaum, J., Stetson. P. I. and Ensmiger. W. D., 1990, The 

dependencee of halogenated pyrimidine incorporation and radiosensitization on the 

durationn of exposure. Internationa! Journal of Radiation Oncology, Biology and 

Physics,, 29, 105-113. 

Lingg L. and Ward, J. F.. 1990, Radiosensitization of chinese hamster V79 cells by 

bromodeoxyuridinee substitution of thymidine: Enhancement of radiation-induced 

toxicityy and DNA strand break production by monofilar and bifilar substitution. 

Radiationn Research. 121. 76-83. 

59 9 



ChapterChapter 2 

Marples,, B. and Joiner, M. C, 1995, The elimination of low-dose hypersensitivity in Chinese 

hamsterr V79-379A cells by pretreatment with X-rays or hydrogen peroxide. Radiation 

Research,, 141, 160-169. 

Matsuoka,, A., Tucker. J. D., Hayashi, M., Yamazaki, N. and Sofuni, T., 1994, Chromosome 

paintingg analysis of X-ray-induced aberrations in human lymphocytes in vitro. 

Mutagenesis,, 9, 151-155 

Natarajan,, A. T., Balajee, A. S., Boei, J. J. W. A., Darroudi, F.. Dominguez, I., Hande. M. P.. 

Meijers,, M., Slijepcevic, P., Vermeulen, S. and Xiao, Y., 1996, Mechanisms of 

inductionn of chromosomal aberrations and their detection by fluorescence in situ 

hybridization.. Mutation Research, 372, 247-258. 

Natarajan,, A. T., Vyas, R. C, Darroudi, F. and Vermeulen, S., 1992, Frequencies of X-ray 

inducedd chromosome translocations in human peripheral lymphocytes as detected by 

inn situ hybridization using chromosome-specific DNA libraries. International Journal 

off  Radiation Biology. 61, 199-203 

Phillips,, T. L., Bodell, W. J., Uhl, V., Ross, G. Y., Rasmussen. J. and Mitchell, J., B., 1989, 

Correlationn between exposure time, concentration and incorporation of IdUrd in V79 

cellss with radiation response International Journal of Radiation Oncology, Biology and 

Physics,, 16, 1251-1255. 

Pinkel,, D., Staume, T. and Gray, J. W„ 1986. Cytogenetic analysis using quantitative, high-

sensitivity,, fluorescence in situ hybrydization. Proceedings of the National Academy 

off  Sciences, U S A, 83, 2934-2938 

Raaphorst.. G. P. and Boyden, S., 1999, Adaptive response and its variation in human normal 

andd tumour cells. International Journal of Radiation Biology. 75, 865-873 

Raaphorst.. G. P.. Ng. C. E., Smith. D. and Niedbala. M.. 2000. Evidence for the adaptive 

responsee and implication in pulse-simulated low-dose-rate radiotherapy. International 

Journall  of Radiation Oncology, Biology and Physics, 48, 1 139-1144 

Russell,, N. S., Arlett, C. F., Bartelink, II . and Begg, A. C. 1995, Use of fluorescence in situ 

hybridizationn to determine the relationship between chromosome aberrations and cell 

survivall  in eight human fibroblast strains. International Journal of Radiation Biology. 

68.. 185-196 

Surrallés,, J., Puerto. S.. Ramirez. M. J.. Crucs. A.. Marcos. R.. Mullenders, L. H. F. and 

Natarajan.. A. T.. 1998, Links between chromatin structure. DNA repair and 

chromosomee fragilitv. Mutation Research. 404. 39-44 

60 0 



ChromosomeChromosome aberrations detected by FISH and correlation with cell suwival 

Tishler,, R. B. and Geard, C. R., 1991, Low dose rate irradiation and halogenated pyrimidine 

effectss on human cervical carcinoma cells. International Journal of Radiation 

Oncology,, Biology and Physics, 21, 975-982. 

Tishler,, R. B. and Geard, C. R., 1992, Correlation of sensitizer enhancement ratio with 

bromodeoxyuridinee concentration and exposure time in human cervival carcinoma 

cellss treated with low dose irradiation. International Journal of Radiation Oncology, 

Biologyy and Physics, 22, 495-498. 

Tucker,, J.D., Morgan, W.F., Awa, A.A., Bauchinger, M., Blakey, D., Cornforth, M.N., 

Littlefield,, L.G., Natarajan, A.T., and Shasserre, C. 1995, A proposed system for 

scoringg structural aberrations detected by chromosome painting. Cytogenetics & Cell 

Genetics,, 68, 211-221. 

Tucker,, J.D., Ramsey, M. J., Lee, D. A. and Minkler, J. L., 1993, Validation of chromosome 

paintingg as a biodosimeter in human peripheral lymphocytes following acute exposure 

too ionizing radiation in vitro. International Journal of Radiation Biology, 64, 27-37 

Wang,, Y. and Iliakis, G., 1992, Effects of 5'-iododeoxyuridine on the repair of radiation 

inducedd potentially lethal damage interphase chromotin breaks and DNA double 

strandd breaks in chinese hamster ovary cells International Journal of Radiation 

Oncology,, Biology and Physics, 23, 353-360. 

West,, C. M., Davidson, S. E„  Roberts, S. A. and Hunter, R. D., 1997, The independence of 

intrinsicc radiosensitivity as a prognostic factor for patient response to radiotherapy of 

carcinamaa of the cervix. British Journal of Cancer, 76, 1184-1190 

Wilt ,, S. R., Burgess. A. C. Normolle, D. P., Trent, J., and Lawence, T. S., 1994, Use of 

fluorescencefluorescence in situ hybridization (FISH) to study chromosomal damage induced by 

radiationn and bromodeoxyuridine in human colon cancer cells. International Journal ot 

Radiationn Oncology, Biology and Physics, 4, 861-866. 

Xiaoo Y. and Natarajan A.T., 1999, Non-proportional involvement of Chinese hamster 

chromosomess 3. 4. 8. 9 in X-ray-induced chromosomal aberrations. International 

Journall  of Radiation Biology, 75, 943-951 

61 1 




