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Introduction Introduction 

Thee studies presented in this thesis were tbeused to investigate issues related to 

radiosensitivityy and radiosensitization. The intrinsic radiosensitivity of tumor cells determines 

forr a large part the outcome of radiation treatment. As such it would be of interest to predict 

inn advance the intrinsic radiosensitivity of cells. Two studies in this thesis focus on the in 

vitroo validation of a possible predictive assay to determine this radiosensitivity. To increase 

thee effect of radiation treatment, so called radiosensitizers can be used. We present three 

studiess on the radiosensitizing potential of the cytostatic drug gemcitabine. In addition, DNA 

repairr mechanisms after low dose rate irradiation were studied in order to obtain a better 

insightt into the response of cells to this form of radiation. Our aim was to gain a better 

understandingg of both radiosensitivity and radiosensitization and ultimately this might 

contributee to an improved treatment of cancer. 

Usee of Radiotherapy in Cancer Treatment 

Onee in four persons wil l suffer from cancer at a certain point in their lives. In the Netherlands 

thiss results in sixty-five thousand new cancer patients a year. This makes cancer the number 

twoo cause of death in the western world after cardiac and vascular disease. Fortunately cancer 

iss not as lethal as it used to be. Early diagnosis, better treatment and monitoring have greatly 

improvedd the lif e expectancy of the cancer patient. (Kal et al., 2001) Cancer treatment 

nowadayss is often multi-modal combining surgery, radiotherapy and cytostatic drugs. More 

thann half of the cancer patients wil l receive radiotherapy either as part of a curative treatment 

orr as palliation (Stalpers et a!., 2000). 

Theree are two methods to irradiate the tumor: external beam radiotherapy and brachytherapy. 

Externall  beam radiotherapy is photon or electron irradiation delivered by linear accelerators at 

aa high dose rate. This is the form of radiation treatment which is used most often. 

Brachytherapyy is internal radiation where a radioisotope is placed near to or in the tumor 

oftenn in body cavities or by means of needles. The delivery of brachytherapy can be done as 

continuouss low dose rate brachytherapy. high dose rate generally delivered in several 

fractionss and pulsed low dose rate, which is designed to simulate continuous low dose rate 

irradiation.. Due to the very localized placing of the irradiation sources there is optimal 

sparingg of the normal tissues. Brachytherapy is used in the treatment of several malignancies 

suchh as breast cancer, prostate cancer, uterine cervix cancer either as a boost irradiation or as 

singlee radiation treatment. Radiation treatment is continuously improved, and specialized 

formss of radiotherapy like intensity modulated radiotherapy (IMRT), stereotactic irradiation 
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ChapterChapter 1 

andd gamma knives are now part of the radiotherapy treatment for certain types of cancer 

(Stalpersetal.,, 2000). 

Highh Dose Rate irradiation vs. Low Dose Rate irradiation 

Thee two irradiation types mentioned above, conventional irradiation and brachytherapy 

deliverr the radiation at different dose rates. The dose rate with which the radiation is delivered 

significantlyy affects the biological outcome of the radiation treatment especially in sparsely 

ionizingg irradiation like X-rays and gamma-rays. 

Mostt studies on the biological effects of LDR were performed in the 1960's til l the 1980's. In 

thiss period Bedford and collaborators showed the effect of continuous low dose rate 

irradiationn on a range of mammalian cells and they demonstrated the importance of cell 

proliferation,, cell cycle redistribution and damage repair on the observed effect 

(Hall&Bcdford,, 1964, Bedford&Mitchell, 1973. Mitchell&Bcdford, 1977, Mitchell et al., 

1979a,b,c,, Wells&Bedford, 1983). 

Reducingg the dose rate, reduces the biological effect. Put differently, to obtain the same 

biologicall  effect a higher dose has to be administered at low dose rate than at high dose rate. 

Ass the dose rate is reduced the time to deliver the same amount of dose increases allowing the 

followingg processes to take place during irradiation: repair, reassortment {cell cycle 

redistribution)) and repopulation. These processes give rise to the so-called dose rate effect, 

whichh refers to a change in radiosensitivity or tissue response when the dose rate is modified. 

Dosee rate effects are common in mammalian cell systems, including human normal tissues 

andd tumors (Steel 2002a, Hall 2000). 

Thee range of dose rates over which these processes have an effect depends upon its speed. 

Repairr is the fastest of these processes and wil l take place when radiation times become a 

significantt part of an hour. Repopulation is the slowest of these processes. Since doubling 

timess of normal and tumor cells are often longer than a day, repopulation wil l contribute to 

thee dose rate effect only when the radiation time is a day or longer. Reassortment and 

reoxygenationn have an intermediate speed (Steel&Peacock, 2001, Steel 2002a). 

DNAA repair plays a major role in the dose rate effect for irradiations which are significantly 

longerr than a few minutes (Steel&Peacock. 2001). The type of damage repair which is 

responsiblee for the dose rate effect is repair of sublethal damage (SLD) (Steel 2002b). SLD is 

damagee which can be repaired, or accumulated with further dose to become lethal 
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Introduction Introduction 

(Elkind&Sutton,, 1960). SLD is repaired during irradiation or between fractions of low doses 

HDR. . 

Att low dose rate (LDR) the characteristic shoulder observed in survival curves after high dose 

ratee (HDR) (figure 1) disappears (Hall, 2000). The magnitude of the dose rate effect varies 

considerablyy between different cells. Cell cycle effects of radiation may lead to an inverse 

dosee rate effect (Mitchell et al.. 1979). In some cells, proliferation during LDR irradiation 

furtherr decreases the effects on survival. Mammalian cell survival curves are presently often 

describedd using the linear-quadratic (LQ) formula: S(D)/S(0) = exp[-(aD+pD2)] (Barendsen 

1982,, 1990, 1997). The parameters a and P are assumed to reflect specific mechanisms of cell 

killin gg by radiation. The linear term alpha dominates the response at low doses and the 

quadraticc term beta plays a major role at high doses. The a parameter is thought to be 

influencedd by potentially lethal damage (PLD) and the P parameter is influenced by repair of 

sublethall  damage (SLD) (Franken et al., 2001; Barendsen 1997). This means that, when the 

dosee rate is reduced, this results in a reduction of the beta component. Finally, when all 

sublethall  damage can be repaired during irradiation, due do the prolonged exposure at low 

ratee only the alpha component determines the survival curve. 

I I 

II of flo?e rate 

Dosee (Gy) 

Figuree 1. A schematic presentation which shows the change in curve shape when the radiation 
dosee rate is reduced 
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DNAA repair mechanisms 

Inn response to ionizing radiation, cells immediately activate a series of biochemical pathways 

thatt promote cell survival while maintaining genetic integrity. Two distinct types oï 

biochemicall  pathways form the main cellular defense system against radiation exposure: the 

DNAA damage cell cycle checkpoint pathways and the DNA repair pathways (Li et al.. 2001). 

Radiationn damage is repaired by distinct DNA repair mechanisms (see below). DNA lesions 

alsoo trigger the DNA damage cell cycle checkpoint pathways. These inhibiting mechanisms 

arrestt the cell cycle at the Gl phase, slow down S-phase; arrest the cell cycle at G2 M phase 

andd in some cases may also activate DNA repair processes (Li et at., 2001). 

Thee P13 family members ATM and ATR appear to play an important role in the signaling of 

radiationn damage, activating cell cycle checkpoints allowing time for repair. Upon exposure 

too ionizing radiation ATM is immediately activated, resulting in the phosphorylation of a 

numberr of critical targets that are involved in DNA repair, apoptosis and cell cycle arrest (Li 

ett al., 2001). ATM targets include the BRCA1 protein, P53, its inhibitor MdM2, checkpoint 

kinasess Chk 1 and Chk2 and NBS1 (Scully et al., 1997a, Canman et al., 1998, Fei et al., 2003, 

Errami200I). . 

Thee integrity of the cellular DNA is constantly being challenged by endogenous and 

exogenouss DNA damaging agents. To maintain chromosome stability and to repair various 

typee of DNA damage cells have developed a number of repair mechanisms. 

Afterr ionizing irradiation numerous DNA lesions occur including sugar adducts, base 

damage,, single and double strand breaks (ssb's and dsb's), and DNA-protein cross links. Of 

alll  these lesions the DNA dsb is by far the most lethal. If left unrepaired it causes cell death in 

thee first mitosis, and when it is misrepaired it gives rise to chromosomal aberrations which 

cann ultimately lead to malignant transformation (Dewey et al.. 1970. Frankenberg et al.. 1981. 

Blocher&Pohlit,, 1982, Ward 1994, 1995, reviewed by Soloman et al., 1991). There are two 

majorr pathways by which dsb's can be repaired, namely non-homologous end joining (NHEJ) 

andd homologous recombination (HR) (Karran. 2000. Van Gent et al., 2001). 

Homologouss recombination makes use of identical sequences (or near-identical sequences) 

betweenn sister chromatids on the same chromosome or the paternal copies of the same 

chromosomall  region to repair the damage (Thacker. 1999). Non homologous recombination 

requiress no or littl e sequence homology. 

Thee use of rodent mutant X-ray sensitive cell lines has greatly enhanced the knowledge of the 

cellularr response to radiation. Eleven complementation groups have been established 
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identifyingg genes involved in the radiation response. Of these complementation groups, one 

groupp shows defective ssb repair (XRCC1), while three others are involved in homologous 

recombinationn (XRCC2, XRCC3, XRCC11), four groups show reduced DNA dsb repair and 

weree identified to be a part of NHEJ (XRCC4, XRCC5, XRCC6, XRCC7). and 1 group 

showss AT-lik e characteristics (XRCC'8) (Zdzienicka, 1996, Thacker. 1999, Kraakman-van 

derr Zwet et al.. 2002, Thacker and Zdzienicka. 2003). 

Non-homologouss end jo ining 

NHEJJ uses littl e to no sequence homology in a process that is considered error prone. This 

pathwayy involves the ligation of two broken ends and NHEJ does not require extensive 

homologiess between two DNA strands (Valerie&Ppvrik 2003). Known NHEJ proteins are, 

KU,, DNA-PKcs, Artemis, DNA ligase IV, its cofactor XRCC4 (Chu, 1997, Calsou et al., 

1999,Karrann 2000. Chen et al., 2001; Ma et al., 2002). Additional candidates for the NHEJ 

pathwayy include the MRE11/Rad50/NBS1 (MRN) complex (Huang&Dynan, 2002), WRN 

(Chenn et al., 2003) and BRCA1 (Zhong et al., 2002). 

Thee finding that cells derived from the SCID (severe combined immunodeficiency, mutated 

inn DNA-PKcs) mouse were sensitive to ionizing radiation due to an inability to repair 

radiationn induced dsb's, led to the recognition of a central role for the NHEJ mechanism in 

bothh DNA dsb repair and the generation of functional immunoglobulin and T receptor genes 

byy V(D)J recombination (Fulop&Philips 1990, Biedermann et al.. 1991. Hendrikson et al., 

1991)., , 

DNA-dependentDNA-dependent protein kinase 

Thee DNA-dependent protein kinase (DNA-PK) is a nuclear protein serine threonine kinase 

thatt comprises of two components: Ku, a heterodimeric DNA-end binding protein that 

consistss of the two subunits Ku70 and Ku80, and a catalytic subunit DNA-PKcs. Activated 

DNA-PKK phosphorylates a variety of DNA-binding proteins (Anderson&Lees-Miller, 1992). 

DNA-PKK can also autophosphorylate itself, resulting in its dissociation from the DNA 

(Chan&Lees-Miller,1996.. Chan et al., 2002). 
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KuKu proteins 

Thee Ku protein was originally identified as an autoantigen in the serum of patients suffering 

fromm rheumatic disorders and several other immune diseases, including polymyositis-

sclerodermaa overlap syndrome, systemic lupus erythematosus. Graves' disease and Sjorgen's 

syndromee (Reeves. 1985, Mimori ct al., 1981). The name Ku is derived from the first two 

letterr of the first patient's name. 

Thee Ku complex is a heterodimer, consisting of the Ku70 (70 kDa) and the Ku80 (86 kDa). 

Thee human gene encoding for Ku70 maps to chromosome 22q 13 and Ku80 maps to 2q33-

2q344 (Cai et al., 1994). The Ku heterodimer binds to the ends of double stranded DNA 

fragmentss without any preference for the nature of the ends: it does not discriminate between 

bluntt ends and ends with either 5' or 3' overhang (Mimori&Hardin 1986, Paillard&Strauss, 

1991.. Falzon ct al., 1993). Although Ku tends to cling to the DNA ends, it can translocate into 

thee interior. After binding to the DNA end Ku recruits the DNA-PKcs and triggers its 

catalyticc activity (reviewed in Featherstone&Jackson, 1999, Smith & Jackson 1999, 

Tuteja&Tutejaa 2000). 

DNA-PKcs DNA-PKcs 

DNA-PKcss is a 470 kDa polypeptide. The amino-termal 3500 amino acid residues of the 

DNA-PKcss do not have significant homology to other characterized proteins. However the 

carboxy-terminall  -500 residues of DNA-PKcs comprises the catalytic domain of the 

phosphatidylinositoll  3 (PI 3)-kinase family. (Hartley et al., 1995.) Other members of this 

familyy are ATM (ataxia telangiectasia mutated) and ATR (ataxia telangiectasia related). 

DNA-PKcss contains a putative leucine zipper motif which is required for interactions with the 

highh affinity binding protein C1D (Yavuzer et al., 1998). The human gene encoding DNA-

PKcss maps to chromosome 8qll (Sipley et al.. 1995). Electron crystallography analysis of 

DNA-PKcss shows that the structure contains an open channel, similar to those seen in other 

double-strandedd DNA-binding proteins, and an enclosed cavity with three openings large 

enoughh to accommodate single-stranded DNA, with one opening adjacent to the open 

channel.. Biochemical analysis suggests that activation of the kinase involves interactions with 

bothh double- and single-stranded DNA. as suggested by the structure (Leuther et al.. 1999). 

DNA-PKcss can be activated in the absence of Ku as long as the concentration of DNA-ends is 
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sufficientlyy high and the ionic strength sufficiency low to support DNA-PK.cs binding to the 

DNA-endss (Hammersten&Chu 1998. West et al., 1998). 

XRCC4XRCC4 and Ligase IV 

Thee XRCC4 gene encodes a 38 kDa nuclear protein. Human XRCC4 maps to chromosome 

chromosomee 5 (Giaccia et al., 1990, Otevrel&Stamato 1995, Athwal&Kaur,1996). XRCC4 

wass originally isolated by complementation of the radiosensitive XR-1 mutant (Li et al., 

1995).. XRCC4 can tightly associate and heterodimirize with DNA Ligase (V (Critchlow et 

al.,, 1997. Lee et al., 2000) and Ligase IV is not detectable in cells lacking XRCC4 (Bryans et 

al... 1999). 

Inn vitro experiments with human nuclear cell extracts have shown that that recruitment to 

DNAA ends of the XRCC4-ligase IV complex is strictly dependent on the assembly of both the 

Kuu and DNA-PKcs components of DNA-PK to these ends. The interactions of Ku and DNA-

PKK with components of the XRCC4-ligase IV complex are mainly DNA-dependent (Calsou et 

al.,, 2003, McElhinny et al., 2000).The final ligation step in the NHEJ process is carried out by 

XRCC4/Ligasee IV. 

Artemis Artemis 

Artemis,, whose mutation causes the human T-B-severe combined immunodeficiency 

associatedd with increased cellular radiosensitivity (RS-SCID) disorder, is a protein involved 

inn V(D)J recombination and DNA repair (Moshous et al., 2001). Artemis forms a complex 

withh the DNA-dependent protein kinase in the absence of DNA. Upon complex formation, 

DNA-PKcss phosphorylates Artemis, and Artemis acquires endonucleolytic activity on 5' and 

3'' overhangs, as well as hairpins. Finally, the Artemis:DNA-PKcs complex can open hairpins 

generatedd by the RAG complex. Thus, DNA-PKcs regulates Artemis by both phosphorylation 

andd complex formation to permit enzymatic activities that are critical for the hairpin-opening 

stepp of V(D)J recombination and for the 5' and 3' overhang processing in non homologous 

DNAA end joining. (Ma et al.. 2002). 
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YVR1SYVR1S and MREU/Rad50/I\BS1 complex 

WRNN and Mrcl l complex are nucleases with putative roles in end-joining. WRN and the 

Mrell  1 complex are 3*—> 5' exonucleases. 

Mrelll  is part of the MRE11/Rad50/NBS1 (MRN) complex. NBS1, nibrin, is the gene 

mutatedd in patient sutTering from Nijmegen Breakage Syndrome, a human radiosensitive 

autosomall  disorder resulting in hypersensitivity to ionizing radiation and a predisposition to 

cancerr (Varon et al., 1988, Carney et aL 1988). Upon exposure to ionizing radiation the 

MRNN complex is rapidly recruited to sites of dsb's presumably to process the broken ends for 

repairr (Maser et al.. 1997, Nelms et al.. 1998). 

Wernerr syndrome (WS) predisposes patients to cancer and premature aging, owing to 

mutationss in the WRN protein. The WRN protein is a RECQ-like helicase. WRN appears to 

playy a structural role, independent of its enzymatic activities, in optimizing HR and efficient 

NHEJJ repair (Chen et al., 2003). 

Homologouss Recombination 

Inn order for homologous recombination to take place, homologous sequences in the form of 

sisterr chromatids, homologous chromosomes or DNA repeats are required. HR events can be 

classifiedd according to whether or not they result in cross-over between homologous 

sequencess (Valerie&Povrik 2003), Generally, HR is considered error free and most active in 

S/G22 (Takata et al.. 1998). HR involves a large number of genes, these include RAD51, 

RAD52,, RAD54, BRCA1. BRCA2. the RAD51 paralogs b,c,d, XRCC2 and XRCC3, and the 

MRNN complex (Karran 2002. Thompson&Schild 2001). The first event to occur in HR is 

thoughtt to be the resection of DNA to yield single strand overhang, presumably by the MRN 

complex.. The Rad51 protein catalyses strand exchange in a process which is stimulated by 

Rad522 and RPA (New et al., 1998, Benson et al., 1998). The Rad5 1 paralogs are accessor,' 

proteinss and are believed to facilitate Rad51 action (Valerie&Povrik 2003). Rad52 and Rad54 

actt early in the HR process. Rad52 assists Rad51 in forming joint molecules between ssDNA 

andd homologous dsDNA (Thompson&Schild 2001). Rad54 has ATPase activity and is related 

too DNA helicases but no DNA helicase activity is observed in standard assays (Swagcmakcrs 

ett al.. 1998). Results of a topological assay suggested that purified human Rad54 (hRad54) 

proteinn can unwind double-stranded DNA at the expense of ATP hydrolysis. Unwinding of 

thee homologous repair template could promote the formation or stabilization of hRadSl-

mediatedd joint molecules. (Tan et al., 1999). In response to ionizing radiation Rad51 foci are 
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formedd in which the human BRCA1 and BRCA2 gene products are also co-localized (Scully 

ett al.. 1997a,b, Chen et al.. 1998) suggesting a role for these genes in HR. BRCA1 and 

BRCA22 are the genes mutated in hereditary forms of breast cancer. Both genes are thought to 

facilitatee HR (Moyanahan et al.. 2001). Recently it was shown that the BRCA2 interacts with 

Rad511 and RPA at the dsb and helps load Rad51 onto the DNA or to organize Rad51 

filamentsfilaments (Yang et al., 2002, Davics et al., 2002). BRCA1 also appears to be involved in 

NHEJ.. In cell free extracts of BRCA1 deficient mouse embryonic fibroblasts reduced 

endjoiningg was observed suggesting a role for BRCA1 in NHEJ and the maintenance of 

genomee integrity. (Zhong et al.. 2002). 

NHEJJ vs. HR in mammalian cells 

Thee relative contribution of these two repair mechanisms is still under debate (Kanaar et al., 

1998,, Haber 2000), but it generally assumed that the NHEJ pathway is the dominant pathway 

inn mitotically replicating cells (Jackson & Jeggo 1995). There appears to be a cell cycle 

influencee which determines which repair mechanisms is most appropriate. NHEJ appears to 

bee more important for repairing radiation induced DNA dsb's during Gl and early S phase 

whilee HR is predominantly used in late S and G2 phase. In chapter 8 we show that the irslSF 

celll  line, a hamster mutant defective in the HR XRCC2 gene, is much more sensitive to 

ionizingg radiation in the growing cultures (high percentage S) than in confluent cultures (high 

percentagee Gl). 

Forr radiation induced dsb breaks, the NHEJ pathway appears to be most critical. The 

radiosensitivityy of hamster cell lines mutated in NHEJ proteins (XRCC4-7) is much higher 

comparedd with the two cell lines mutated in HR (XRCC2 and XRCC3) suggesting a more 

dominantt role for NHEJ (Zdzienicka personal communication). 
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Predictivee Assays 

Predictionn of the tumor response to the radiation treatment could help select the most 

advantageouss individual treatment. These so-called predictive assay should be rapid 

(preferablyy ready within a week) and be predictive with low false-negativity (Cook&Mitchell, 

2001).. Several radiobiological factors influence the response of a tumor to irradiation. These 

includee hypoxia, proliferation and intrinsic radiosensitivity (Coco-Martin et al.. 1999). 

Predictivee assays to determine each of these factors have been investigated. 

Methodss to investigate tumor hypoxia include the use of fine oxygen electrodes (eppendorf 

electrodes),, the binding of radiolabelled pimonidazole which is specific for hypoxic cells or 

detectionn of hypoxic cells using positron-emission tomography. Currently these methods are 

beingg tested in a clinical setting (Begg, 2002) 

Proliferationn rate of the tumor can greatly influence the outcome of radiation treatment. Fast 

proliferatingg tumors wil l benefit from accelerated radiotherapy with reduced overall treatment 

time,, while slow proliferating tumors wil l benefit from hyperfractionation (Bartelink et al.. 

1999).. To determine the potential doubling time of tumors (Tpot) a non-toxic dose of 

radioactivee IUdR or BrdUrd is given before a tumor biopsy is taken. By means of flow 

cytometryy a Tpot can be calculated. The predictive value of Tpot was determined in a large 

clinicall  trail including 476 patients and was found to be non informative. The labelling index 

provedd to be a better indicator than Tpot (Begg et al.. 1999). 

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

survivall  or growth assay correlates relatively well with treatment outcome (West et al., 1997. 

Ciirinskyy et al., 1994). However these assays take several weeks to complete and are therefore 

notnot suitable in clinical practice. Another approach to determine intrinsic radiosensitivity is 

measurementt of radiation induced chromosome aberrations. Several studies have shown a 

goodd correlation between chromosome aberrations measured by fluorescence in situ 

hybridizationn (FISH) by whole chromosome probes and cell survival in both human 

fibroblastss as well as in human tumor cells (Coco-Martin et al., 1994, 1996, 1999, Franken et 

al... 1999a. Russell et al., 1995). The FISH technique has the advantage that it can be 

performedd within several days and thus could be of more clinical relevance than the 

clonogenicc assay for determining intrinsic radiosensitivity of tumors. 
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Halogenate dd pyrimidine s 

Severall  factors affect the outcome of radiation treatment: the presence of hypoxia within the 

tumor,, cell cycle distributions and the use of agents which enhance the radiation treatment the 

so-calledd radiosensitizers. There are several types of radiosensitizers: hypoxic radiosensitizers 

likee misonidazole and other nitro-imidazoles, which mimic the sensitizing effect of oxygen 

andd the non-hypoxic radiosensitizers like the halogenated pyrimidines and nucleoside 

analogues.. In the studies presented in this thesis the halogenated pyrimidine bromo-

deoxyuridinee (BrdU, BrdUrd) and the nucleoside analogue 2'.2,-difluoro-2,deoxycytidine 

(dFdCyd;; dFdC, gemcitabine, GEMZAR ®) were used to modify the outcome of the radiation 

treatment. . 

Halogenatedd pyrimidines (HP's) like bromodeoxyuridine (BrdUrd), iodo-deoxyuridine 

(IdUrd)) are thymidine analogues. With the discovery in the 1960's and 1970s 

(Djordjevic&Szybalskii  1960, Szysbalski 1974) that HP's could sensitize cells to radiation, the 

firstfirst attempts to use these HP's in cancer treatment were heralded. HP's need to be 

incorporatedd into the DNA to produce radiosensitization. Their incorporation increases the 

susceptibilityy of DNA to radiation. The level of radiosensitization by HP's correlates with the 

amountt of thymidine replacement (Philips et al., 1989, Lawrence et al., 1990). Incorporation 

off  HP's into DNA increases the amount of DNA double strand breaks (dsb's) induced by 

radiationn (Ling et al., 1990, Wang et al., 1992, Iliakis et al., 1992, Lawrence et al., 1995), 

reducess clonogenic cell survival and increases the amount of chromosome aberrations after 

ionizingg radiation (Wil t et al.. 1994. Franken et al., 1999a,b). The mechanism of 

radiosensitizationn by HP's has been shown to consist of several components. One component 

cann be removed by acetone treatment and is attributed to an increase in scavangable DNA 

dsb's.. Another component can not be removed by acetone treatment and this is thought to be 

eitherr due to an enhancement of non-scavcngable, lethal dsb's or HP-induced enhanced 

fixationn of potentially lethal damage (Webb et al., 1993). 

Inn the early sixties the first clinical trails with HP's were initiated in the US and Japan 

(Bagshaww et al., 1967, Hoshino&Sano 1969). Several problems were encountered: these 

includedd complications like cerebral emboli and lif e threatening sepsis as prolonged (weeks) 

drugg administration was needed to prevent rapid dehalogenation. Secondly the normal tissue 

toxicityy was severe, particularly for the oral mucosa of head and neck cancer patients. These 

complicationss prevented further evaluation of the use of HP's in clinic until the early 1980's 
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whenn clinical interest in the substances induced a second cycle of clinical trails (reviewed in 

Mitchelll  e taL 1989). 

Mostt of these clinical trails focused on the use of HP's in the treatment of tumors of the brain 

workingg under the assumption that brain tumor cells are cycling faster than the surrounding 

normall  brain tissue, thereby allowing for greater and selective incorporation of HP's in the 

tumorr cells (Matsutani et al., 1988. Philips et al.. 1991 Goffman et al.. 1991. Sullivan et al.. 

1994,, Epstein et al.. 1994. Levin et al.. 1995, Philips et a!., 1995. Urtasun et al..., 1996. 

Growess et al 1999). Unfortunately none of these trails reported a positive effect of HP's in 

thee treatment of glioblastoma multiforme of the brain. For anaplastic brain tumors the 

combinationn of HP's with radiation appears to have some benefit warranting possible new 

clinicall  trails (Levin et al., 1995. Urtasun et al.. 1996). 
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Gemcitabine e 

Nill , «C I 

OHH F 

Figuree 2. .Structural formula of Gemcitabine. Structure taken front www.fda.org 

Gemcitabinee (2'-deoxy-2',2-difluorocytidine monohydrochloridc; dFdC; figure 2.) is a 

deoxycytidincc analogue which was originally investigated for its antiviral effects but has since 

beenn developed as an anticancer therapy (Noble&Goa, 1997). After cellular uptake 

gemcitabinee is phosphorylated to its active metabolites, di-and tri-phosphate. leading to DNA 

fragmentationn and cell death. 

Oncee inside the cell, gemcitabine is first phosphorylated by deoxycytidinc kinase to the 

monophosphatee (dFdCMP). This phosphorylation is essential for gemcitabine's biological 

activityy (Plunkett et al.. 1995). Cells lacking deoxycytidine kinase are not affected by 

gemcitabinee (Heinemann et al., 1988). Deoxycytidine kinase also appears to be the rate 

limitingg step in the accumulation of gemcitabine triphosphate. Subsequently gemcitabine is 

convertedd into it active metabolites, gemcitabine di-and tri-phosphate (dFdCDP. dFdCTP; 

figuree 3). Gemcitabine di-phosphate perturbs cellular pools of deoxynucieotidc tri-phosphates 

(dNTP's)) by inhibiting ribonucleotide reductase. Gemcitabine tri-phosphate can be 

incorporatedd into the DNA by both human DNA polymerases. Incorporation of dFdCTP into 

thee DNA leads to 'Masked DNA chain termination', after incorporation of a gemcitabine 

nucleotidee only one more deox> nucleotide is added before the DNA polymerase stops. 

Gemcitabinee exhibits a number of self potentiating mechanisms, which are shown in figure 3 

(Plunkett et al., 1995). The decrease in dNTP pools due to the inhibition of ribonucleotide 

reductasee competitively potentiates the probability of dFdCTP of being incorporated into the 

DNA.. Gemcitabine decreases its own elimination from the cell by inhibiting dCMP 

deaminasee (figure 3). 

X X 
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Figuree 3. Metabolism and mechanism(s) of action of dFdC. 1 dFdC is phosphorylated to its monophosphate 

(dFdCMP)) by deoxycytidine kinase (dCK): 2 dFdC is deaminated to dFdU by deoxycytidine deaminase 

(dCDA)) 3 dFdCMP can be deaminated to dFdUMP by deoxycytidylate deaminase 4 dFdCDP can inhibit 

ribonucleotidee diphosphate reductase, thereby reducing the deoxyribonucleotide pools in the cell and thus 

inhibitingg DNA repair 5 dFdCTP can inhibit CTP-synthetase, thus reducing the concentration of CTP in the cell. 

FigureFigure taken from Vein Moorsel ei a/., 2000. 

Gemcitabinee has shown cytotoxic activity both in vitro against a range of cancer cell lines as 

welll  as in vivo against human tumor xenografts (Nobel&Goa 1997). Phase II studies of 

single-agentt gemcitabine have shown activity in solid tumors such as non-small lung, ovarian, 

pancreass and breast cancers (Peters et al., 1996). Currently gemcitabine is approved by the 

Foodd and Drug Administration of the USA for the treatment of non small lung cancer and 

pancreaticc cancer. 

Gemcitabinee is a potent radiosensitizer both in vitro as in vivo but the mechanism of 

radiosensitizationn is still not entirely clear (Rockwell & Grindey 1992; Shewach et al., 1994; 

Latzz et al.. 1998; Lawrence et al., 1996; Rosier et al., 1999). Gemcitabine treatment modifies 

thee alpha component of the LQ model leading to enhancement factors which varying between 

1.5-400 depending on tumor cell type (see table 1 , Castro Kreder et al., 2004). 
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Reference e 
Lawrencee et 
al.. 2001 

Ostruszkaa & 
Shewach, , 
2000 0 

Lawrencee et 
al... 1996 

Vann Bree et 
al.,, 2002 

Shewachh et 
al... 1994 

McGinnn et 
al... 1996 

Lawrencee et 
al..l997 7 

Celll  Line 
HT29 9 

UMSCC-6 6 

AA 549 

U251 1 

D54 4 

Panc-1 1 

BxPC-3 3 

SW-1573 3 

HT-29 9 

UMSCC-1 1 

MCF7-WT T 

MCF-PDR R 

SW620 0 

Cancerr type 
Humann colon 
cancer r 
Head&Neek k 
squamous s 
cancer r 
Lungg cancer 

Cilioblastoma a 

Glioblastoma a 

Pancreatic c 
cancer r 

Pancreatic c 
cancer r 

Lungg cancer 

Humann colon 
cancer r 

Head&Neek k 
squamous s 
cancer r 
Breastt Cancer 

Breastt Cancer 
(pleiotropicc drug 
resistantt cells} 

Colonn cancer 

-- Gemcitabine 

uu 0.15 
PP 0.04 
aa 0.27 
PP 0.02 

aa 0.19 
pp 0.03 
aa 0.20 
pp 0.05 

aa 0.15 
pp 0.05 
aa 0.16 
PP 0.05 

aa 0.03 
PP 0.043 

aa 0.10 
PP 0.30 
aa 0.08 
PP 0.045 

aa 0.22 
pp 0.03 

aa 0.03 
pp 0.097 

aa 0.01 
PP 0.053 

aa 0.14 
PP 0.07 

++ Gemcitabine 
aa 0.40 (10 nM) 
PP 0.03 
aa 0.42 (10 nM) 
PP 0.03 

aa 0.33 (10 nM) 
BB 0.03 
aa 0.52 (10 nM) 
PP 0.05 

aa 0.26 (80 nM) 
PP 0.04 

aa 0.22 (30 nM) 
pp 0.09 
aa 0.49 (100 nM) 
PP 0.05 
aa 0.26 (10 nM) 
pp 0.04 
aa 0.54 (80 nM) 
PP 0.025 

aa 0.055 (10 nM) 
PP 0.053 
aa 0.27 (10 nM) 
pp 0.04 
aa 0.69 (30 nM) 
PP 0.003 

aa 0.34 (30 nM) 
PP 0.06 

aa 0.21 (10 nM) 
PP 0.14 
aa 0.29 (30 nM) 
pp 0.11 
aa Q.\4( 10 nM) 
pp 0.08 
aa 0.42 (30 nM) 
PP 0.08 

aa 0.44 (10 nM) 
PP 0.08 

EE F 
2.6 6 

1.6 6 

1.7 7 

2.6 6 

1.7 7 

1.4 4 

3.1 1 

8.7 7 

18.0 0 

3 3 

3.4 4 

8.6 6 

1.5 5 

7 7 

9.7 7 

14 4 

42 2 

3.1 1 

Tablee 1. Overview of a and p values calculated from previously published survival curves with and without 
gemcitabinee treatment and the corresponding enhancement factors (LF> calculated from the u values (a with/a 
withoutt dFdC). 

Itt is assumed that more than one mechanism is involved in gemcitabine radiosensitization. 

Severall  of gemcitabine cytotoxic features like depletion of nucleotide pools and inhibition of 

DNA-repairr have been suggested to play a role in gemcitabine mediated radiosensitization. 

Depletionn of nucleotide pools by inhibition of ribonucleotide reductase is a common feature 

amongstt radiosensitizers, leading to the assumption that depletion of the nucleotide pools is a 

majorr factor in the mechanism of radiosensitization after gemcitabine treatment. 
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Accumulationn of cells at the more radiosensitive Gl 'S border has been reported after 

gemcitabinee treatment, indicating that this change in cell cycle distribution could play a role 

inn gemcitabine mediated radiosensitization (Shewach&Lawrence, 1996). However, depletion 

off  nucleotide pools without radiosensitization has been observed (Ostruszka&Shewach. 

2000).. Although gemcitabine was found to have no effect on DNA double strand break repair 

(Gregoiree et al., 1998), at the genomic level it is thought to inhibit the repair of chromosome 

damagee resulting in increased cell death after irradiation. (Gregoire et al., 1999). 

Recentlyy Weiss et al. (2003) demonstrated, by using constant field gel electrophoresis that the 

combinedd treatment of gemcitabine and radiation leads to an increase in remaining DNA 

damagee after treatment in a pancreatic tumor cell line. They concluded that DNA repair 

inhibitionn is a major mechanism of radiosensitization by gemcitabine (Weiss et al., 2003). In 

contrastt Rosier et al. (2003) did not observe any effect of gemcitabine on the kinetics of repair 

andd the residual amount of DNA dsb's after combined radiation and gemcitabine treatment 

measuredd by pulsed field gel electrophoresis (PFGE). Whereas gemcitabine did not increase 

thee induction of chromosome aberrations, after a single dose oï 5 Gy the percentage of 

aberrantt cells and the number of aberrations per aberrant cells was significantly higher in 

combinationn with gemcitabine leading to the suggestion that gemcitabine decreases the repair 

off  genomic lesions but has no effect on the DNA dsb's as measured by PFGE (Rosier et al., 

2003).. Gemcitabine's radiosensitization was shown not to be mediated by the non-

homologouss end-joining pathway, as cells mutated in genes involved in this DNA dsb repair 

pathwayy could be radiosensitized by gemcitabine (Van Putten et al., 2001). In a recent 

publicationn by the same group it was demonstrated that gemcitabine interferes with the 

homologouss recombination pathway. HR deficient cells did not demonstrate any 

radiosensitizationn after combined gemcitabine radiation treatment. Furthermore, gemcitabine 

interferess with the formation of the Rad5 1 foci after irradiation (Wachters et al.. 2003). 

Thee radiosensitizing potential of gemcitabine has been the subject of several clinical trials 

combiningg gemcitabine with radiation treatment for NSCLC. An early study in which high 

dosee gemcitabine and radiotherapy were combined had to be terminated because all patients 

showedd unacceptable high toxicity. The toxicity was related in part to the large volume of 

lungg which was irradiated (Scalliet et al.. 1998). Another study showed clinical activity which 

wass also accompanied with significant toxicity (Yokes et al.. 1999). Both studies used high 

weeklyy gemcitabine doses (600-1000 mg m2) combined with standard thoracic radiation (60-

666 Gy). Currently several clinical trials are under way using much lower gemcitabine doses 

(Manegoldd et al.. 2000). In a recent publication the maximum tolerated dose of twice-weekly 
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gemcitabinee combined with thoracic radiation for stage III A and I1IB NSCLC patients was 

foundd to be 35 mg/iTf. indicating that with much lower doses of gemcitabine concomitant 

treatmentt with radiation is feasible (Blackstock et al, 2001). 

Thesiss Outline: 

Onee of the aims of this thesis was to evaluate whether measurement oï chromosome 

aberrationss by the FISH technique could be used as a predictive assay for radiation outcome. 

Inn chapters 2 and 3, we tested the predictive capacity of the FISH technique when radiation 

wass combined with either the halogenated pyrimidine BrdU or the cytostatic drug 

gemcitabine.. In chapters 4, 5, and 6 different aspects of radiosensitization by gemcitabine 

weree studied. In chapter 4, radiosensitization of gemcitabine in glioblastoma cell lines and 

spheroidss was studied. In chapter 5, we studied the sensitivity of human gemcitabine resistant 

tumorr cell lines to ionizing radiation and chemotherapeutic agents, while in chapter 6 we 

determinedd whether radiosensitization by gemcitabine could be observed after pulsed low 

dosee rate irradiation. Chapters 7 and 8 show our studies on the effects of pulsed low dose rate 

radiation.. In chapter 7, we measured the activity of thymidine kinase and deoxycytidine 

kinasee after pulsed low dose rate ionizing radiation. In chapter 8 the role different DNA repair 

mechanismss play in the cellular response to low dose rate irradiation was studied. 
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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  cultur e 

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 %. 

Irradiatio n 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 hybridizatio n 

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 irradiatio n 

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 %. 

48 8 



ChromosomeChromosome aberrations detected bv FISH and correlation with cell survival 

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 junction s (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 +Brd U 

0.055 0.10 0.15 

Colou rr  junction s (ratio/cel f 

0.20 0 

Correlatio nn betwee n in vitr o cel l surviva l and inductio n of chromosom e aberration s 

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. 
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ColourColour junctions as predictors ofradiosensitivity 

Abstrac t t 

Purpose:Purpose: To determine whether measurement of colour junctions by fluorescent in situ 

hybridisationn (FISH) can predict radiosensitisation of gemcitabine (2,-2'-

difluorodcoxycytidine).. Methods: Human lung carcinoma cells (SW-1573) were irradiated 

withh X-rays with or without incubation of 10 nM gemcitabine for 24 hours. Cell survival was 

determinedd with clonogenic assay. Colour junctions were measured by whole chromosome 

FISHH of chromosome 2 and 18 and were scored according to the PAINT method. Results: A 

clearr radiosensitisation by gemcitabine was observed on cell survival. A significant decrease 

inn the number of colour junctions was observed after gemcitabine treatment compared to 

radiationn treatment alone. The correlation between colour junction induction and cell survival 

wass high for both with and without gemcitabine, but the gemcitabine-sensitised curve did not 

coincidee with the non-sensitised curve. Conclusions: Gemcitabine-induced radiosensitisation 

iss not predicted by induction of colour junctions in cultured SW-1573 cells. This reduces the 

clinicall  applicability of this predictive assay for radiotherapy in combination with 

gemcitabine. . 

Keywordss Gemcitabine  X-irradiation  FISH  predictive assay 
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Introduction n 

Too optimise individual patient treatment in radiation oncology assays are needed to predict 

thee outcome of radiation treatment. Several authors have tried to develop suitable predictive 

assayss (reviewed by Begg and West 2002). Measurement of cellular radiosensitivity by 

conventionall  clonogenic assay or growth assay has proven to correlate well with treatment 

outcomee (Girinsky et al., 1994, West et al.. 1997). Unfortunately these techniques are very 

time-consumingg and thus not applicable in the clinic. Another approach to determine cellular 

radiosensitivityy is measurement of chromosome aberrations by fluorescence in situ 

hybridisationn (FISH). This technique has the advantage that it can be performed within a few 

dayss and could thus be of more clinical use. Several groups have reported a good correlation 

betweenn measurement of chromosome aberrations and cell lethality (Coco-Martin et a l, 1994, 

1996,, 1999; Franken et al., 1999; Russell et al., 1995; Castro Kreder et al., 2002). 

Radiotherapyy is often combined with cytostatic drugs and a predictive assay should ideally be 

ablee to predict the combined behaviour of the different treatments. A relatively new anti-

cancerr agent is gemcitabine (2,-2'-difluorodeoxycytidine, dFdC). It has proven activity in a 

varietyy of solid tumours including pancreas and non small cell lung cancer (NSCLC; Hertel et 

al.,, 1990). Gemcitabine is a potent radiosensitiser both in vitro and in vivo, but its method of 

radiosensitisationn is not fully elucidated (Rockwell & Grindey 1992; Shewach et al., 1994; 

Latzz et al., 1998; Lawrence et al., 1996; Rosier et al., 1999). Although radiosensitisation may 

increasee the effectiveness of radiotherapy, the radiosensitising effect of normal tissue by 

gemcitabinee warrants caution in its clinical application. An early study in NSCLC patients in 

whichh high dose gemcitabine (weekly dose of 600-1000 mg/m2) was given concomitantly 

withh radiation showed high pneumotoxicity that correlated in part with the large volume of 

radiationn given to the lung (Scalliet et al.. 1998). Nevertheless preliminary results from more 

recentt trials using lower gemcitabine doses indicate that gemcitabine and radiation can be 

combinedd without serious toxicity to the lungs (Blackstock et al.. 2001. Vokes et al., 1999. 

Zinnerr et al.. 1999. Gregor et al.. 1999). 

Recentlyy we have demonstrated radiosensitisation by gemcitabine in a NSCLC cell line (van 

Breee et al.. 2002). In the same cell line we have shown that radiosensitisation by the 

halogenatcdd pyrimidine bromodeoxyuridine (BrdU) can be predicted by measurement of 

colourr junctions with FISH (Castro Kreder et al.. 2002). Preliminary results cited by Cirégoire 

ett al. (1999) showed an increase in chromosomal fragments after combined treatment of 

radiationn and gemcitabine. These results would suggest a correlation with the increase in 
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lethalityy after combined treatment. The aim of this study was to determine whether colour 

junctionss detected by the FISH technique could be used to predict radiosensitisation by 

gemcitabine. . 
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Materialss and Methods 

Celll  cultur e and gemcitabine treatment 

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

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

bovinee serum and 2 mM glutamine at 37°C with no CO:. 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 (Costar Europe LTD, 

Badhoevedorp,, the Netherlands). For sensitising experiments cells were incubated with 

mediumm containing 10 nM gemcitabine for 24 hours before irradiation. Before the start of 

irradiationn medium containing gemcitabine was removed, cells were washed two times with 

PBSS and fresh medium was added. 

Irradiatio n n 

Irradiationn was performed with a Siemens Stabilipan 2 X-ray machine (Siemens, Germany). 

Irradiationn were performed at 3.3 Gy/min. Distance between focus and culture dish was 33.5 

cmm and a 0.5 mm Cu-filter was used. During irradiation cells were kept at 37°C in a 

waterbath.. Dosimetry was performed with a BF-vat detector and a Farmer electrometer once a 

month. . 

Flowcytometricc analysis of cell cycle distributio n 

Cellss were plated and treated as described above. At different time points after initial plating, 

100 uM Bromodeoxyuridine (BrdU) was administered from a lOOx stock. After 2 hours the 

cellss were harvested, fixated in 70% ethanol in phosphate buffered saline (PBS) and stored at 

-20°CC until immunofluorescent staining. Ethanol-fixated cells were centrifuged (1 min, 2200 

rpm),, resuspended in 1 ml pepsin solution (0.4 mg/ml 0.1N HC1) and incubated for 30 min at 

roomm temperature. Subsequently, the DNA was denatured by a 30 min incubation in 1 ml 2N 

HC11 at 37°C. After washing with PBTb (PBS, Tween-20 0.05% v/v, bovine serum albumin 

(Sigma)) 20 mg/ml, pH 7.4, the pellet was resuspended in 0.1 ml rat anti-BrdU (Harlan Seralab 

LTD.. Loughborough, UK. diluted 1:100 in PBTb) and incubated at room temperature for 30 

min.. After washing with PBTg (PBS. Tween-20 0.005 v v. normal goat serum (Dako. 

Glostrup,, Denmark) 1% v v, pH 7.4). the pellet was resuspended in 0.1 fluorescein conjugated 

goat-anti-ratt IgG (Jackson, nr 112-015-102. West Grove, Pennsylvania. USA. diluted 1:100 in 

PBTg)) and incubated at room temperature in the dark for 30 min. Propidium-iodine and 
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ethanoll  were added to an end-concentration of 1 ng/ml and 30% respectively. Samples were 

storedd at 4°C until flowcytometric analysis. Samples were syringed through a 21 gauge needle 

too reduce cell aggregation before flowcytometry (FACScan cytometer, Becton Dickenson, 

Sann Jose, CA), The distribution of cells over the cell cycle was analysed with Windows 

Multipl ee Document Interface Flow Cytometry Application (WinMDI) by placing windows 

aroundd GO'Gl, S and G2/M populations. 

Clonogenicc Assay 

Celll  survival was determined by clonogenic assay. In brief, at 24 hours after irradiation cells 

weree trypsinised and replated in appropriate dilutions in six-well culture plates (Costar). Eight 

dayss later the colonies were fixated in 6 % glutaraldehyde and stained with 0.05 % crystal 

violet.. Colonies of 50 cells or more were scored as originating from a single clonogenic cell. 

Thee plating efficiency of SW-1573 cells was 89  12 %. After treatment with gemcitabine the 

platingg efficiency was 7 2 + 13 %. Surviving fractions (S{D)/S(0)) after dose D, corrected for 

toxicityy of gemcitabine alone, were calculated and survival curves were analysed using 

Graphpadd Prism statistical software (Graphpad Software Inc, San Diego, USA) or BMDP 

(Loss Angeles, USA). The data were fitted by multiple regression according to the LQ 

formula: : 

S(D)/S(0)== exp - (aD+pD2) 

Statisticall  analysis of the enhancement factor was determined with the student's t-test. 

Metaphasee slide preparation 

Forr metaphase slide preparation, cells were plated in 60 mm culture dishes. For sensitisation 

experimentt cells were cultured for 24 hours in the presence of 10 nM gemcitabine before 

irradiation.. Twenty-four hours after irradiation cells were transferred to 172 cm" tissue culture 

flasks.flasks. Twenty four hours later, cells were incubated for 2 hours with colcemid (0.1 u,g/ml, 

Sigma)) and mitotic cells were shaken off. Mitotic cells were treated with hypotonic K G for 

100 min at 37°C and subsequently washed and fixated in methanol/acetic acid (3:1). Finally the 

cellss were dropped onto moist slides. 

Fluorescencee in situ hybridisation 

Directlyy labelled whole chromosome-specific probes (chromosome 2-Cy3 and chromosome 

18-FITC)) were obtained from Cambio (Cambridge, UK). Metaphase double staining was 
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performedd with the method described by Pinkel et al.(1986) and Natarajan et al. (1992). 

Enhancementt of the FITC signal was achieved with a commercially available amplification 

kitt (Cambio). Metaphase slides were counterstained with DAPI (2.5 (ig/ml) in PBS and 

embeddedd in anti-fade solution (Vecta Shield, Vector Laboratories, Burlingame, CA, USA). 

Scoringg of aberrations 

Slidess were examined using a fluorescence microscope (Ortholux; Leica, Wetzlar, Germany) 

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

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

emissionn filter (456 nm). A total of 300 to 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 colour junctions and thus the sum of stable and 

unstablee aberrations are reported here. Stable-type aberrations include translocations, 

deletionss and insertions. Dicentrics and acentric fragments are examples of unstable 

aberrations.. In general stable type aberrations remain present in cells for several generations 

andd correlate well with cell death, while unstable aberrations lead to cell death within 1 to 2 

generationss (Coco-Martin et al., 1996). Since scoring was performed in the first metaphase 

afterr irradation both stable and unstable aberrations were scored. When colour junctions are 

scoredd the contribution of unstable aberrations (dicentrics etc.) is small (< 5 %) and no 

correctionss were made. Fragments were easily distinguished from colour junctions as they 

representt small pieces of the painted chromosomes with only one colour and these were 

countedd seperately. Three copies of chromosome 2 and two copies of chromosome 18 are 

presentt in SW-1573 cells. These chromosomes were selected for our investigations because 

theyy showed no colour junctions in controls, have different intrinsic radiosensitivity and 

predictt radiosensitisation of bromodeoxyuridine in a similar experimental set-up (Castro 

Krederr et al., 2002). In total SW-1573 cells contain between 60 and 67 chromosomes. Dose-

effectt curves for induction of colour junctions by radiation were analysed using Graphpad 

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

F(D)== aD 

Statisticall  analysis of the enhancement factors was determined with the student's t-test. 

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

alll  the chromosomes from 10 photographs of well-spread metaphases was measured. For this 

purpose,, DAPI-stained metaphases and metaphases after FISH were photographed with a 
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CCDD camera (Hi-Sis slowscan cooled. Lambert Instruments, Leutingerwolde, The 

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

Scoringg of Apoptosis 

Too determine the relative number of apoptotic cells after the different treament schedules, 

cytospinss were made, fixated in 100 % ethanol and air-dried. For staining of the DNA the 

slidess were washed in PBS and incubated for 5 minutes with DAPI (5 ug/ul PBS) and 

embeddedd in anti-fade solution (Vecta Shield, Vector laboratories, Burlingame, CA, USA). 

Fragmentedd nuclei were counted with a fluorescence microscope (Ortholux; Leica, Wetzlar, 

Germany). . 
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Result s s 

Celll  surviva l 

Previouss results have shown that phosphorylation of gemcitabine is requisite for cytotoxicity 

andd for its antitumour activity (Heinemann et al.. 1988). To allow phosphorylation to take 

placee it is necessary that cells are incubated some time before combination with another 

treatment.. Haveman et al. (1995), using the same cell line as in this study, showed that 24 

hourss after 10 nM gemcitabine. the maximum effect was observed in combination with 

hyperthermia.. A clear radiosensitisation by gemcitabine was observed (Fig. 1). Linear 

quadraticc parameters are shown in table 1. Treatment of cells with 10 nM gemcitabine for 24 

hourss resulted in a relative survival of 0.80  0.18 Combining gemcitabine with irradiation 

resultedd in a dose modifying factor of 1.3 at the 10 % survival level. 

Control l --o—— Gemcitabine 
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-- . . 
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'x--5. . I I 

"" I I 
22 4 6 

Radiatio nn dose , Gy 
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Kig.. 1. Radiation dose survival curves of SW-1573 cells after irradiation with and without 10 nM gemcitabine 
forr 24 hours. Cell survival was corrected for the effect of gemcitabine alone. Means with standard errors of at 
leastt three experiments are shown. 
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Celll  cycle distributio n and apoptosis after  gemcitabine treatment 

Becausee gemcitabine induced radiosensitisation is most prominent in S phase (Latz et al., 

1998),, the effect of gemcitabine on cell cycle distribution was determined (Fig. 2). In this 

studyy gemcitabine-containing medium was added 24 hours before irradiation. At this time 

pointt cells were in log phase. Treatment of the cells with 10 nM gemcitabine for 24 hours 

inhibitss cell proliferation and induces an early S-phase arrest (76.8 1 % S-phase, 19.8

2.99 Gl phase as compared to controls: 48.8  0.7 % S-phase, 40.0  0.3 Gl phase) (Fig. 2). 

Att 24 hours after irradiation when cells are assayed for cell survival and processed for the 

FISHH experiments, cell cycle distribution in gemcitabine treated cells has recovered. After 

gemcitabinee treatment a sub-Gl population arises which suggests the presence of apoptotic 

cellss (Fig. 2A). Analysis of DAPI stained cytospins showed an increased fraction of cells 

withh fragmented nuclei after combined X-ray and gemcitabine treatment and for gemcitabine 

alone,, compared to other treatment schedules (Fig. 3). 

Celll  survival 

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

LQ Q 
parameter* * 

a a 

P P 
a a 
a a 
a a 
a a 

Control l 

0.166 2 
0.033  0.004 

0.0599  0.002 
0.0311 1 
0.755 3 
1.244 4 

Gemcitabine e 

0.466  0.04 
0.033  0.007 
0.044  0.002 
0.0211 1 
0.511 3 
0.844  0.04 

Enhancement t 
Factor r 

a a 

11 3 
0.677  0.05a 

a a 

*a(Gy ' )andP(Gy-) ) 
JJ Significantly different from control p<0.01 

Tablee 1. Linear quadratic (LQ) parameters for cell survival and colour junction induction after irradiation with 
andd without 10 nM gemcitabine for 24 hours. Analysis performed with BMDP statistical software for the cell 
survivall  data, for colour junctions the analysis was performed with Graphpad Prism software. 
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Fig.. 2.a Bivariate flow cytometry with propidium iodide-fluoresccncc indicating the amount of DNA on the X-
axiss and FITC-fluorescence indicating BrdU-incorporation on the Y-axis. Representative examples of control 
sampless and gemcitabine treated samples at the time of irradiation (t=0 h). of cell survival assessment (t=24 h) 
andd of harvest of metaphases (t=48 h). b. Percentage of cells in the early and late S-phase at different time points 
afterr eemcitabine treatment. 
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Fig.. 3. Percentage of fragmented nuclei at different time intervals after treatment withlOnM dFdC for 24h, with 
44 Gy or with the combination of treatment modalities. Mean and standard deviation are given of at least two 
separatee measurements. At least 200 nuclei were scored for each point. Survival of dFdC alone in this 
experimentt was 0.65 which may be related to the high cell number at the time of dFdC exposure. 

Colourr  junctions 

Fig.. 4 shows the induction of colour junctions in chromosome 2 and 18 after irradiation. 

Gemcitabinee alone did not induce colour junctions and no chromatid types of aberrations were 

observedd after radiation alone or in combination with gemcitabine. After the combined 

treatmentt a significant decrease in the number of in colour junctions in both chromosomes 

wass observed (p<0.01). Corresponding linear quadratic parameters and enhancement factors 

cann be found in table 1. Based on their physical length chromosome 2 and 18 represent 7.8

0.66 % and 2.5  0.1% respectively, of the entire genome. Extrapolation of the values of LQ 

parameterss for the entire genome resulted in a values for chromosome 2 and chromosome 18 

off  0.75  0.03 and 1.24  0.04 respectively. 

75 5 



ChapterChapter 3 

Fig.. 4. Colour junction induction in 
FISHH painted chromosome 2 (4a) and 18 
(4b)) after irradiation with and without 10 
nMM gemcitabine for 24 hours. Means 
withh standard errors of at least two 
experimentss are shown. 
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Ass gemcitabine is implicated in inhibition of chromosome damage repair (Grégoire et al.. 

1999)) which may lead to more chromosomal fragments, we also scored the number of painted 

fragmentss after treatment (Fig. 5). No clear difference in the number of fragments was 

observedd between control and gemcitabine treated cells. 
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 Chr 2 
 Chr 2 + dFdC 

** Chr 18 
AA Chr 18 + dFdC 

o.ooè̂  ^ 
11 2 3 

Radiatio nn Dose (Gy) 

Fig.. 5. Number of linear acentric fragments in chromosome 2 and 18 with or without 10 nM gemcitabine for 24 
hours.. Means with standard errors of at least two experiments are shown. 

Correlatio nn between Colour  junction induction and cell survival 

Inn Fig. 6 the correlation between cell survival and colour junctions is shown. The correlation 

betweenn cell survival and colour junctions was high for each individual curve (R~ 0.90-0.98). 

Thee gemcitabine sensitised curve clearly does not coincide with the non-sensitised curve. This 

leadss to the conclusion that the number of colour junctions does not adequately predict the 

increasedd cell death induced bv gemcitabine treatment. 

 Chr 2 » Chr 18 

 Chr2 + dFdC A Chr 18 + dFdC 

0000 005 010 015 0.20 0 25 

Colorr  Junction s (ratio/cell ) 

Fig.. 6. Correlation between colour junction induction and cell survival after treatment for chromosome 2 and 18 
withh and without 10 nM gemcitabine for 24 hours. 
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Discussion n 

Inn this study, treatment with gemcitabine resulted in a clear radiosensitisation on cell survival. 

Ourr results concur with previous reports of radiosensitisation of gemcitabine after irradiation 

(reviewedd by Grégoire et al., 1999; van Bree et al.. 2002). In this study radiosensitisation of 

gemcitabinee was determined after a 24 hour incubation with 10 nM. This concentration and 

timee schedule were chosen to allow optimal phosphorylation of gemcitabine. Furthermore a 

244 hours incubation of 10 nM gemcitabine was previously shown to induce maximum effect 

inn this cell line (Haveman et al., 1995). However other groups (Rosier et al., 1999, Van Putten 

ett al., 2001, Weiss et al., 2003) have demonstrated radiosensitisation of gemcitabine after 

shorterr incubation intervals, but in such cases a much higher dose of gemcitabine is required. 

Severall  features of gemcitabine cytotoxicity such as cell cycle redistribution (Shewach & 

Lawrencee 1996; Latz et al., 1998) and inhibition of DNA repair (Grégoire et al., 1999) have 

beenn suggested to play a role in radiosensitisation. 

Althoughh a significant radiosensitising effect was observed after gemcitabine treatment, a 

significantt decrease in colour junctions was observed. As was reported for another 

deoxycytidinee analogue Ara-C (Preston 1980), Grégoire et al. (1999) assume that gemcitabine 

inhibitss chromosome damage repair after irradiation. As consequence of this assumption, the 

misrepairr leading to aberrations may be inhibited and no increase in colour junctions wil l be 

observed.. If this is the case more non-rejoined aberrations (fragments) should be observed in 

thee gemcitabine treated cells. An increase in fragments after radiation treatment combined 

withh gemcitabine was reported (cited by Grégoire et al., 1999); however in our study, there is 

noo clear increase in fragments after radiosensitisation by gemcitabine. This implies that 

inhibitionn of chromosome damage repair is not responsible for the reduction in colour 

junctions. . 

Ourr flowcytometry data indicate that the cell cycle distribution has almost recovered from the 

gemcitabinee treatment at the time of sampling for colour junction measurement. However, 

somee of the most severely damaged cells died from apoptosis in the mean time (Fig. 3) and 

aree thus not available for analysis of chromosome aberrations. We observed that gemcitabine 

treatmentt alone and the combined treatment of gemcitabine with X-rays, both led to an 

increasedd level of apoptosis. However, apoptosis can not solely explain the reduction in 

colourr junctions after combined X-rays and gemcitabine treatment. 

Applicationn of the premature chromosome condensation (PCC) technique in principle might 

permitt an earlier scoring of colour junctions after treatment without the need to grow the cells 
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too the next metaphase (Coco-Martin et al.. 1997). Unfortunately PCC-analysis can not be 

performedd in S-phase cells, which makes the technique not useful after gemcitabine treatment. 

Gemcitabinee arrests the exponentially growing eel! population in S phase, which renders them 

moree radiosensitive as compared to controls. 

Resumingg the data, no clear explanation can be given for the decrease in number of colour 

junctionss following combined therapy. Of course, the ultimate purpose of this study is to 

predictt the sensitivity of cells in tumours. We demonstrated that the method is applicable in a 

situationn in vitro, which resembles the situation in the clinic in which patients are treated with 

gemcitabinee before receiving radiotherapy. We show that the number of colour junctions is 

ablee to predict the survival after radiation alone as well as after combined radiation plus 

gemcitabine.. However, the present results on gemcitabine show that data on the number of 

colourr junctions do not predict cellular survival unless the given treatment combination is 

known.. This in contrast to earlier observations on radiosensitisation induced by BrdU (Castro 

Krederetal.,2002). . 

Conclusion n 

Radiosensitisationn by gemcitabine, a drug with cell cycle specific inhibitory action and a 

relativelyy high level of cytotoxicity, cannot be predicted by measurement of colour junctions 

withh FISH. Whether this is a general phenomenon, also for other types of chemotherapeutic 

agentss (e.g. CisPt) in combination with X-irradiation, remains to be investigated. 
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Abstract t 

BackgroundBackground and Purpose: To determine the cytotoxicity of, and radioenhancement by 

gemcitabinee on a glioma cell line grown as a monolayer and as spheroid cultures. Material 

andand Methods: We used a human glioma cell line, Gli-6, which originated from a biopsy 

specimenn of a patient with a glioblastoma multiforme. Spheroids of Gli-6 were prepared by 

seedingg a single cell suspension on agarose coated petri dishes. Clonogenic and growth delay 

assayss were used to determine radio-chemosensitivity of monolayer cultures. The growth 

delayy assay was used to determine that of Gli-6 spheroid cultures. Results: Spheroid cultures 

weree found to be more resistant to irradiation with or without gemcitabine than monolayer 

cultures.. Whereas gemcitabine significantly enhances the radiation effect of exponentially 

growingg Gli-6 monolayer cultures at minimal cytotoxic concentrations (10 nM. 24 hours), no 

enhancementt was seen in confluent monolayer cultures and in large spheroids at the same 

concentration.. In small spheroids no enhancement was observed at a low dose gemcitabine 

(100 nM for 24 hours), but an enhancement was observed at higher concentrations (100 nM for 

244 hours). Conclusion: Gemcitabine can lead to enhancement of the effects of X-irradiation in 

bothh monolayer as spheroid glioblastoma cultures. The lack of enhancement in confluent 

monolayerr cultures supports the view that cell cycle distribution of cells is important in 

radiosensitisationn by gemcitabine 
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Introduction n 

Malignantt gliomas are among the most radioresistant tumours (Taghian et al., 1993). 

Althoughh radiotherapy following surgieal resection is the most effective treatment, survival in 

thesee patients is unsatisfactory (Gonzalez Gonzalez&Hulshof 1993, Hulshof et al., 2001). The 

mediann survival is only 10-12 months for glioblastoma multiforme (Prados&Wilson 1997). 

Radiotherapyy is considered the most effective adjuvant therapy to surgery. The modest 

increasee in survival time after radiotherapy treatment has been ascribed to the high intrinsic 

resistancee of the gliomas to X-irradiation. 

Too improve survival in patients with malignant glial tumours new treatment strategies are 

required.. Further approach includes chemotherapeutic agents as an adjuvant modality or in 

combinationn with radiation as a radiosensitiser. 

Severall  different culture models have been used to determine the intrinsic radiosensitivity of 

gliomas.. These include monolayer cultures of glioma lines, both early and late passage after 

initiall  isolation, and spheroids derived from these cell lines, the so-called cell line spheroids 

(reviewedd in Taghian et al., 1993). Another culture system used to study gliomas in vitro are 

thee organotypic multicellular spheroids (OMS) (Kaaijk et al., 1995) It is assumed that 

spheroidd cultures can better predict the in vivo response than monolayer cultures, since cell-

celll  contact, variation in cell cycle, altered metabolism and diffusion of nutrients or drugs may 

influencee the outcome (Kunz-Schunghart 1999, Santini et al., 1999). 

AA promising cytostatic drug is gemcitabine (2, 2 - difluoro deoxycytidine [dFdC]). 

Gemcitabinee is a nucleoside analog of cytidine with significant cytotoxicity and a 

radiosensitizingg effect on solid tumour cell lines in vitro and in vivo (Arning&Blatter 1997, 

Masonn et al., 1999, Plunkett et al., 1995, Van Bree et al., 2002). In the clinic gemcitabine is 

mainlyy used in the treatment of non-small cell lung cancer and adenocarcinoma of the 

pancreas.. Two in vitro studies have reported cytotoxic and radiosensitizing effects on cultured 

malignantt glioma cells (Rieger et al., 1999, Ostruska&Shewach 2000). 

Phasee II clinical trials in glioblastome multiforme which studied the effect of gemcitabine as a 

firstfirst line therapy before radiation or as a salvage therapy at first relapse (Gertler et al., 2000; 

Wellerr et al., 2001) did not demonstrate a survival improvement. The radiosensitizing effect 

off  gemcitabine has not been evaluated clinically. 

Inn this study we used the Gli-6 glioma cell line cultured as monolayers and as spheroids to 

determinee the cytotoxic and radiosensitizing effect of gemcitabine. 
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Material ss and Methods 

Monolayerr  cell cultur e 

Thee Gli-6 cell line which originates from a biopsy specimen of a patient with glioblastoma 

multiformee (Fehlauer et al.. 2000), was grown in Dulbecco's modified Eagels medium 

(DMEM,, Gibco BRL, U.K) supplemented with 10% fetal calf scrum, 2 mM L-glutamine and 

500 ugram/ml gentamycine (Gibco BRL, U.K.) in 25cm2 flasks in a 37°C, 5 % CO., 95% 

humidifiedd air incubator. Monolayer cultures were subcultured once a week. The doubling 

timee of the Gli-6 during exponential growth was 36 hours. Prior to irradiation or gemcitabine 

treatment,, cells were trypsinized and plated in appropriate dilutions. 

Celll  Lin e Spheroids 

Spheroidd cultures of Gli-6 were formed by liquid-overlay technique (Carlsson&Yuhas 1984). 

Inn short, exponentially growing monolayers were trypsinized and 8x10' cells were seeded in 

aa complete medium into 60 mm petri dishes pre-coated with a thin layer of 3 % agarose 

solutionn (Sigma St. Louis, USA), mixed in 1:1 ratio with DMEM supplemented with 20% 

FCSS and 4 mM Glutamine. After 1 to 2 days, cells started to aggregate and after 2 to 3 days, 

well-rounded,, regularly shaped spheroids were formed. After 5-7 days spheroids were 

transferredd and cultured individually in agarose-coated wells of 48-well plates with 500 u,l 

completee culture medium. The culture medium was changed once a week. Treatment groups 

consistedd of 10 spheroids with diameters (0) of 250-500 p.m (small: 0 250-400 urn, volume 

0.01-0.033 mm3; large 0 400-500 urn, volume 0.03-0.06 mm1) . The volume doubling time of 

spheroidss was 5-6 days. 

Irradiatio n n 

Cellss were irradiated with n7Cs at a dose rate of 0.8 Gy/min. Two 137Cs sources, one above 

andd one below the petri dish were positioned at a distance of 22,5 cm. Lead flattening filters 

weree used to ensure a homogeneous dose distribution throughout the culture flask. 

Gemcitabinee treatment and cytotoxicity 

Gemcitabinee was kindly provided by the Netherlands branch of Eli Lilly&Co , Indianapolis, 

Indiana,, U.S.A) Stock solutions of 1 mM dFdC in PBS were made and kept at -20°C and 

dilutedd with medium to appropriate concentrations at the start of the incubation. For 
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gemcitabinee cytotoxicity experiments culture medium was removed and replaced by complete 

mediumm containing gemcitabine. 

Thee cytotoxic effect (IC50 value) of gemcitabine on exponentially growing monolayer 

culturess was determined by MTT assay. The cytotoxic effect of gemcitabine on spheroids was 

determinedd after a 24 hours incubation with an increasing concentration of dFdC (in the range 

off  1-333 nM) with growth delay. 

Forr experiments combining gemcitabine with irradiation, exponentially growing culture were 

incubatedd with 10 nM gemcitabine for 24 hours. Confluent monolayer cultures were 

incubatedd with 10 nM and 100 nM gemcitabine for 24 hours, spheroid cultures were 

incubatedd with 10 nM, 33 nM and 100 nM. At the end of gemcitabine incubation, medium-

containingg drug was removed and the cells or spheroids were washed with PBS and fresh 

mediumm was added. At this point spheroids were transferred to a fresh agarose coated 48-well 

culturee plate. 

Clonogenicc Assay 

Celll  survival of monolayer cultures after irradiation with or without gemcitabine was 

determinedd by clonogenic assay. In brief, for exponentially growing monolayer cultures 2.5 

xlOO cells were seeded into 60 mm petri-dishes and incubated for 72 hours prior to irradiation. 

Forr confluent monolayer cultures 10 cells were seeded into 60 mm petri dishes and incubated 

untill  they reached confluency before irradiation (3-4 days). After irradiation, cells were were 

trypsinisedd and replated in appropriate dilutions in six-well culture plates (Costar). After 2 

weeks,, the plates were stained with the solution of 0.05% crystal violet and 6% of 

glutaraldehide.. Colonies of 50 cells or more were scored as originating from a single 

clonogenicc cell. 

Thee plating efficiency of exponentially growing Gli-6 cells was 13  9 %, the plating 

efficiencyy after gemcitabine treatment was 10  9 %. For confluent cultures the control 

platingg efficiency was 47  16 % while after gemcitabine treatment the plating efficiency was 

477  12 % for 10 nM and 20  12 % for 100 nM. Surviving fractions (S(D)/S(0)) after dose D, 

weree corrected for toxicity of gemcitabine alone. Analysis of the survival curves was 

performedd using BMDP statistical software (Los Angeles, USA), by fitting the data by 

multiplee regression according to the linear-quadratic model.. 
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Growthh delay assay 

Growthh delay was used to determine the response of spheroids and monolayer cultures of Gli-

66 cells to radiation and/or gemcitabine. In our study the comparison between monolayer 

culturess and spheroid cultures was based on a growth delay assay, because no viable cells 

couldd be obtained from the spheroids by trypsination. 

Forr monolayer cultures 2.5 xlO4 cells were seeded in 60 mm petri dishes to asses for growth 

delay.. After incubation of 72 hours monolayer cultures were irradiated. Growth curves were 

establishedd by counting cell numbers 2 to 3 times a week until they reached plateau phase. 

Twicee a week the culture medium was changed. 

Too asses growth delay in cell line spheroids, the spheroids were measured 2-3 times a week 

byy using a CCD-Camera (Sound Vision SV micro) and the computer program Image Pro Plus 

4.1.00 for Windows 95/98, 1999. Once a week, the culture medium was changed. 

Doublingg times and growth delay values were obtained from a linear slope fit to the linear 

partt of the volume time curves obtained from the control and treated spheroids and monolayer 

cultures.. Regression analysis was performed to estimate the doubling time and growth delay. 

Inn order to measure growth delay, the average time required to reach 10 times the initial 

spheroidd volume or for monolayer cultures to reach the double amount of cells, was 

determined.. Specific growth delay (SGD) values were calculated by dividing growth delay of 

treatedd samples by the corresponding doubling times of control samples. 

Flowcytometricc analysis of cell cycle distributio n 

Cellss were plated and treated as described above. At different time points after initial plating, 

100 uM bromodeoxyuridine (BrdU) was administered from a lOOx stock. After 2 hours the 

cellss were harvested, fixated in 70% ethanol in phosphate buffered saline (PBS) and stored at 

-20°CC until immunofluorescent staining. Ethanol-fixated cells were centrifuged (1 min, 2200 

rpm),, resuspended in 1 ml pepsin solution (0.4 mg/ml 0.1N HC1) and incubated for 30 min at 

roomm temperature. Subsequently, the DNA was denatured by a 30 min incubation in 1 ml 2N 

HC11 at 37°C. After washing with PBTb (PBS, Twcen-20 0.05% v/v, bovine serum albumin 

(Sigma)) 20 mg/ml, pH 7.4, the pellet was resuspended in 0.1 ml rat anti-BrdU (Harlan Seralab 

LTD,, Loughborough, UK, diluted 1:100 in PBTb) and incubated at room temperature for 30 

min.. After washing with PBTg (PBS, Tween-20 0.005 v.'v. normal goat serum (Dako. 

Glostrup,, Denmark) 1% v/v. pH 7.4). the pellet was resuspended in 0.1 fluorescein conjugated 

goat-anti-ratt IgG (Jackson, nr 112-015-102, West Grove. Pennsylvania, USA, diluted LlOOin 

PBTg)) and incubated at room temperature in the dark for 30 min. Propidium-iodine and 
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ethanoll  were added to an end-concentration of ! fig/ml and 30% respectively. Samples were 

storedd at 4°C until flowcytometric analysis. Samples were syringed through a 21 gauge needle 

too reduce cell aggregation before flowcytometry (FACScan cytometer. Becton Dickenson. 

Sann Jose, CA). The distribution of cells over the cell cycle was analysed with Windows 

Multiplee Document Interface Flow Cytometry Application (WinMDI) by placing windows 

aroundd G0/G1, S and G2/M populations. 
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Results s 

Radiosensitivity y 

Thee radiosensitivity of exponentially growing monolayer cultures was assessed both by 

clonogenicc assay and the growth delay assay. For spheroids only data on growth delay were 

obtainedd as we were unable to obtain single cell suspensions of treated spheroids. Figure la.b 

showw the growth delay in monolayer and spheroid cultures after ionizing radiation. After a 

dosee of 10 Gy the survival was 0.2 per cent (%), corresponding with a specific growth delay 

off  7.1 days. Growth delay and specific growth delay (sGD) for monolayer cultures and 

spheroidd cultures are shown in figure lc and Id. From the curves on specific growth delay a 

Dosee Modification Factor (DMF) of 2.5 for spheroids versus monolayer cultures can be 

derivedd at an iso-effect level of the sGD of 6 days. 

Cemcitabinee cytotoxicity 

MTTMTT Assay: The cytotoxicity of gemcitabine in exponentially growing cells was measured 

withh MTT assay. Gemcitabine showed significant toxicity with steep dose-response curve at 

nanomolarr concentrations when measured with clonogenic assay. IC50 value was 30 nM for 

244 hours of incubation. Gemcitabine cytotoxicity appeared to be dependent on both 

concentrationn and incubation time. As the drug concentration increased the incubation time 

necessaryy to induce a certain amount of cytotoxicity decreased. Incubation of cells for 6 hours 

inducedd a biphasic cytotoxicity with an IC50 value of about 200 nM. 

GrowthGrowth Delay Assay: Assesment of gemcitabine cytotoxicity by the growth delay assay, 

showedd that spheroids were more resistant than monolayer cultures. Whilst Gli-6 monolayer 

culturess showed complete growth arrest at 100 nM. the growth delay of small spheroids at the 

samee concentration was only 1.2 day. 
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Enhancementt  of the effects of radiation by Gemcitabine 

MonolayerMonolayer Cultures: In figure 2 clonogenic survival after irradiation alone or combined with 

gemcitabinee is shown for monolayer exponentially growing and confluent cultures. 

Celll  cycle distribution at the time of irradiation in the exponentially growing cultures was; S-

phasee 36 3 % and G0/G1 phase 55  3.5 %, and in confluent cultures; S-phase 13 + 4 

%% and G0/G1 phase 69  2.5 %. 

Thee SF2 value for radiation alone in exponentially growing cells was , whilst for 

gemcitabinee (10 nM) treated cells the SF2 value was 0.44 . The SF2 value (irradiation 

alone)) for confluent cultures was 0.49 , whereas at 10 nM and 100 nM of gemcitabine 

thee SF2 values were 1 and 0.55 2 respectively. 

Incubationn of exponentially growing cultures for 24 h with 10 nM gemcitabine resulted in a 

clearr enhancement of 1.9 on the a-value (factor determining the initial slope of the radiation 

survivall  curve, c.f Barendsen, (1982)) and 1.3 on the p-value (quadratic term determining the 

bendingg of the survival curve at higher dose). Enhancement of radiation effects did not occur 

whenn incubation times were longer than 48 hours. 

Inn confluent cultures no enhancement of radiation effects was observed at the same 

gemcitabinee concentration (10 nM). Increasing the gemcitabine dose to 100 nM did not 

producee enhancement in confluent cultures either. 
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FigureFigure 2. Cell survival after radiation alone or combined with different doses of gemcitabine. A: exponentially 
growingg cultures (10 nM gemcitabine); B (10 nM gemcitabine) and C (100 nM gemcitabine) confluent 
monolayerr cultures. Means with standard errors of at least three experiments. For the gemcitabine treated 
samples,, the cell survival was corrected for gemcitabine alone. 

Spheroids;Spheroids; In figure 3 the effect of irradiation combined with gemcitabine is shown for the 

celll  line spheroids. 

Incubationn of Gli-6 spheroids with 10 nM of gemcitabine did not induce any additional 

growthh delay, while a significant increase in growth delay was observed after 100 nM 

gemcitabine.. This effect however was found to depend on the size of the spheroids: in 

spheroidss larger than 400 urn no effect of gemcitabine treatment was observed. Monolayer 
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culturess demonstrated a higher specific growth delay than spheroid cultures, when compared 

att equitoxic concentrations of gemcitabine (table 1). indicating that spheroids were 3.6 times 

moree resistant to the combined treatment than monolayer cultures. 

Tumour Tumour 
model model 

Spheroid d 

Monolayer r 

Treatment Treatment 

Rx(5Gy) ) 
dFdCb b 

Combined d 

Rx(5Gy) ) 
dFdCb b 

Combined d 

Specific Specific 
Growth Growth 
DelavDelavü ü 

0.74 4 
1.42 2 
2.98 8 

1.16 6 
0.93 3 
10.66 6 

aSpecificc growth delay = growth delay of treated cultures/doubling time of control culture 
Gemcitabinee concentrations with a similar cytotoxicity were compared, i.e. 33 nM for 

monolayerr and 100 nM for spheroids 
Rxx = Irradiation 

TableTable 1. Growth delay after radiation and gemcitabine in Gli6 spheroid and monolayer cultures. 
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Discussion n 

Threee different in vitro culture systems are often used in glioma research. These include 

monolayerr cultures of single cells with an early or late passage number after initial isolation, 

celll  line spheroids and organotypic multicellular spheroids (OMS). Most experimental data on 

thee response of glioblastoma to radiation is based on monolayer cultures. The radiosensitivity 

off  glioma cells as determined in monolayer cultures varies widely as reviewed by Taghian et 

al.. (1993). The SF2 values range from 0.12 to 0.87. These data as well as the data presented in 

thiss article do not explain the high radioresistance observed for these tumours in the clinic. 

Tumourgenesiss is a multistep process, in which through a succession of genetic changes, each 

conferringg one or another type of growth advantage, normal cells are transformed into highly 

malignantt derivatives (Hanahan&Weinberg 2000). Even with all these genetic changes not all 

cellss from the tumour shall grow in vitro, and as such monolayer cultures still represent a 

furtherr selection compared to cells from the original tumour. Many early passage cell lines do 

nott form colonies, so survival data can not be obtained by clonogenic assay. In these cases the 

MTTT assay may be applied, as was shown by Fehlauer et al. (2000). Fehlauer et al. (2000) 

showedd survival data for 2 primary glioma cell lines and one reference cell line which were 

determinedd both by clonogenic assay as by MTT assay. The SF2 values determined by MTT 

assayy were consistently higher than those obtained by clonogenic assay, but both assays 

indicatedd a high radioresistance of the glioma cell lines (SF 2 MTT assay > 0.95, SF2 

clonogenicc assay 0.61-0.72). These results confirm data by Ramsay et al. (1992) who showed 

SF22 values for 13 glioma cell line of 0.63 (MTT assay) and 0.47 (clonogenic assay). Late 

passagee cell lines represent an even further selection as a result of further genetic changes. 

Accordingg to Taghian et al. (1993) late passage glioma cell lines did not display a different 

radiosensitivityy when compared to early passage cell lines. 

Anotherr culture model used, are OMS which are not selected for immortality. OMS maintain 

orginall  tumour heterogeneity and tumour architecture including tumour vessels and 

extracellularr matrix (Bjerkvig et al., 1990). These OMS which are subcultured from fresh 

surgicall  tumour material, were shown to be very radioresistant (Kaaijk et al., 1997): 

hypofractionatedd radiation of 40 Gy in 8 fractions of 5 Gy resulted in a significant decrease in 

celll  proliferation but no histological damage and even OMS which were treated with 50 Gy 

singlee dose did not show major histological damage. 

Inn our hands OMS behaviour varied widely (data not shown). Not all tumour biopsies gave 

risee to suitable OMS and large differences were also observed in growth rate, which may be 
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dependentt on the differences in initial genetic changes in these cells, which led to malignancy 

(c.f.(c.f. Hanahan&Weinberg, 2000). 

Anotherr model system is the cell line spheroid. These have the advantage that they are 

relativelyy easy to obtain and to maintain in culture compared to OMS. They lack the cellular 

heterogeneityy of the OMS as they are derived from a single immortal cell line, but several 

studiess have shown that these cell line spheroids still have some characteristics of the original 

tumour,, which include aspects of tumour morphology and behaviour (Desoize et al., 1998. 

Santinii  et al., 1999). In cell line spheroids, as in OMS, cell-cell-contact, variation in cell cycle 

distribution,, diffusion effects, altered metabolism and hypoxia are presumed to influence the 

outcomee of radiation treatment (Olive&Durand 1994). And as such they resemble the in vivo 

situation. . 

Inn this study we used both monolayer cultures and spheroids cultures to determine 

radiosensitivityy and the effect of gemcitabine on Gli-6 cells. The SF2 value for radiation alone 

inn confluent monolayer cultures ) observed in this study differs a bit from the 

previouslyy published SF2 value (0.61) by Fehlauer et al., (2000), maybe as a result of the 

increasedd passage number and the genetic changes connected with this increase. 

Thee comparison between monolayer cultures and spheroid cultures was based on a growth 

delayy assay. Growth delay is the function of both surviving cells and regrowth rate and it 

reflectss both radiosensitivity and radiocurability. In this study "small" Gli-6 spheroids (0 

250-4000 uM) were found to be substantially more resistant to radiation than the monolayer 

cultures,, with a DMF of 2.5. This is probably due to factors characteristic for spheroids as e.g. 

presencee of hypoxic cells and a high proportion of non-proliferating cells (table 1; 

Olive&Durandd 1994. Dertinger&Hulser 1981). Since hypoxia was first observed by 

Sutherlandd and Durand (1973), it has been observed in many types of spheriods (reviewed by 

Gorlachh & Acker 1994). As hypoxia is thought to be a major factor responsible for 

radioresistancee of tumor cells (Sutherland 1998). it is assumed that hypoxic regions in 

spheroidss influence effects of radiation. "Radiobiological" hypoxia was observed in older 

studiess (Durand &Biaglow 1977: Biaglow et al.. 1983). However in more recent studies the 

correlationn between radioresistance and hypoxia was not evident (Gorlach & Acker 1994. 

Sminiaa et al., 2003. Buffa et al.. 2001), suggesting that other factors like cell-cell contact and 

thee fraction of non-proliferating cells might play a more important role in radiation outcome. 

Ass spheroids grow the number of proliferating cells decreases and the number o\' quiescent 

celll  increases. Proliferation becomes limited to the outer rim of the spheroid (Carlson et al., 

1983.. Sutherland 1988. Nirmala et al.. 2001). 
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Mostt studies on the effect of gemcitabine use monolayer cell cultures. However, Smitskamp-

Wilmss et al. (1998) found that gemcitabine was far less effective in human colon tumour cell 

liness when these were grown as multiple layers, than when they were cultured as 

exponentiallyy growing monolayers. Our results show that spheroids are indeed rather resistant 

too gemcitabine. This is probably caused by the fact that spheroids contain more cells in 

insensitivee cell cycle phases and moreover the effect of gemcitabine in spheroids may be 

diffusionn limited. The results of Neshateh-Riz et al. (1997) with radiolabelled deoxyuridine 

('~'1udR)) support this view. These authors show a decreased incorporation of  1_5IudR in 

gliomaa spheriods as the spheriod size increases. Maximal incorporation was observed at the 

proliferatingg outer rim, while the incorporation decreased with depth. 

Thee mechanism of radiosensitisation or radioenhancement by gemcitabine is studied by many 

authors.. Its radiosensitisation has been associated with redistribution of cells into S phase and 

depletionn of the deoxynucleotide triphosphate pools (Lawrence et al., 1997, Van Bree et al., 

2002).. In the present study, exposure of exponentially growing Gli-6 cells to 10 nM 

gemcitabinee for 24 hours produced minimal cytotoxicity but significant radioenhancement 

wass observed. Gemcitabine induced radiosensitisation in exponentially growing cells and 

smalll  spheroids (0 250-400 |aM) at concentrations of 10 and 100 nM respectively. 

Radiosensitisationn did not occur in confluent cell cultures and large spheroids (0 400-500 

uM).. The difference in volume between the small and large spheroids used in this study is not 

large,, about a factor of two. Still a large difference in response is observed. This suggests the 

existencee of a 'critical' size (above approximately 0 400 urn), beyond which apparantly 

changess in cell cycle distribution, drug and nutrient diffusion significantly alter the response. 

Thee findings reported above supports the view that cell cycle distribution of cells is important 

inn radiosensitisation by gemcitabine (Latz et al.. 1998). The fact that the cytotoxic action of 

gemcitabinee is largely S-phase dependent may explain the observation that no clinical benefit 

wass observed in the two phase II clinical trials mentioned earlier (Gertler et al., 2000, Weller 

ett al., 2001). It is very likely that the glioblastoma tumours in situ have a large population of 

nonn proliferating cells. GO and Gl cells (cf. Barendsen et al.. 2001). This wil l severely 

hamperr the direct cytotoxic action as well as radiosensitisation of gemcitabine. 

Inn summary, we showed that gemcitabine can enhance the effects of irradiation in both 

exponentiallyy growing cell monolayers as well as in small spheroids. In confluent monolayer 

culturess and large spheroids no enhancement of radiation effects was observed and this 

stronglyy supports the view that cell cycle distribution of cells is important in radiosensitisation 

101 1 



ChapterChapter 4 

byy gemcitabine. The results presented in this study also have clinical implications. The cell 

cyclee dependency of gemcitabine obviously reduces the effectiveness of this drug in tumours 

withh a large population of non-proliferating cells. The optimal cytotoxic effect of gemcitabine 

wil ll  be achieved in rapidly growing tumours, for example in glioma tumours after 

"debulking""  surgery, where it is known that local recurrencies grow rapidly. 
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Sensitivih-Sensitivih- to radiation and chemotherapeutic agents in dFdC-resistant tumor lines 

Abstrac t t 

Purpose:: To determine cross-resistance to anti-tumor treatments in 2\2,difluorodeoxycytidine 

(dFdC,, Gemcitabine) resistant human tumor cells. 

Materialss and methods: Human lung carcinoma cells SW-1573 (SWp) were made resistant to 

dFdCC (SWg). Sensitivity to cisplatin (cDDP), paciitaxel, 5-fluorouracil (5-FU). methotrexate 

(MTX) ,, cytarabine (ara-C) and dFdC was measured by a proliferation assay. Radiosensitivity 

andd radioenhancement by dFdC of this cell panel and the human ovarian carcinoma cell line 

A27800 and its dFdC-resistant variant AG6000 were determined by clonogenic assay. 

Bivariatee floweytometry was performed to study cell cycle changes. 

Results:: In the SWg a complete dCK-deficiency was found on mRNA and protein level. This 

wass accompanied by a 10-fold decrease in dCK-activity which resulted in the > 1000-fold 

resistancee to dFdC. Sensitivity to other anti-tumor drugs was not altered, except for ara-C 

(>> 100-fold resistance). Radiosensitivity was not altered in the dFdC-resistant cell lines SWg 

andd AG6000. High concentrations (50-100 uM dFdC) induced radioenhancement in the 

dFdC-resistantt cell lines similar to the radioenhancement obtained at lower concentrations (10 

nMM dFdC) in the parental lines. An early S phase arrest was found in all cell lines after dFdC-

treatmentt where radioenhancement was achieved. 

Conclusions:: In the dFdC-resistant lung tumor cell line SWg, the deficiency in dCK is related 

too the resistance to dFdC and ara-C. No cross-resistance was observed to other anti-tumor 

drugss used for the treatment in lung cancer. Sensitivity to ionizing radiation was not altered in 

twoo different dFdC-resistant cell lines. Resistance to dFdC does not eliminate the ability of 

dFdCC to sensitize cells to radiation. 
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Introduction n 

Difluorodeoxycytidinee (dFdC, Gemcitabine) is a deoxycytidinc analogue with clinical activity 

inn non-small cell lung cancer (NSCLC) and pancreatic cancer (Fosella et al., 1997. Storniolo 

ett al., 1999. Manegold et al.. 2000). It requires phosphorylation to its active metabolites. 

dFdC-diphosphatee (dF-dCDP) and dFdC-triphosphate (dF-dCTP). with the initial 

phosphorylationn by deoxycytidinc kinase (dCK) being the rate-limiting step (Heinemann et 

al... 1992, Shewach et a l. 1994). The dF-dCTP inhibits ribonucleotide reductase which 

regulatess the production of deoxynucleotides necessary for DNA synthesis and repair 

(Plunkcttt et al., 1995). The depletion of the deoxynucleotides leads to an increased 

incorporationn of the dF-dCTP into DNA blocking DNA synthesis (masked chain termination; 

Plunkettt et al., 1995). After incorporation of the dF-dCTP into the DNA an increase in the 

numberr of DNA single-strand breaks, chromosome breaks and micronuclei has been observed 

(Auerett al., 1997). 

Bothh in vitro and in vivo studies have shown that dFdC is a potent radioenhancer {Shewach et 

al.,, 1994,Rockwell&Grindey, 1992, Latz et al., 1998, Milas et al., 1999, Gregoire et a l, 1999, 

Ostruzka&Shewach,, 2000, Van Putten et al., 2001). However, in an early study in non-small 

celll  lung cancer patients, concurrent dFdC and radiotherapy resulted in unacceptable toxicity 

relatedd to the large volume of radiation delivered to the lung (Scalliet et al., 1998). More 

recentt ongoing phase I trials show that concurrent dFdC at lower doses and radiotherapy is 

feasiblee without severe pulmonary toxicity (Manegold et al., 2000, Blackstock et al., 2001). 

Itss unique mechanism of action, its lack of overlapping toxicity and its favorable toxicity 

profilee define dFdC as an ideal candidate for combination therapy (Manegold et al., 2000). 

Currentlyy many randomized studies are ongoing in which gemcitabine is combined with 

radiotherapy.. Our department is involved in a randomized phase III trial comparing induction 

chemotherapyy with dFdC and cisplatin to daily low dose cisplatin combined with high dose 

radiotherapyy in patients with inoperable NSCLC stage I, II and (low volume) III (FORTC 

08972-22973;; study-coordinators dr. L. Uitterhoeve. dr. J.S.A. Bclderbos. N, van Zandwijk). 

Becausee many of these patients wil l suffer from recurrencies, more experimental data are 

requiredd on how these patients, treated with dFdC and possibly dFdC-resistant, might be 

treatedd in the future. It has been reported for cDDP-resistant cell lines that cross-resistance to 

radiationn may occur (Twentyman et al., 1991, Britten et al.. 1992. Groen et al.. 1995. Wilkins 

ett al.. 1996. Raaphorst et al., 1996). Recently it was reported that in AG6000. a 30.000 fold 

dFdC-resistantt variant of the human ovarian carcinoma cell line A2780. with a complete 
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dCK-deficiency.. has an altered sensitivity to several other antineoplastic agents (Ruiz van 

Haperenn et al., 1994, Bergman et al., 2000). At present there is no information on cross-

resistancee to other antineoplastic agents of dFdC-resistant human lung cancer cells. 

Furthermoree it is not known whether dFdC-resistance can alter the radiosensitivity of human 

tumorr cells. 

Too support future clinical decisions with experimental data, a dFdC-resistant human lung 

tumorr cell line was developed. In this report this cell line is characterized with respect to its 

resistancee to dFdC. The effects of dFdC-resistance on the sensitivity to other anti-tumor 

modalitiess (including radiation, cDDP and paclitaxel which are frequently used in the 

treatmentt of lung cancer) are compared in human lung tumor cells and in the previously 

describedd human ovarian tumor cells. 
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Materialss and methods 

Material s s 

Leibovitz-155 medium (L-15), Dulbecco's Modified Eagle's Medium (DMEM), penicillin, 

streptomycinn and glutamine were purchased from Life Technologies (Paisley, Scotland), 

PlatosinH,, (cis-diamminedichloroplatinum II, cDDP) and Emthexate PF (methotrexate. MTX) 

fromm Phannachemie (Haarlem, The Netherlands), Fluorouracil-TEVA (5-ftuorouracil, 5-FU) 

fromm TEVA Pharma BV (Mijdrecht. The Netherlands), Taxoll (paclitaxel) from Bristol 

Myerss Squibb BV (Woerden, The Netherlands), CytosarCR,1 (1-P-D-arabinofuranosylcytosine, 

ara-C)) from Pharmacia Upjohn (Woerden, The Netherlands), cell proliferation kit II (XTT-

assay)) from Roche {Mannheim, Germany). Gemzar® (Gemcitabine, 2\2'-

difluorodeoxycytidine,, dFdC) was kindly provided by Eli Lill y inc. (Indianapolis. IN, USA). 

Alll  other chemicals were of analytical grade and commercially available. 

Celll  lines 

Thee human squamous lung carcinoma cell line SW-1573 was grown as a monolayer in L-15 

mediumm supplemented with 10% heat-inactivated fetal bovine serum (FBS) and penicillin, 

streptomycinn and glutamine at 37°C without additional C02. The human ovarian carcinoma 

celll  line A2780 and its dFdC-resistant variant AG6000 have been described elsewhere (Ruiz 

vann Haperen et al., 1994). Cells were grown as monolayers in DMEM supplemented with 5% 

heat-inactivatedd FBS and with penicillin, streptomycin and glutamine at 37°C at 5% C02. All 

celll  lines were passaged twice weekly to ensure exponential growth. 

Inductionn of dFdC-resistance in SW-1573 cells 

Thee sensitivity of "parental" SW-1573 (SWp) cells to dFdC was determined by proliferation 

assayy (see below). SWp cells were subcultured twice a week to ensure exponential growth and 

weree continuously exposed to dFdC. Exposure to dFdC was initiated at 1/3 of the IC50-value 

(drug-concentrationn needed to inhibit cell proliferation to 50%) which was elevated every two 

weekss when cell growth was not affected. The sensitivity to dFdC was determined each 

month.. After approximately 9 months resistance was observed and this variant was designated 

SWgg (final concentration of dFdC for selection was 4 uM). To test whether the resistance was 

stablee SWg cells were cultured in the presence (SWg+) and absence (SWg-) of dFdC for more 

thann 3 months. 
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Deoxycytidinee kinase (dCK)-mRNA analysis by polymerase chain reaction (PCR) 

Totall  RNA was isolated from each of the cell lines (at least 10 cells per sample) as described 

(Rotss et al., 2000) and reverse transcribed to yield cDNA. Primers for the full-length dCK 

(Ruizz van Haperen et al., 1994) and for a smaller encoding region for B-actin were used. The 

PCRR was carried out in a reaction mixture containing PCR buffer (lx) 2.5 mM MgCb, 0.20 

mMM of each of the four dcoxyribonuclcosidc triphosphates, 5 ng/ul of each primer and 1 unit 

off  Taq-polymerase (Perkin Elmer Cetus, Norwalk, CT). The amplification protocol consisted 

off  denaturation for 7 min at 95°C followed by 35 cycles of 1 min at 95°C, 1 min at 58°C and 

1.00 min at 72°C. PCR products were electrophoresed on a 1% agarose gel with human P-actin 

ass a positive control. 

Westernn Blots 

Wholee cell proteins (30 pg) were electrophoresed on 12.5% SDS-polyacrylamide gels and by 

electroblottingg transferred to nitrocellulose membranes (Hybond ECL membranes, 

Amersham,, Buckinghamshire, England). Blots were blocked overnight in blocking buffer (5% 

Bovinee Serum Albumin in Tris Buffered Saline with 0.1% Tween 20; TBST buffer). Rabbit 

anti-humann dCK polyclonal antibody (1:5,000; 1 hr at room temperature) and goat anti-rabbit 

secondaryy antibody conjugated to horseradish peroxidase (1:40,000; 1 hr at room 

temperature)) were used for Western blot (Hatzis et al., 1998). Blots were developed using the 

ECLL Western blot detection kit (Amersham, Buckinghamshire, England). To identify the 

identityy of the dCK band, purified recombinant dCK (10 ng), AG6000 cells lacking dCK 

activityy (Ruiz van Haperen et al., 1994) and parental A2780 ovarian cancer cells were also 

testedd on every blot. 

dCKK  and Thymidin e kinase (TK ) activity 

dCKK was determined essentially as described previously (Bergman et al., 1999). In order to 

measuree dCK selectively and bypass thymidine kinase 2 (TK2) mediated phosphorylation of 

deoxycytidine,, we used [8-3H]-2-chlorodeoxyadenosine (H-CdA) as the substrate 

(Spasokoukotskajaa et al., 1995) which is not activated by TK2. Cell pellets were suspended in 

assayy buffer (50 mM Tris-HCl pH 7.6, and 2 mM dithiothreitol) and sonificated. Twenty-five 

pii  of appropriately diluted supernatant (protein range: 20-100 ug per assay) was added to a 

reactionn mixture (50 pi total volume) containing (final concentrations) 50 pM H-CdA (0.16 

uCi/nmol),, 50 mM TRIS-HC1 pH 7.6, 2 mM DTT, 5 mM MgCl2, 5 mM ATP and 10 mM 
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sodiumm fluoride. After incubation (15 and 30 min) the reaction was terminated by heating (3 

minn at 95°). The substrate and the product, 2-chlorodeoxyadenosine monophosphate 

(CdAMP),, were separated by thin layer chromatography on PEI cellulose using H2O after 

whichh radioactivity was measured. Protein concentrations were measured using the standard 

Bioradd Bradford assay. 

TK11 and TK2 activities were determined as described for dCK using 10,000 g supernatants, 

preparedd with cold TK buffer (50 111M Tris-HCl, 1 mM EDTA, pH 7.4). To 25 ul substrate 

solutionn (21.9 uM  14C-TdR, final specific activity 1.8 Ci/mmol; 20 mM ATP; 10 mM MgCb_; 10 

mMM Tris; 200 uM EDTA ) 25 ul enzyme containing supernatant or 10 ul 50 mM dCTP (an 

excesss inhibiting TK2 but not TK1, Munch-Petersen et al., 1991) and 15 ul enzyme were added, 

andd incubated at 37°C. The reaction was stopped by heating the mixture at 95°C for 3 min, 

followedd by the addition of 10 ul 5 mM TdR, 5 mM thymine. Substrate (TdR) and product 

(TMP)) were separated by thin layer chromatography on PEI cellulose layers, with distilled water 

ass eluent. Radioactivity was estimated as described for the dCK enzyme assay. 

Proliferatio nn assay for  drug-sensitivity 

SWpp and SWg cells were plated in 96-wells plates (50 ul cell suspension, 3000 cells per 

well),, 24 hours later followed by 50 ul of the drugs. After an exposure of 48 hours, the 

numberr of living cells was determined by a proliferation XTT-assay (Roche Molecular 

Biochemicals,, Mannheim, Germany; linearity range absorbance [A492nm-A690nm]: 0.5-2.5; 

minimall  detection limit is approximately 5000 cells per well). In short, 50 ul of the substrate 

(sodiumm 3,-[l-(phenylaminocarbonyl)-3.4-tetrazolium]-bis (4-methoxy-6-nitro) benzene 

sulfonicc acid hydrate) was added and incubated for 4 hours at 37°C. The substrate is 

convertedd into an orange formazan dye only in metabolically active cells. The formazan dye is 

solublee in aqueous solutions and can be measured by spectrophotometer. Growth inhibition 

curvess were prepared by the relative growth based on the optical densities of treated and 

controll  wells from which lC50-values were derived. Differences in lC-50-values were 

analyzedd by two-tailed Student T-test assuming equal or unequal variances. 

Clonogenicc assay for  radiosensitivity 

Cellss were plated in 6 cm Petri dishes (500000 cells in 4 ml culture medium). dFdC was 

addedd from a freshly prepared 100* solution in culture medium at 24 hours after plating when 

cellss were in exponential growth. After a 24 hour exposure to dFdC the cells were irradiated 
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withh y-rays from a ' Cs source, yielding a dose rate of about 0.8 Gy/min. At the time of 

irradiation,, control cells were still in log phase. Subsequently, the cells were harvested, 

countedd with a Coulter counter and replated in appropriate dilutions in 6-well macroplates. 

Eightt to ten days after inoculation colonies were fixed in 6% glutaraldehyde and stained with 

0.05%% crystal violet. Colonies of 50 cells or more were scored as originating from a single 

clonogenicc cell. Average plating efficiencies ) of SWp. SWg, A2780 and AG6000 were 

,, , 4 and 3 respectively. Surviving fractions (S(D)/S(0)) 

afterr dose (D) were corrected for the toxicity of dFdC alone (S(0)) and survival curves were 

analyzedd using SPSS (Chicago, IL. USA) statistical software by means of a fit of the data by a 

weighted,, stratified, linear regression, according to the linear-quadratic formula: S(D)/S(0)= 

exp-(aD+pD2). . 

Flowcytometricc analysis of cell cycle distributio n 

Cellss were plated and treated similar to the clonogenic assays described above. At different 

time-intervalss after addition of dFdC, bromodeoxyuridine (BrdUrd) was administered from a 

lOOxx stock-solution to a concentration of 10 uM in the Petri dishes. After 2 hours the cells 

weree harvested, fixated in 70% ethanol in phosphate buffered saline (PBS) and stored at -20°C 

untill  immunofluorescent staining. Ethanol-fixated cells were centrifuged (1 min, 2200 rpm), 

resuspendedd in 1 ml pepsin solution (0.4 mg/ml 0.1N HC1) and incubated for 30 min at room 

temperature.. Subsequently, the DNA was denatured by a 30 min incubation in 1 ml 2N HCI at 

37UC.. After washing with PBTb (PBS, Tween-20 0.05% v/v, bovine serum albumin (Sigma) 

200 mg/ml, pH 7.4), the pellet was resuspended in 0.1 ml rat-anti-bromodeoxyuridine (Harlan 

Sera-Labb Ltd., Loughborough. UK, diluted 1:100 in PBTb) and incubated at room 

temperaturee for 30 min. After washing with PBTg (PBS, Tween-20 0.05% v/v, normal goat 

serumm (Dako, Glostrup, Denmark) 1% v/v, pH 7.4), the pellet was resuspended with 0.1 ml 

FITC-conjugatedd goat-anti-rat IgG (Jackson ImmunoResearch Laboratories inc.. West Grove. 

PA,, USA, diluted 1:100 in PBTg) and incubated at room temperature in the dark for 30 min. 

Propidium-iodinee and ethanol were added to an end-concentration of 1 ug/ml and 30% 

respectively.. Samples were stored at 4"C until flowcytometric analysis. Samples were 

syringedd through a 21 gauge needle to reduce cell aggregation before flowcytometry 

(FACScann cytometer, Becton Dickinson, San Jose. CA. USA). 
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Results s 

Too determine whether dFdC-resistance in NSCLC would affect radiosensitivity we induced 

resistancee in SW-1573 cells. During the first 6 months of selection with increasing 

concentrationss of dFdC' the sensitivity to dFdC was not significantly altered. After 

approximatelyy 9 months of twice weekly subculturing a culture of more than 1000-fold dFdC-

resistancee was obtained. To establish whether the observed resistance was genetically stable 

thee obtained dFdC-resistant variant (SWg) was cultured for more than 3 months in the 

presencee (SWg+) and absence (SWg-) of dFdC. 

Inn Figure I the expression of the dCK gene is shown in dFdC-sensitive cells and their 

resistantt variants. Both in SWg+ cells and in SWg- cells the lack of signal of the dCK. gene 

indicatess that the gene is damaged. In contrast to the dFdC-resistant variant AG6000 we did 

notnot find an additional 500 bp transcript indicating that the gene is completely lost. The 

expressionn of the dCK gene is normal in the dFdC-sensitivc SWp and A2780 cells. 

o o o o 
OO O + i 
f  CD Q. O) U) 

~~ % 5 5 § 
<< < in «/> v) 

66 dCK B dCK 6 dCK B dCK & dCK 

-«-7011 bp 
mmmm M — 532 bp 

Fig.. 1: Expression of deoxycytidine kinase (dCKl mRNA in dFdC-resistant cell lines. The blot shows bands (701 bp) 
forr dCK in A2780 and SWp cells using primers encoding full-length dCK (21). In SWg+ and SWg- this band was 
nott detectable. In AG6000 an additional 500 bp band was found. For p-actin primers encoding for a 532 bp band 
weree used (23). Negative controls and 100 bp marker were included. 

Too verify that this lack of gene expression is translated into a lack of dCK. protein. Western 

blottingg was performed as shown in Figure 2. Whereas a signal was found in the SWp cells at 

thee 30 kDa region where dCK should be present, no signal could be detected in the SWg+ and 

SWg-- cells. In agreement with this finding we found an approximately 10-fold lower enzyme 

activityy for dCK in both the SWĝ  and in the SWg- cells as compared to that in the SWp cells 
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(dCK-activityy in nmol hr*10" cells for SWp: , SWg+: . SWg-: 

,, *i s significantly different from SWp. PO.001). The activity of TK was not 

significantlyy altered in the dFdC-resistant lung cancer cells (TKtotai-activity in nmol,'hr*10 

cellss for SWp: 2.38, SWg+: 4.42. SWg-: 3.63). Based on these results it was concluded that 

thee dFdC-resistant variant was stable and the following experiments were performed in the 

SWg-. . 

SWpp SWg+ SWK- dCK-

3 0 k D a^ ^ 

Fig.. 2. Western blot analysis of deoxycytidine kinase (dCK)-levels (30 kDa) in dFdC-sensitive (SWp) and dFdC-
rcsistantt human lung carcinoma cells (SWg+. cultured with dFdC, SWg- cultured without dFdC). As a positive 
controll  the recombinant fusion protein dCK-his was included, which has a slightly higher molecular weight. 

Inn Table 1 the IC50-values of the SWp and SWg for several chemotherapeutic agents are 

shown.. Besides resistance to dFdC, cross-resistance was observed to ara-C but not to cDDP, 

paclitaxel.. 5-FU or MTX. Radiation dose survival curves were analyzed using the linear-

quadraticc (LQ) formula which has been applied to study the effectiveness of sensitizing and 

protectingg agents. Sensitivity to ionizing radiation was not significantly altered in the SWg 

celll  line with respect to the low dose region described by the rx-value of the LQ model (Fig. 

3,, Table 2). An increase in survival was observed in the high dose region which was reflected 

byy a slightly lower P-value of the LQ formula. To ascertain that the low dose region, which is 

mostt important in radiotherapy, was not affected by dFdC-resistance, the human ovarian 

carcinomaa cell line A2780 and its dFdC-resistant variant AG6000 were also examined. 

Becausee the P-value of these cell lines is not significantly different from zero and the a-value 

iss high, cross-resistance to ionizing radiation would supposedly result in a lower a-value. It is 

clearr that dFdC-resistance did not significantly alter radiosensitivity in the latter cell panel 

(Fig.. 3, Table 2). 
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Tablee 1. IC50-values for several chemotherapeutic drugs 
off  dFdC-sensitive SWp and A2780 and dFdC-resistant SWg and AG6000 cells 

SWp p 

SWg g 

RF F 

A2780* * 

AG6000* * 

RF* * 

dFdC C 

nM M 

0 0 

188429Ü03656 6 

1406f f 

0 0 

0 0 

23380' ' 

ara-C C 

uM M 

3 3 

5 5 

150+ + 

M M 

4 4 

9643' ' 

cDDP P 

uM M 

8 8 

7 7 

1.0ns s 

8 8 

0 0 

2.3ns s 

paclitaxel l 

nM M 

0 0 

1 1 

1.6ns s 

2 2 

3 3 

4.41 1 

5-FU U 

uM M 

4 4 

7 7 

1.0ns s 

2 2 

1 1 

1.6ns s 

MTX X 

nM M 

l l 

8 8 

1.2ns s 

15.5Ü.2 2 

7 7 

0.41 1 

IC500 is the drug concentration required to reduce cell proliferation with 50%; RF is the 
resistancee factor, based on the ratios between IC50s; ns is not significant, significant 
differencee with +P<0.05, *P<0.01, "PO.001, average with standard errors are given of at least 
33 separate experiments, *data from ref Bergman et al., 2000. 

Radiationn dose, Gy 

Fig.. 3. Radiation dose survival curves for dFdC-sensitive SWp and A2780 cells and for their resistant variants 
SWgg and AG6000. Means with standard errors of at least four separate experiments are shown. 

Too assess radioenhancement, both cytotoxic and non-cytotoxic dFdC-treatments were studied 

inn all cell lines. Radioenhancement was observed in dFdC-sensitive as well as in resistant 

cellss after dFdC-treatments resulting in similar cytotoxicity (Figure 4). Both dFdC-sensitive 

celll  lines SWp and A2780 are sensitized by incubation with 10 nM of dFdC for 24 h prior to 

irradiation.. This sensitization was described by an increase in the a-value while ^-values are 
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notnot significantly altered (Table 2). Higher concentrations of dFdC are required to sensitize 

dFdC-resistantt SWg and AG6000 cells to irradiation. For the SWg cells the 

radioenhancementt was reflected by an increase in p. while in the AG6000 only the a-value 

wass increased. It was noted in the human ovarian cancer cell lines that dFdC could not 

sensitizee cells to a radiation dose of 6 Gy. 

« « 

EZ Z 
O O 

o o 
roio-roio-11--
u>u> : 
c c 

> > 
J V^ ^ 

io-3--

'̂ 1^ \ \ 

Vs s 

,, OnMdFdC 
-- SWp. 10nMdFdC 

ii i i > 

"\ N N 
A A 

, , 
22 4 6 

Radiationn dose, Gy 

100 : 

,, OnMdFdC 

r-- A2780, 2nMdFdC 

»--- A2780, 10nMdFdC 

22 4 6 

Radiationn dose, Gy 

100 -

10 0 

- o - S W g , 0 u M d F d C C 

- V -- SWg, 10pMdFdC 

- O -- SWg, 100pMdFdC 

22 4 6 

Radiationn dose, Gy 

-AG6000,, OpMdFdC 

- V -- AG6000, 20| jMdFdC 

-- AG6000, 50pMdFdC 

22 4 6 

Radiationn dose, Gy 

Fig.. 4. Radioenhancement by 24 h-incubations with different concentrations of dFdC in dFdC-sensitive SWp and 
A27800 cells and in dFdC-resistant SWg and AG6000 cells. Surviving fraction corrected for the toxicity of dFdC 
alonee (SWp lunM: : SWg 10u.M: 0.95=0.03. IOOUM: ; A2780 2 n.M: 0.82=0.08. 10 nM: 

;; AG6000 20uM: 0.62=0.07. 50uM: 0.22=0.04) is plotted against radiation dose. Means with standard 
errorss of at least three separate experiments are shown. 
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Tablee 2. Values of the linear-quadratic parameters a and p from sham-treated and 
dFdC-sensitizedd radiation dose survival curves {Fig. 4) of dFdC-sensitive (SWp and A2780) 

andd dFdC-resistant {SWg and AG6000) cells. 

Cells s 

SWp p 

SWg g 

A2780 0 

AG6000 0 

Treatment t 

sham m 

lOnMdFdC C 

sham m 

lOOuMdFdC C 

sham m 

lOnMdFdC C 

sham m 

50uMM dFdC 

a.. Gy"1 

3 3 

* * 

2 2 

3 3 

0 0 

* * 

3 3 
+ + 

P.. Gy 2 

8 8 

7 7 

6 6 
f f 

na a 

na a 

na a 

na a 

significantt difference with P<0.01, P<0.05, na is not applicable. 

Inn order to investigate the role of cell cycle disturbances in radioenhancement we also 

investigatedd the effect of dFdC in relation to radioenhancement (Figure 5). Both in dFdC-

sensitivee and in dFdC-resistant cells a marked S phase arrest was observed at dFdC-

concentrationss where radioenhancement was achieved. Interestingly, dFdC-exposure resulted 

inn a large population of "non-BrdUrd labeled S phase cells''1 in the SWg cell line. 

120 0 



SensitivitySensitivity to radiation and chemotherapeutic agents in dFdL'-resistant tumor lines 

SWn.. control 

S S 

êFêF0, 0, G2/ / 

M M 

SWe.. IOOUM 

Fig.. 5. Bivariate flowcytometry with propidium iodide-fluorescence indicating the amount of DNA on the X-axis 
andd FITC-fluorescence indicating BrdUrd-incorporation on the Y-axis. Representative examples of 
radioenhancingg treatment with dFdC and controls are shown for dFdC-sensitive SWp and A2780 and dFdC-
resistantt SWg and AG6000 cells. Populations in G0/G1 phase. S phase and G2/M phase of the cell cycle are 
indicatedd in the top left panel. 
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Discussion n 

Becausee dFdC is currently one of the most widely used drugs in the treatment of NSCLC we 

investigatedd whether dFdC-resistance would be associated with cross-resistance to radiation 

orr reduce radioenhancement. Therefore we induced dFdC-resistance in a NSCLC cell line. 

Resistancee to dFdC is considered to be multifactorial since the metabolism of the drug and its 

mechanismm of self-potentiation is quite complicated (Peters et al., 1996). Yet dCK which 

catalyzess the first step in the activation of dFdC in the cell, is known to be involved in the in 

vitrovitro resistance to both dFdC and the structurally related ara-C (Ruiz van Haperen et al., 1994, 

Peterss et al., 1996). Therefore the newly developed dFdC-resistant variant of the human lung 

carcinomaa cell line SW-1573, designated SWg, was first characterized with respect to the 

functionalityy of dCK. The SWg cells showed no PCR-product of the dCK-mRNA in 

agreementt with other dFdC-resistant variants (Ruiz van Haperen et al.. 1994). Also on the 

proteinn level a complete deficiency of dCK was found, which was accompanied by a 10-fold 

reductionn in dCK-activity similar to other dFdC-resistant cells (Ruiz van Haperen et al., 1994, 

Bergmann et a l, 2000). 

Inn the dFdC-resistant variant AG6000, the deficiency in dCK resulted in cross-resistance not 

onlyy to ara-C which is also activated by dCK, but also to cDDP and taxoids (Bergman et al., 

2000)) both frequently used in the treatment of NSCLC. In the SWg cells reported here, dFdC-

resistancee was indeed associated with cross-resistance to ara-C. However, no altered 

sensitivityy was found in SWg cells for cDDP, paclitaxel, MTX and 5 FU, while AG6000 cells 

weree 2.5-fold more sensitive to MTX (Bergman et al., 2000). These results indicate that dCK-

deficiencyy only is not enough to induce cross-resistance to cDDP and paclitaxel. 

Despitee the clinical relevance no information is available on the radiosensitivity of dFdC-

resistantt cells. Therefore not only the newly developed dFdC-resistant human lung cancer 

cellss but also the dFdC-resistant AG6000 cells were investigated. To our knowledge this 

reportt is the first to describe that dFdC-resistance does not influence the sensitivity to ionizing 

radiation.. Although the p-value of the dFdC-resistant SWg cells was slightly lower than that 

off  SWp cells, the a-value which is dominant in most radiotherapy schedules was not 

significantlyy changed. The a-value was similar in the A2780 cells and its dFdC-resistant 

variantt AG6000. both lines are quite sensitive for irradiation as indicated by their high a-

value.. It has been reported for cDDP that resistance may result in lower radiosensitivity 

(Twentymann et al.. 1991. Britten et al.. 1992. Groen et al.. 1995. Wilkins et al.. 1996. 

Raaphorstt et al.. 1996). This was observed for irradiation with neutrons (Britten et al.. 1992) 
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andd with photons at low dose rate (Wilkins et al., 1996, Raaphorst et al., 1996) and high dose 

ratee (Twentyman et al.. 1991, Britten et al.. 1992. Groen et al., 1995). However, after high 

dosee rate irradiation also an increase in radiosensitivity (Wilkins et al., 1996) or an unaltered 

radiosensitivityy (Twentyman et al.. 1991) was found in cDDP-resistant variants. The effect of 

resistancee to both dFdC and cDDP on radiosensitivity needs further investigation. 

Severall  studies have shown that dFdC is a potent sensitizer of ionizing radiation ((Shewach et 

al.,, 1994,Rockwell&Grindey, 1992, Latz et al., 1998, Milas et al., 1999, Gregoire et al., 1999, 

Ostruzka&Shewach,, 2000. Van Putten et al., 2001). Among other proposed mechanisms of 

action,, the effect of dFdC on cell cycle distributions may be the most important (Latz et al., 

1998,, Milas et al., 1999, Ostruzka&Shewach, 2000, Van Putten et a l, 2001). In our data, both 

dFdC-sensitivee cell lines SWp and A2780 could be sensitized to irradiation when cytotoxic 

dFdC-treatmentss were given. The radioenhancement was accompanied by a clear arrest of 

cellss in early S phase which has been argued to be vital for dFdC-induced radioenhancement 

(Latzz et al., 1998). Both cell lines showed an increase in a-value, indicating the efficacy of 

dFdC-inducedd radioenhancement in the clinically relevant dose range. Our data do not 

providee information on possible biomolecular mechanisms involved in the enhancement of 

radiationn effects. 

Inn both cDDP-resistant and in cDDP-sensitive cells cDDP at equitoxic concentrations can 

inducee radioenhancement (Groen et al., 1995, Wilkins et al., 1996). Therefore, the dFdC-

resistantt cells SWg and AG6000 were treated with higher concentrations of dFdC resulting in 

approximatelyy the same cytotoxicity as the radioenhancing treatments for dFdC-sensitive 

cells.. Our data show that these higher dFdC-conccntrations were able to induce 

radioenhancement.. The activation of dFdC to its toxic metabolites in these dCK-deficient cell 

liness is probably the result of the unaltered activity of TK2. Radioenhancement in the 

AG60000 cells was quite similar to that in both dFdC-sensitive cell lines with respect to S 

phasee arrest and increase in the a-value. Remarkably in the SWg cells, radioenhancement was 

describedd by a higher {3-value while flowcytometry showed an S-phasc arrest but these S 

phasee cells did not incorporate BrdUrd. These cells are suggested to be dead or dying as 

reportedd for dFdC'-radioenhancement in human glioblastoma cells (Ostruska&Shewach. 

2000),, The differences in cell cycle effects were related to the differential increases of the 

linear-quadraticc parameters and suggest different mechanisms of radioenhancement. 

Inn conclusion, we have described a new dFdC-resistant human lung carcinoma cell line which 

iss not cross-resistant to cDDP or paclitaxcl. In this dFdC-resistant cell line as well as in a 

dFdC-resistantt human ovarian carcinoma cell line, the sensitivity to ionizing radiation was not 
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altered.. There is no experimental evidence that patients previously treated with dFdC are 

resistantt to treatment with radiation. cDDP or paclitaxel. 
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EffectsEffects of dFdC on sun'ival and chromosome aberrations after p-LDR irradiation 

Abstract t 

Thee radiosensitizing potential of gemcitabine (2',2'-difluoro-2'-deoxycytidine) was studied 

inn combination with pulsed low dose-rate irradiation. The experiments were carried out with a 

humann lung carcinoma cell line SW1573. These were irradiated at pulsed low dose rate (p-

LDR);; the average dose rate was 1 Gy/h. In the experiments with gemcitabine, this drug was 

appliedd for 24 h at a concentration of 10 nM prior to irradiation. The response of the cells to 

treatmentt was tested by using the standard clonogenic assay. Next to the cell-killing effects, 

damagee to chromosomes was also assayed by using by whole chromosome Fluorescent In 

Situu Hybridization (FISH). Damage in chromosomes 2 and 18 was visualized by whole 

chromosomee FISH and scored according to the PAINT method. 

AA clear enhancement of the effects of radiation on cell survival was observed by 

preincubationn of the cells with gemcitabine. The enhancement factor obtained from the p-

LDRR data was 1.7, which is much lower than the enhancement factor of 2.9 at high-dose rate. 

Wee did not observe a consistent increase in color junctions concomitant with 

radiosensitization.. In chromosome 2, a small increase, and in chromosome 18, a decrease, in 

thee number of color junctions was observed after radiation combined with gemcitabine 

comparedd to irradiation alone. These differences were not statistically significant. However, 

forr the (unstable) acentric chromosome fragments from both chromosomes, significant 

changess were observed: In the case of chromosome 2, an increase, and in the case of 

chromosomee 18, a decrease. So these results indicate that gemcitabine has no large and 

consistentt effect on the repair of genomic lesions that induce secondary chromosome breaks. 

Althoughh it is clear that gemcitabine-induced radiosensitization can be expected when it is 

combinedd with brachytherapy, as with radiation at a high-dose rate, the mechanism of 

radiosensitizationn is so far not evident, and further experiments wil l be needed to elucidate 

this. . 
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Introduction n 

Thee dose rate is a main factor that affects the biological response to radiation, notably in 

sparselyy ionizing types of radiation such as X-rays or y-rays. A reduction in the dose rate 

decreasess the biological effect because of the repair of sublethal damage that occurs during a 

longg radiation exposure. At a low dose rate (LDR). the characteristic shoulder observed in 

survivall  curves after a high-dose rate (HDR) disappears (Hall, 1972). The magnitude of the 

dosee rate effect varies considerably between different cells. The cell cycle effects of radiation 

mayy lead to an inverse dose rate effect (Mitchell et al., 1979). In some cells, proliferation 

duringg LDR irradiation further decreases the effects on survival. Mammalian cell survival 

curvess are presently often described using the linear-quadratic (LQ) formula: S(D)/S(0) = 

exp[-(aD+pD2)]]  (Barendsen, 1982, Barendsen, 1997, Takatsuji et al., 1999). The parameters 

aa (alpha) and p (beta) are assumed to reflect specific mechanisms of cell killin g by radiation. 

Thee linear term alpha dominates the response at low doses and the quadratic term beta plays a 

majorr role at high doses. Both a and p are influenced by potentially lethal damage (PLD) 

repair.. This indicates that repair of PLD can reduce lethal lesions as well as sublethal lesions 

(Barendsen,, 1997, Franken et al., 2001). When the dose rate is reduced, this results in a 

reductionn of the alpha and the beta component. Furthermore, when all sublethal damage can 

bee repaired during irradiation, because of the prolonged exposure at low dose rate, only the 

alphaa component determines the survival curve. 

Loww dose rate irradiation is used in the clinic in the form of brachytherapy, see e.g. Yamazaki 

ett al. (2003). During a brachytherapy session, radiation sources are placed in or close to 

tumors.. Because of the well localized positioning of the sources, an optimal dose distribution 

andd sparing of normal tissue can be obtained. Brachytherapy is used in the treatment of 

severall  malignancies including breast, prostate and cervical cancer. 

Gemcitabinee (2',2'-difluoro-2'-deoxycytidine or briefly dFdC) is a relatively new cytotoxic 

drugg with proven activity in a variety of solid tumors including pancreas and non small cell 

lungg cancer (Hertel et al., 1990). Gemcitabine is a deoxycytidine analogue, and for its anti-

tumorr activity, phosphorylation to an active triphosphate form is required (Heinemann et al.. 

1988).. To allow phosphorylation to take place, it is necessary that cells arc incubated some 

timee before combination with any other treatment. For Example, Haveman et al. (1995), used 

thee same cell line as in the present study, and they showed that 24 h after 10 nM gemcitabine 

thee maximum effect was obtained in combination with hyperthermia. Its working mechanism 
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iss multifactorial including inhibition of DNA synthesis, interference of the DNA replication 

byy incorporation into the DNA and depletion of the deoxynucleoside pools by inhibition of 

ribonucleotidee reductase (Plunkett et al., 1995, Ruiz van Haperen&Peters, 1994, Van Moorsel 

ett al., 2000). Gemcitabine is a potent radiosensitizer both in vivo and in vitro, but the 

mechanismm of radiosensitization is still not entirely clear (Rockwell&Grindey, 1992, Shewach 

ett al., 1994, Latz et al., 1998, Lawrence et al., 1996. Rosier et al., 1999). We have previously-

reportedd that the radiosensitizing effect of gemcitabine after HDR irradiation is mainly on the 

alphaa component of the radiation survival curves (Van Bree et al., 2002, Castro Kreder et al., 

2003).. This is also evident from other studies reporting radiosensitization after gemcitabine 

treatmentt for which we calculated the LQ parameters, alpha and beta, from the survival 

curvess (see table 1). The results confirm our previous finding that the influence of 

gemcitabinee on survival after HDR-irradiation is mainly on the alpha component. Since 

survivall  after low dose rate (LDR) irradiation is mainly governed by the a component we 

investigatedd the radiosensitizing potential of gemcitabine after LDR-irradiation. 

Chromosomee aberrations are often used to monitor radiation-induced damage to cells, under 

aa variety of experimental conditions, see, e.g., Ofuchi et al. (1999) and Ritter et al. (2002). 

Inn a recent report by Rosier et al. (2003), the authors state that radioenhancement by 

gemcitabinee was associated with a high frequency of cells with residual chromosome 

aberrations,, this based on the results with two different cell lines originating from human head 

andd neck squamous carcinoma. They suggest that this is due to an effect of gemcitabine on the 

repairr of genomic lesions inducing secondary chromosome breaks. These observations by 

Rosierr et al. (2003) are in contrast with our recent results at HDR (Castro Kreder et al., 2003). 

Wee observed a small but significant reduction in chromosome aberrations after combined 

gemcitabinee and HDR-irradiation. To further investigate this, we also studied the effect of 

gemcitabinee on the induction of color junctions, dicentric rings and acentric chromosome 

fragmentss after p-LDR-irradiation. 
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Materialss and Methods 

Celll  Cultur e 

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

(LI5 ;; GIBCO-BRL life technologies, Breda, The Netherlands) supplemented with 10 % fetal 

bovinee serum and 2 mM glutamine at 37°C with no COi. 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 (Costar Europe LTD, 

Badhoevedorp,, the Netherlands) and grown to near confluence before irradiation to minimize 

possiblee reverse dose rate effects and effects of proliferation during irradiation. Because of 

this,, the fraction of cells in S phase was reduced to 38  4 per cent compared to 58  4 per 

centt in exponentially growing cells. For sensitizing experiments, cells were incubated in 

mediumm containing 10 nM gemcitabine for 24 hours before irradiation, to ensure sufficient 

intracellularr phosphorylation of gemcitabine (Heinemann et al, 1988). As a result, cells 

becamee blocked in S phase; the fraction of cells in S phase after 24 h exposure was 77  3 per 

cent.. Immediately before the start of irradiation, medium containing gemcitabine was 

removed,, cells were washed two times with PBS and fresh medium was added. 

Irradiatio n n 

Irradiationss were performed with a Siemens Stabilipan '21 X-ray machine (Siemens, 

Germany).. Pulsed-LDR irradiations (p-LDR) were performed as described previously (Castro 

Krederr et al., 2002a). Briefly, for p-LDR the pulse dose was 0.1 Gy at 9.16 cGy/min, the 

restingg period between the pulses was 4 min 52 s; this resulted in a mean dose rate of 1 Gy h. 

Thee distance between focus and culture dish was 1.60 m and a 1 mm Cu- filter was used. 

Duringg irradiation cells were kept at 37"C in a waterbath. Dose output was checked once a 

monthh with a BF-vat detector and a Farmer electrometer. 

Clonogenicc assay 

Celll  survival was determined by clonogenic assay. In brief, directly after irradiation cells were 

trypsinizedd and replated in appropriate dilutions in six-well culture plates (Costar). Eight days 

laterr the colonies were fixated in 6 % glutaraldehyde and stained with 0.05 per cent crystal 

violet.. Colonies of 50 cells or more were scored as originating from a single clonogenic cell. 

Thee plating efficiency of SW-1573 cells was 89  12 %. After treatment of cells with 10 nM 

gemcitabinee for 24 h, the plating efficiency was slightly reduced to 72  13 %. 

134 4 



EffectsEffects of dFdC on swvival and chromosome aberrations after p-LDR irradiation 

Survivingg fractions {S(D)/S(0)) after dose D, corrected for toxicity of gemcitabine alone, were 

calculatedd and survival curves were analyzed using Graphpad Prism statistical software 

(Graphpadd Software Inc, San Diego, USA), The data were fitted to a pure exponential model 

usingg only the linear term: S(D)'S(0)=exp -{aD) 

Metaphasee slide preparation 

Forr metaphase slide preparation, SW1573 cells were plated in 100 mm culture dishes. 

Directlyy after p-LDR irradiation cells were transferred to 172 cm" tissue culture flasks. 

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

andd mitotic cells were shaken off. The mitotic cells were treated with hypotonic HC1 for 10 

minn at 37°C and subsequently washed and fixed in methanol/acetic acid (3:1). The cells were 

droppedd onto moist slides. 

Fluorescencee in situ hybridisation and Scoring of colour  junctions 

Directlyy labeled whole chromosome-specific probes (chromosome 2-Cy3 and chromosome 

18-FITC)) were obtained from Cambio (Cambridge, UK). Metaphase double staining was 

performedd with the method described by Pinkel et al. (1986) and Natarajan et al. (1992). 

Enhancementt of the FITC signal was achieved with a commercially available amplification 

kitt (Cambio). Metaphase slides were counterstained with DAPI (2.5 u.g/ml) in PBS and 

embeddedd in anti-fade solution (Vecta Shield, Vector Laboratories, Burlingame, CA, USA). 

Thee slides were examined using a fluorescence microscope (Ortholux; Leica, Weltzar, 

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

emissionn filter to detect FITC (519 nm). DAPI-stained metaphases were detected with a UV 

(3722 nm) emission filter (456 nm). A total of 300 to 600 metaphases from three different 

experimentss were scored for each dose and each chromosome. Aberrations were scored 

accordingg to the PAINT method (Tucker et al., 1995). The aberrations involving a painted 

chromosomee and an unpainted chromosome were scored as color junctions, but the stable 

(onee centromere) and the unstable aberrations (dicentrics etc.) were listed separately. Stable-

typee aberrations include translocations, deletions and insertions. Dicentrics and acentric 

fragmentss are examples of unstable aberrations. In general, stable type aberrations remain 

presentt in cells for several generations and correlate well with cell death, while unstable 

aberrationss lead to cell death within 1 to 2 generations (Coco-Martin et al., 1996). Since 

scoringg was performed in the first metaphase after irradiation both stable and unstable 
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aberrationss could be scored. The incidence of unstable aberrations (dicentrics etc.) in the 

numberr of colour junctions in our experiment was very small (less than 4 per cent). Fragments 

weree easily distinguished from colour junctions as they represent small pieces from a painted 

chromosomee with only one colour. 

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

cells.. These chromosomes were chosen for analysis because in control cultures no aberrations 

weree observed in these chromosomes. In total, SW-1573 cells contained 60 to 67 

chromosomes. . 

Thee dose-effect 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 D 

AA statistical analysis between the curves was performed with SPSS statistical software (SPSS 

9.011 for Windows, Chicago, Illinois, USA) using a stratified linear regression. 

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

alll  the chromosomes from 10 photographs of well-spread metaphases was measured, as 

describedd previously (Castro Kreder et al., 2002a). 
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Results s 

Linearr  Quadratic Parameters and radioenhancement induced by gemcitabine: 

Wee calculated the linear quadratic parameters a and (3 from previously published survival 

curvess in the literature concerning radiosensitization by gemcitabine (see table 1) according to 

thee method described by Barendsen {1982). 

Reference e 
Lawrencee et 
al.. (2001) 

Ostruszkaa & 
Shewach h 
(2000) ) 

Lawrencee el 
al.. (1996) 

Vann Bree et 
al.. (2002) 

Shewachh et 
al.. (1994) 

McGinnn et 
al.. (1996) 

Lawrencee et 
al.. (1997) 

Celll  Line 
HT29 9 

UMSCC-6 6 

A549 9 

L'251 1 

D54 4 

Panc-1 1 

BxPC-3 3 

SW-1573 3 

HT-29 9 

UMSCC-1 1 

MCF7-WT T 

MCF-PDR R 

SW620 0 

Cancerr type 
Humann colon 
cancer r 
Head&Neck k 
squamous s 
cancer r 
Lungg cancer 

Glioblastoma a 

Glioblastoma a 

Pancreatic c 
cancer r 

Pancreatic c 
cancer r 

Lunee cancer 

Humann colon 
cancer r 

Head&Neck k 
squamous s 
cancer r 
Breastt Cancer 

Breastt Cancer 
(pleiotropicc drug 
resistantt cells) 

Colonn cancer 

-- Gemcitabine 
uu 0.15 
[}}  0.04 
uu 0.27 
PP 0.02 

aa 0.19 
(33 0.03 
aa 0.20 
PP 0.05 

aa 0.15 
PP 0.05 

aa 0.16 
PP 0.05 

aa 0.03 
PP 0.043 

aa 0.10 
pp 0.30 
aa 0.08 
PP 0.045 

uu 0.22 
PP 0.03 

aa 0.03 
PP 0.097 

aa 0.01 
pp 0.053 

uu 0.14 
pp 0.07 

++ Gemcitabine 
a a 

P P 
a a 

P P 
a a 

P P 
a a 

P P 

a a 

P P 
a a 

P P 
a a 
P P 
a a 

P P 
a a 
P P 
a a 

P P 
a a 

P P 
a a 

P P 
a a 

P P 

a a 
P P 
a a 
P P 
a a 

P P 
a a 
P P 
a a 

P P 

0.400 (JO nM) 
0.03 3 
0.420.42 (10 nM) 
0.03 3 

OM(lOnM) OM(lOnM) 
0.03 3 
0.522 (10 nM) 
0.05 5 

0.266 (80 nM) 
0.04 4 

0.222 (30 nM) 
0.09 9 
0.490.49 (100 nM) 
0.05 5 
0.266 (10 nM) 
0.04 4 
0.540.54 (HO nM) 
0.025 5 
0.0555 (10 nM) 
0.053 3 

0.277 (10 nM) 
0.04 4 
0.699 (30 nM) 
0.003 3 

0.344 (30 nM) 
0.06 6 

0.211 (10 nM) 
0.14 4 
0.299 (30 nM) 
0.11 1 
0.140.14 (10 nM) 
0.08 8 
0.422 (30 nM) 
0.08 8 

0.444 (10 nM) 
0.08 8 

EE F 
2.6 6 

1.6 6 

1.7 7 

2.6 6 

1.7 7 

1.4 4 

3.1 1 

8.7 7 

18.0 0 

3 3 

3.4 4 

8.6 6 

1.5 5 

7 7 

9.7 7 

14 4 

42 2 

3.1 1 

Tablee 1. Overview of u and P values calculated from previously published survival curves with and without 
gemcitabinee treatment and the corresponding enhancement factors (EF) calculated from the a values (u with a 
withoutt dFdC). 
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Inn all cell lines the enhancement by gemcitabine is reflected by changes in the cc-parameter, 

moreover,, the enhancement factor increases with increasing gemcitabine dose (Table 1). 

Noo clear changes were apparent in the P-component. 

Celll  Survival 

Thee initial part of the radiation curves in the range of 0-4 Gy. both in the control and the 

gemcitabine-sensitizedd one, shows increased cell survival and this leads to lower a-values 

thann those derived from the overall curve (table 2). This confirms earlier results (Castro 

Krcderr et al.. 2002a) After p-LDR irradiation, a clear radiosensitization by gemcitabine was 

observedd (Figure 1). The corresponding values of alpha and the enhancement factors arc 

shownn in table 2. The enhancement factor as a result of irradiation (a plus gemcitabine/a 

minusminus gemcitabine) was 1.6  0.1 (0-4 Gy range) or 1.7  0.1 (entire curve). The dose 

modifyingg factor at the 10 % survival level was 1.4. 

a a 
•• Control o dFdC 

1.0000 0 
«-- o 0-20 control 

*-- a 0-20 dFdC 

0.0001 1 

Dosee (Gy) 

Fig.I.. Radiation dose survival curves of" SW1573 cells p-LDR irradiation (a) with and without 10 nM 
gemcitabinee for 24 hours, lb enlargement of the initial part of the p-LDR irradiation curve. Means with standard 
errorss of at least three experiments. Error bars are given to indicate  standard error: in a few cases the s.e.m. 
wass too small to draw the bar. 
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Pulsedd LDR irradiation : Control l dFdC C Enhancement t 
Factor r 

Celll  survival 0.29 1 

Celll  survival (0-4) Gy 0.21  0.01 
Chromosomee 2 0.021  0.001 

Chromosomee 18 0.014  0.001 
Totall  genome relative to 2 0.27 1 

Totall  genome relative to 18 0.56  0.04 

0.499 1 
0.344 1 
0.0277  0.002 
0.011 1 
0.355 3 
0.44  0.04 

1 1 
1.66  0.1 

1 1 
0.77 1 

Tabicc 2. Alpha parameters for cell survival and color junction induction after p-I.DR irradiation with and without 
gemcitabinee (dFdC). The enhancement factor (EF) calculated from these data (a with a without dFdC) is also 
given.. For the extrapolation of the a values to that of the entire genome, see the text. Data + standard error. 

Chromosomee aberrations 

Figuree 2 shows the induction of color junctions and acentric fragments in chromosome 2 and 

188 after irradiation; the corresponding ct-values calculated from these curves are given in 

tablee 2. An overview of color junctions and acentric fragments observed both in chromosome 

188 after 4 Gy can be found in table 3. 

SQD99 Chromosome 8 (5 Gy, HDR) 
(Rosierr  ct al„  2003) 

SCC611 Chromosome 6 (5Gy,HDR) 
(Rosierr  et al., 2003) 

Noo of metaphase 
Noo of Aber.'metaphase 
Translocations s 
Dicentrics s 
Acentricc Fragments 

dFdCC (5 uM) 

100(n=4) ) 
0.05 5 
0.022 1 

0 0 
0.033 1 

R T ( 5 G y) ) 

201(n=4) ) 
0.52 2 
0.22  0.03 
0.133 1 
0.199 1 

dFdC+RT T 

182(n=4) ) 
0.72 2 
0.233 1 
0.133 2 
0.377  0.04 

d F d C ( 5 u M) ) 

1622 (n=3> 
0.03 3 
0.011 1 

0 0 
0.022 1 

RTT (5 Gy) 

2122 (n=3) 
0.29 9 
0.177 1 
00 .04  0.02 
0.088 1 

dFdC^RT T 

2122 (n=3) 
0.48 8 
0.199 2 
0.11 2 
0.199 1 

SVV-15733 Chromosome 18 (4 Gy, HDR) SW-1573 Chromosome 18 (4Cy, p-LDR) 
(Castroo Kreder et al„  2003) 

Noo of metaphase 
Noo of Aber. metaphase 
Translocations s 

Dicentrics s 
Acentricc Fragments 

dFdC( lOnM) ) 

400 (n -2) ) 
0.01 1 
0.0055 0 

0 0 
0.011 4 

R T ( 4 G y) ) 

392(n=3) ) 
0.18 8 
0.133 1 

0 0 
0.033 2 

dFdC+RT T 

400(n=2) ) 
0.12 2 
0.099  0.004 

0 ii  0 
0.033  0.003 

dFdC'( lOnM) ) 

400(n=2) ) 
0.005 5 
0.0055  0 

0 0 
00  0 

R T ( 4 G y) ) 

4000 (n=2) 
0.1 1 
0.066  0.004 

0.0033  0.003 
0.044 7 

dKdC-i-RT T 

3500 (n-2) 
0.07 7 
0.055
0.009 9 
0.0055  0 
0.022 1 

Tablee 3. Summary of the chromosome aberrations induced by exposure to gemcitabine (dFdC). to X-irradiation 
orr both combined as observed by Rosier et al (2003) in two cell lines compared with our previous results at HDR 
(Castroo Kreder et al.. 20031 and the present results at p-I.DR. Standard errors are from the original data. Apart 
fromm the total number of metaphases. the number of independentt experiments (n) from which these originate is 
alsoo indicated. 
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•• Chr 2 Control 
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11 2 3 

Dosee (Gy) 
11 2 3 

Dosee (Gy) 

Fig.2.. Color junctions (A) and fragments (B) in chromosome 2 as well as in chromosome 18 (C and D 
respectively)) after p-LDR irradiation with and without 10 nM gemcitabine for 24 hours. Means with standard 
errorss of at least three experiments. Error bars are given to indicate  standard error: in a few cases the s.e.m. 
wass too small to draw the bar. 
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Noo increase in color junctions in chromosome 18 was observed after gemcitabine treatment, 

onlyy a non-significant (p= 0.63) tendency to decrease. In chromosome 2 an increase was 

observedd compared to radiation alone, but this increase was not statistically significant 

(p=0.13)) either. With the acentric fragments the changes from control that were observed for 

fragmentss from both chromosomes were significant: for chromosome 2 an increase was 

observedd (p<0.05), and for chromosome 18 the number of fragments decreased after 

gemcitabinee treatment (p<0.05). 

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 a values of 0.27  0.01 and 0.56  0.04 respectively (Table 2). 
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Discussion n 

Wee show that treatment with gcmcitabine resulted in a clear enhancement of effects of p-LDR 

onn cell survival. This was obvious both from the alpha obtained from the low dose part as 

welll  as the complete curve (Table 2). A small increased level of survival in the initial part of 

thee p-LDR survival curve has been described previously (Castro Kreder et aL 2002b). The 

presentt data confirm the expectations based on our results on the enhancement observed at 

HDRR irradiation (Castro Kreder et al.. 2003). However the enhancement factor observed after 

100 nM Gemcitabinc for 24 h, immediately followed by HDR irradiation was 2.9 while here 

thee enhancement factor is 1.7. It should be noted, however, that already the a-valucs for 

controll  cells differ markedly between p-LDR and HDR. 0.29 and 0.10, respectively. The 

underlyingg mechanism is not clear. Possibly differences in the DNA damage induction, 

inducedd resistance, and resulting repair processes between the HDR and LDR treatment play a 

role.. The enhancement factor observed by other authors in the literature for combined 

radiationn and gemcitabine treatment varies between 1.4 and 18 {Table 1). McGinn et al. 

(1996)) even observed the very high value of 42 for the enhancement factor in a pleiotropic 

drugg resistant breast cancer cell line. In all cell lines reported, the enhancement factor 

increasess with increasing gemcitabine dose (Table 1). 

Thee data in Table 2 show a significant difference in the extrapolated a value (to the total 

genome)) between chromosome 2 and 18. Differences in radiosensitivity between different 

chromosomess have been explained by non-random radiation induced DNA damage and repair 

(Natarajann et al., 1996). Previously we reported differences in sensitivity to HDR irradiation 

betweenn chromosomes 2 and X (Franken et al., 1999). 

Inn the present study we observed no consistent increase in color junctions concomitant with 

radiosensitization.. In chromosome 2 a small increase and in chromosome 18 a decrease in the 

numberr of color junctions was observed after radiation combined with gemcitabinc compared 

too irradiation alone. These differences were not statistically significant. However, for the 

(unstable)) acentric chromosome fragments from both chromosomes, significant changes were 

observed:: in the case of chromosome 2, an increase and in the case of chromosome 18 a 

decrease. . 

Inn our previous study using HDR irradiation, a small but significant decrease in color 

junctionss in both chromosomes was observed with gemcitabine. We could not offer a clear 

explanationn for this, but we suggested that the most severely damaged cells might be 

eliminatedd by apoptosis. We observed that treatment with gemcitabine alone and combined 
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withh radiation led to some increase in apoptosis. but not to an extent that it could offer an 

explanationn for the decreased level of color junctions. So if apoptosis plays a role, it might 

explainn only a small part of the decrease in color junctions after combined treatment (Castro 

Krederr et al., 2003). Changes in cell cycle distribution were unlikely to be also involved 

becausee the cell cycle distribution had almost recovered from the gemcitabine treatment at the 

timee of sampling for colour junction measurement (Castro Kreder et al., 2003). 

Inn table 3, data of Rosier et al. (2003) on aberrations in chromosome 8 in the SQD9 cell line 

andd chromosome 6 in the SCC61 cell line and our results on chromosome 18 from the SW-

15733 cell line for both HDR and p-LDR irradiation are summarized. The results of Rosier et 

al.. (2003) show a clear increase in "overall" chromosome aberrations after combined 

gemcitabinee radiation treatment, and on further analysis this increase is the result of an 

increasee in the number of acentric fragments. The authors conclude from these results that 

radioenhancementt by gemcitabine is associated with a high frequency of residual 

chromosomall  aberrations suggesting an effect of gemcitabine on the repair of genomic lesions 

inducingg secondary chromosome breaks. This is in evident contrast to our present findings at 

LDRR and our previous findings at HDR (Castro Kreder et al.. 2003). In another cell line 

derivedd from a human glioblastoma we do not even see radioenhancement in "confluent cells" 

withh the fraction of cells in S-phase reduced to 13  4 per cent (Gene et al., 2003). Although 

Rosierr et al. (2003) use "confluent cells'*, irradiation takes place with trypsinized cells in 

suspension.. This difference in methodology may partly explain the differences in results; 

moree important is still the difference in gemcitabine concentration and time of incubation 

priorr to irradiation. We used 10 nM gemcitabine applied for 24 h prior to irradiation, whereas 

Rosierr et al. (2003) used 5 uM for 3 h prior to radiation. It may well be that after such a high 

concentrationn of this drug other mechanisms of action are involved. 

Rosierr et al. (2003) also investigated DNA damage repair using pulsed-field gel 

electrophoresis,, and in the two cell lines studied they found that gemcitabine did not lead to 

changess in radiation induced DNA double strand breaks (dsb's). These results contradict with 

recentt findings of Weiss et al. (2003). These authors show a significant increase in radiation 

inducedd residual DNA damage, assayed with constant field gel electrophoresis, after the 

additionn of gemcitabine. Weiss et al. (2003) use 0.5 yM to even 1 mM gemcitabine applied 

forr only 2 h to the cells before irradiation and observe a concentration dependent increase in 

thee number of DNA dsb's. They conclude that DNA repair inhibition is the major mechanism 

off  eemcitabine radiosensitization 
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Too summarize, although it is clear that gemcitabine-induced radiosensitization can be 

expectedd when combined with braehytherapy, as with HDR, the mechanism of 

radiosensitizationn is not evident, further experiments will be needed to elucidate this. 
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EnhancedEnhanced levels of dCK and TK after p-LDR irradiation 

Abstract t 

Afterr pulsed low dose rate irradiation the activities of deoxycytidine kinase and thymidine 

kinasee 1 and 2 were increased 1.5-2-fold 6 hours after treatment. Twenty-four hours after 

treatmentt the activities of these enzymes had returned to control levels. We presume that the 

increasee of enzyme activities is part of an adaptive response to irradiation and that this 

increasee could be an explanation for the increased survival in the initial part of the SW-1573 

celll  survival curve. The observation that not only S-phase specific thymidine kinase 1 but also 

mitochondriall  thymidine kinase 2 increases, implies that both these enzymes play a role in an 

adaptivee response of cells to irradiation. 
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Introductio n n 

Ass nucleotides are required for DNA synthesis, nucleotide metabolism should play a role in 

thee cellular response to radiation. 

Al-Nabulsii  et al. (1994) observed that rat glioma cells which lack thymidine kinase 

expressionn are more radiosensitive than wild type-cells. After introduction of herpes simplex 

thymidinee kinase in the mutant cell line, radioresistant̂ was partially restored. The relative 

radiosensitivityy of mutant cells was found to correlate with their inability to repair sublethal 

damage. . 

Inn another study, McKenna et al. (1988) using Friend mouse erythroleukemia cells which 

weree thymidine kinase deficient showed increased sensitivity to cell killing and the induction 

off  cytogenetic aberrations in the deficient cells after y irradiation. These findings strongly 

implicatee thymidine kinase as a major radioresponse determinant. 

Boothmann et al. (1994) showed that thymidine kinase transcripts and thymidine kinase 

activitiess were elevated after irradiation. Expression of thymidine kinase mRNA after 

irradiationn was transient and exhibited bell-shaped kinetics. The highest level of mRNA was 

obtainedd after 5 Gy single doses. Peak values in mRNA were observed 1 to 5 hours after 

irradiationn depending on the cell line studied. 

Inn a recent study by Wei et al. (1999) in which nine enzymes involved in nucleotide 

metabolismm were measured after exposure to ionizing irradiation, it was demonstrated that 

enzymess involved in the pyrimidine pathway were modified by ionizing irradiation. Enzymes 

involvedd in the purine pathway were hardly affected by radiation. Thymidine kinase. 

thymidylatee synthase and deoxycytidine kinase were increased after radiation treatment. The 

changess in activity were greater in the radioresistant cell line. These results strongly suggest 

thatt the enzymes, thymidine kinase, thymidylate synthase and deoxycytidine kinase are 

involvedd in the response of cells to irradiation. 

Wee have previously reported enhanced cell survival in the initial part of the survival curve of 

SW15733 cells irradiated with pulsed low dose rate (pulsed-LDR; Castro Kreder et al, 2002). 

Wee suggested that this enhanced cell survival could be due to an adaptive response. 

Adaptivee responses have been reported for many different cell lines after split-dose irradiation 

experimentss (reviewed in Alsbeih et al, 1999). Cell survival of the second fraction is higher 

thann expected than that of the first irradiation fraction. In conventional high dose rate survival 

curvess which are determined with single doses, this type of adaptive response is not observed. 
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Howeverr in our experimental pulsed-LDR setup, these adaptive responses are presumed to 

playy a role. 

Inn the present study we measured the levels of both thymidine kinase 1 (cytosolic) and 2 

(mitochondrial),, and deoxycytidine kinase after pulsed-LDR irradiation in correlation with the 

enhancedd cell survival in the initial part of the radiation dose survival curve. 
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Materialss and Methods 

Celll  cultur e 

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

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

bovinee serum and 2 mM glutamine at 37°C with no C02. The doubling time of the SW-1573 

cellss in exponential growth is 22-24 h (Haveman et a l, 1995). For experiments cells were 

platedd in 100 mm culture dishes 48 hours before irradiation. Cells were irradiated in late 

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

phasee as determined by BrdU incorporation). 

Irradiatio n n 

LDRR irradiation was simulated by giving the cells small irradiation pulses followed by a 

restingg period. Pulsed-LDR irradiation was performed with a Siemens Stabiliplan-2 X-ray 

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

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

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

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

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

aa 95 % dose homogeneity. Dosimetry was performed with a BF-vat detector and a Farmer 

electrometerr once a month. 

Clonogenicc Assay 

Celll  survival was determined by clonogenic assay. In brief, after pulsed-LDR irradiation cells 

weree trypsinized and replated in appropriate dilutions in six-well culture plates (Costar). Eight 

dayss later the colonies were fixated and stained in 6 % glutaraldehyde with 0.05 % crystal 

violet.. Colonies of 50 cells or more were scored as originating from a single clonogenic cell. 

Thee plating efficiency of SW-1573 cells was 80-100%. Data were fitted to a pure exponential 

modell  using: 

S(D)'S<0)=exp-<cxD) ) 
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Deoxycytidinee kinase and thymidin e kinase activity 

Sixx and 24 hours after irradiation cells were trypsinized and washed two times in PBS. Cells 

weree centrifuged and cell pellets were frozen in liquid Ni. Cells were stored in liquid N: until 

analysis. . 

Deoxycytidinee kinase activity 

Deoxycytidinee kinase activity was determined according to the method described in detail by 

Bergmann et al. (1999). Deoxycytidine activity was measured using an enzyme reaction in 

whichh deoxycytidine kinase converts tritium labeled chlorodeoxyadenosine ( H-CdA; final 

concentrationn 50 uM) into chlorodeoxyadenosine-monophosphate ( H-CdAMP), ATP serves 

ass a phosphate donor. Briefly, supernatants prepared with cold buffer (Tris/EDTA buffer 

containingg 4 mM dithiothreitol; pH 7.6) were used to determine the enzyme activity and 

proteinn content with Bio-Rad protein assay. Enzyme containing 10,000g supernatant was 

addedd to the substrate solution (containing 1 vol. ATP in MgCb-solution, 1 vol. NaF, 2 vol. 
3H-CdAA and 1 vol. Tris/EDTA buffer; pH 7.6) and incubated at 37°C. The reaction was 

stoppedd by heating the mixture at 95°C for 3 min, followed by addition of CdA. The 

denaturedd protein was precipitated by centrifuging for 10 min at 12000 rpm. Substrate (CdA) 

andd product (CdAMP) were separated by thin layer chromatography on polyethylene imine 

cellulosee layers, with distilled water as eluent. Radioactivity was measured by scintillation 

counting. . 

Thymidin ee Kinase 1 and 2 Activitie s 

Thymidinee kinase 1 and 2 activity was determined according to the method described in detail 

byy Bergman et al. (1999). Supernatants prepared with cold buffer (Tris/EDTA buffer, pH 7.4) 

weree used to determine the enzyme activity and protein content with Bio-Rad protein assay. 

Enzymee containing 10,000g supernatant with or without excess deoxycytidine-triphosphate 

(dCTP)) was added to substrate solution (containing 2 vol. ATP in MgCl2-solution, 2 vol. C-

thymidinee and 1 vol. Tris/EDTA buffer; pH 7.6; final concentration 11 uM thymidine) 

incubatedd at 37T. Excess dCTP (10 mM) specifically inhibits the mitochondrial thymidine 

kinasee 2 while not affecting the cytosolic thymidine kinase 1 (1991). The reaction was 

stoppedd by heating the mixture at 95"C for 3 min. followed by addition of 5 mM thymidine 5 

mMM thymine. Substrate (thymidine) and product (thymidine-monophosphate) were separated 

byy thin layer chromatography on polyethylene imine cellulose layers, with distilled water as 

eluent.. Radioactivity was measured by scintillation counting. 
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Results s 

Figuree 1 shows clonogenic survival of SW1573 cells after pulsed-LDR irradiation. Cells were 

treatedd in late exponential phase (30-40 % of cells in S-phase). As expected the survival curve 

afterr pulsed-LDR irradiation could be adequately described by a pure exponential model. 

Betweenn 0-4 Gy the survival appeared increased compared to the rest of the curve and 

analysiss of this part resulted in an a value of 0.21  0.01. The a value of the overall curve 

wass 0.29 . 
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Figuree la.b. Coll survival after pulsed-LDR irradiation for SW-1573 cells. Each point represents the mean value 
off  at least 3 different experiments tSEM. Pulsed-LDR data are fitted with a pure exponential model, h: 
Enlargementt of the initial part cell survival curve. 
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Inn non-irradiated cells the levels of deoxycytidine kinase activity and total thymidine kinase 

weree 8.1 nmol/hr and 26.3 nmol/hr per mg protein. Deoxycytidine kinase activity and total 

thymidinee kinase activity, normalized for non-irradiated controls, 6 and 24 hours after 

irradiationn are shown in figure 2. For both enzymes an increase in activity was observed 6 

hourss after irradiation at all doses. Twenty-four hours after irradiation enzyme levels had 

returnedd to control levels. Deoxycytidine kinase activity was highest after 4 Gy. 
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Figuree 2. Deoxycytidine kinase (a) and total thymidine kinase activity (b) 6 and 24 hours after pulsed-LDR 
irradiation.. Enzyme activities are expressed as percentages of unirradiated controls. Error bars represent 
standardd error. 

Nextt to total thymidine kinase levels we also determined individual levels of thymidine 

kinasee 1 and thymidine kinase 2. In non-irradiated cells, levels of thymidine kinase 1 and 2 

weree each 13.1 nmol/h per mg protein. In figure 3 enzyme activity, normalized for non-

irradiatedd controls, is given for the two subforms of thymidine kinase, cytosolic thymidine 

kinasee 1 and mitochondrial thymidine kinase 2. Six hours after irradiation thymidine kinase 1 

wass elevated. This increase in activity was abolished 24 hours after irradiation. For thymidine 

kinasee 2 the activity varied after the different doses. Six hours after 2 Gy and 6 Gy the activity 

wass increased whilst after 4 Gy no increase in activity was observed. Again 24 hours after 

irradiationn no increase in activity was observed. 
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Figuree 3. Thymidine kinase 1 (a) and thymidine kinase 2 activity (b) 6 and 24 hours after pulsed-LDR 
irradiation.. Enzyme activities are expressed as percentages of unirradiated controls. Error bars represent 
standardd error. 
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Discussion n 

Inn this study we report that after pulsed-LDR irradiation the activity of deoxycytidine kinase 

andd thymidine kinase 1 and 2 was increased 6 hours after treatment. Twenty-four hours after 

treatmentt these activities had returned to control levels. We suggest that this increase in 

enzymee activity could be an explanation for the increased survival in the initial part of the 

SW-15733 survival curve. 

Twoo thymidine kinases are present in mammalian cells, the cytosolic thymidine kinase 1 and 

thee mitochondrial thymidine kinase 2. As a tightly S-phase correlated enzyme, thymidine 

kinasee 1 is solely present in proliferating cells. Thymidine kinase 2 is expressed in proportion 

too the mitochondrial content of the cells and is not cell cycle regulated (Arnér & Eriksson, 

1995).. Although the existence of the two forms of thymidine kinase was known early on, in 

manyy studies it is unclear which subform is referred to. As is the case in the next studies in 

whichh it is unclear whether "total" thymidine kinase or thymidine kinase 1 is meant (Al -

Nabulsii  et al., 1994, McKenna et al., 1988, Boothman et al., 1994, Wei et al., 1999). 

Studiess performed in cells which lack thymidine kinase expression have clearly demonstrated 

ann important role for thymidine kinase in the cellular response to radiation (Al-Nabulsi et al., 

1994,, McKenna et al., 1988). Boothman et al. (1994) showed changes in the levels of 

thymidinee kinase mRNA and thymidine kinase activity both for normal and tumor cells. 

Theree was a clear radiation dose dependency for the induction of thymidine kinase and 

thymidinee kinase mRNA levels peaked 1-5 hours after irradiation (Boothman et al., 1994). 

Weii  et al. (1999) showed changes in enzymes involved in the pyrimidine pathway after 

irradiation.. The activities of thymidine kinase and deoxycytidine kinase increased after 

irradiation.. The activity of these enzymes was highest 24 hours after irradiation. Since the 

increasee in enzyme activity was much higher in a radioresistant cell line, it was concluded that 

thymidinee kinase and deoxycytidine kinase play an important role in the response to 

irradiation. . 

Ourr results show an increase in enzymatic activity of thymidine kinase 1 and 2 and 

deoxycytidinee kinase. We presume that this represents an adaptive response of the cells to 

irradiationn which correlates with the enhanced survival in the initial part of the p-LDR 

survivall  curve. In agreement with the results of Boothman et al. (1994) and Wei et al. (1999) 

thee increase in enzyme activity was observed hours after irradiation. This implies that fast 

componentss of DNA repair cannot be affected, only slow component like sublethal damage 

repairr and potentially lethal damage repair may be affected. 
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Thee observation that not only thymidine kinase 1 but also mitochondria] thymidine kinase 2 is 

increasedd after irradiation implies that the activity of this enzyme is not only important in case 

off  damage to mitochondrial DNA but also of damage to nuclear DNA. Moreover, in cells in 

celll  cycle phases other than the S-phase thymidine kinase 2 is the only pyrimidine nucleoside 

phosphorylatingg enzyme expressed (Arnér & Eriksson, 1995). We conclude that both 

thymidinee kinase 1 and 2 are involved in an adaptive response to radiation. 

Thee radiation-induced increase in enzyme activity after pulsed-LDR irradiation could be 

beneficiall  in clinical use in combination with chemotherapy. Several anti-cancer agents are 

dependentt on these enzymes for their activation. For example gemcitabine, a deoxycytidine 

analog,, which is used in the treatment of lung and pancreas cancer, is activated by 

deoxycytidinee kinase (Ruiz van Haperen & Peters. 1994) while the pyrimidine analogs 5-

fluorodeoxyuridine,, 5-bromodeoxyuridine and 5-iododeoxyuridine are activated by thymidine 

kinasee (Arnér & Eriksson, 1995). Since these agents are often combined with radiotherapy in 

thee clinic it could prove advantageous to apply these agents during or after radiotherapy 

treatmentt instead of before. This increased enzyme activity after radiation could make the 

cellss more vulnerable for these drugs. 
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CellularCellular response to p-LDR irradiation in X-ray sensitive mutant cell lines 

Abstract t 

Purpose:Purpose: To investigate which DNA repair mechanisms are involved in the cellular response 

too low dose rate (LDR) irradiation and gain insight in the process that is called sublethal 

damagee (SLD) repair. 

MaterialsMaterials and Methods: A panel of hamster cell lines mutated in DNA single strand break 

(ssb)) repair and DNA double strand break (dsb) repair by non homologous end joining 

(NHEJ)) and homologous recombination (HR), or showing an AT-lik e phenotype, was 

irradiatedd in plateau-phase either at high dose rate (HDR: 3.3 Gy/min) or at pulsed low dose 

ratee (p-LDR: average 1 Gy/h). Cell survival was assessed with a clonogenic assay. 

Results:Results: A change in sensitivity when the dose rate was decreased was observed for all 

parentall  cell lines and the DNA ssb repair mutant. No difference in cell survival after p-LDR 

vs.. HDR irradiation was observed for the two NHEJ mutants, the AT-lik e mutant and the HR 

mutant. . 

Conclusion:Conclusion: Single strand break repair appears not to play a role in the dose rate effect. The 

ATT like protein, functional NHEJ and XRCC3 are required for the dose rate effect. 
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Introduction n 

Thee dose rate with which radiation is delivered significantly affects the biological response to 

radiationn especially in sparsely ionizing types of radiation such as X-rays or -rays. Reducing 

thee dose rate decreases the biological effect. This implies that when the dose rate is reduced, 

too obtain the same biological effect, a higher dose has to be administered. 

Mostt studies on the biological effects of LDR were performed in the 196(Ts til l the 1980's. In 

thiss period Bedford and collaborators showed the effect of continuous low dose rate 

irradiationn on a range of mammalian cells and they demonstrated the importance of cell 

proliferation,, cell cycle redistribution and damage repair on the observed effect 

(Hall&Bedford.. 1964. Bcdford&Mitchell, 1973, Mitchell&Bedford, 1977, Mitchell et al., 

1979a,b,c,, Wells&Bedford, 1983). We now know that, as the radiation dose rate is reduced, 

thee irradiation time increases allowing processes like repair, cell cycle redistribution and 

repopulationn to take place during irradiation (Steel, 2002a). These processes give rise to the 

soo called dose rate effect which refers to a change in sensitivity when the dose rate is modified 

(Steel&Peacock,, 2001). Conventional radiation schemes use high dose rate (HDR) irradiation 

whichh takes only minutes to complete and thus the radiation time is too short for these 

processess to take place (Steel&Peacock, 2001). 

Ionizingg radiation causes numerous types of DNA damage including single and double strand 

breakss (SSB and DSB respectively), base damage and DNA-protein crosslinks. This DMA 

damagee is repaired highly efficiently by several distinct DNA repair mechanisms. (Zdzienicka 

1999).. Of all these lesions the DNA dsb is by far the most lethal. If left unrepaired it causes 

celll  death in the first mitosis, and when it is misrepaired it gives rise to chromosomal 

aberrationss which can ultimately lead to malignant transformation (Dewey et al., 1970, 

Frankenbergg et al., 1981. Blocher&Pohlit. 1982. Ward 1994. 1995, reviewed by Soloman et 

at... 1991). There are two major pathways by which dsb's can be repaired, non-homologous 

endd joining (NHEJ) and homologous recombination (HR) (Karran.2000, Van Gent et al., 

2001). . 

Thee use of rodent mutant X-ray sensitive cell lines has greatly enhanced the knowledge of the 

cellularr response to radiation. Eleven complementation groups have been established 

identifyingg genes involved in the radiation response. Of these complentation groups, one 

groupp shows defective ssb repair, while three others are involved in homologous 

recombinationn (XRCC2. XRCC3, XRCC11). four groups show reduced DNA dsb repair and 

weree identified to be a part of NHEJ (XRCC4. XRCC5. XRCC6. XRCC7). and 1 group 
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showss AT-like characteristics (XRCC8) (Zdzienicka, 1996, Thacker, 1999, Kraakman-van der 

Zwett et al., 2002). 

DNAA repair plays a major role in the dose rate effect for irradiations which are significantly 

longerr than 15 min (Steel&Peacock, 2001). The type of damage repair which is responsible 

forr the dose rate effect is repair of sublethal damage (SLD) (Steel 2002b). SLD is damage 

whichh can be repaired or accumulated with further dose to become lethal (Elkind&Sutton, 

1960).. SLD is repaired during irradiation or between fractions of low doses HDR. 

Moree and more becomes known about the role of the different DNA repair mechanisms in 

responsee to ionizing radiation. However most of this data is obtained after HDR irradiation. 

Too study DNA repair after low dose rate (LDR) irradiation, we used a panel of Chinese 

hamsterr cell lines which are deficient in ssb repair, NHEJ, HR or show an AT-like phenotype 

andd compared their behavior after HDR and LDR irradiation. Plateau phase cell cultures were 

usedd to minimize the effects of repopulation and cell cycle redistribution. 
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Materialss and Methods 

Celll  lines 

Inn this study five mutant hamster cell lines with the corresponding parental cell lines were 

used.. The characteristics of the cell lines are summarized in Table 1. All cell lines were 

culturedd in F10 medium supplemented with 10% fetal calf s serum, 5 mM glutamine and 50 

u.gg ml Gentamicin in 5 % C02 at 37°C in an incubator. 

Plateauu phase cultures were obtained by plating appropriate numbers of cells into 35 mm 

culturee dishes. Cells were grown to confluency usually with 2-3 days. For HDR and p-LDR 

experimentt all cell lines were irradiated in plateau phase. In addition the irs-lSF cell line was 

irradiatedd in exponentially growing phase. 

Mutantt Parent Description Isolatedd by (ref) 
EM-C111 CH09 XRCC1, defective ssb repair 
irslSFF AA8 XRCC3, Rad51 family, recombinational 

repair r 
XR-V15BB V79B XRCC5, Ku80 mutant, defective dsb 

repairr (NHEJ) 
XR-C11 CH09 XRCC7, DNA-PKcs mutant, defective 

dsbb repair (NHEJ) 
V-C44 V79 XRCC8, AT-lik e mutant 

(Zdzienickaa et al, 1992) 
(Fullerr and Painter, 1988) 

(Zdzienickaa et al., 1988) 

(Erramietal,, 1998) 

(Zdzienickaa et al., 1989) 
Tablee I. Mutant and parental cell lines used in this study. 

Irradiatio n n 

HDRR irradiation and pulsed LDR (p-LDR) irradiations were performed with a Siemens 

Stabiliplann 2 X-ray machine (Siemens. Germany). HDR irradiation were performed at 3.3 

Gyy min. Distance between focus and culture dish was 33.5 cm and a 0.5 mm Cu" - filter was 

used. . 

Forr p-LDR irradiations the pulse dose was 0.1 Gy at 9.16 cGy min. the resting period between 

thee pulses was 4 min 52 s resulting in a mean dose rate of 1 Gy h. Distance between focus and 

culturee dish was 1.60 m and a 1 mm Cu- filter was used. During irradiation cells were kept at 

37°CC in a water bath. A maximum of six 100 mm culture dishes, fifteen 60 mm culture dishes 

orr thirty-six 35 mm culture dishes could be irradiated simultaneously with a 95 "« dose 

homogeneity.. Dose output was checked once a month with a BF-vat detector and a Farmer 

electrometer. . 
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Flowcytometricc analysis of cell cycle distributio n 

Cellss were plated and treated as described above. At the time of radiation, 10 uM 

bromodeoxyuridinee (BrdU) was administered from a lOOx stock. After 2 hours the cells were 

harvested,, fixed in 70% ethanol in phosphate buffered saline (PBS) and stored at 20°C until 

immunofluorescentt staining. Ethanol-fixed cells were centrifuged (i min, 2200 rpm), 

resuspendedd in 1 ml pepsin solution {0.4 mg/ml 0.1N HC1) and incubated for 30 min at room 

temperature.. Subsequently, the DNA was denatured by a 30 min incubation in 1 ml 2N HO at 

37°C.. After washing with PBTb (PBS, Tween-20 0.05% v/v, bovine serum albumin (Sigma) 

200 mg/ml, pH 7.4, the pellet was resuspended in 0.1 ml rat anti-BrdU (Harlan Seralab LTD, 

Loughborough,, UK, diluted 1:100 in PBTb) and incubated at room temperature for 30 min. 

Afterr washing with PBTg (PBS, Tween-20 0.005 v/v, normal goat serum (Dako, Glostrup, 

Denmark)) 1% v/v, pH 7.4), the pellet was resuspended in 0.1 fluorescein conjugated goat-

anti-ratt IgG (Jackson, nr 112-015-102, West Grove, Pennsylvania, USA, diluted LlOOin 

PBTg)) and incubated at room temperature in the dark for 30 min. Propidium-iodine and 

ethanoll  were added to an end-concentration of I ug/ml and 30% respectively. Samples were 

storedd at 4°C until flowcytometric analysis. Samples were syringed through a 21 gauge needle 

too reduce cell aggregation before flowcytometry (FACScan cytometer, Becton Dickenson, 

Sann Jose, CA). The distribution of cells over the cell cycle was analyzed with Windows 

Multipl ee Document Interface Flow Cytometry Application (WinMDI) by placing windows 

aroundd G0/G1, S and G2/M populations. 

Clonogenicc Assay 

Celll  survival was determined by clonogenic assay. In brief, at 24 hours after HRD 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 in 6 % 

glutaraldehydee and stained with 0.05 % crystal violet. Colonies of 50 cells or more were 

scoredd as originating from a single clonogenic cell. Plating efficiencies for parental and 

mutantt cell were as followed: CH09 98 %  7, EM-C11 94 %  15, AA8 98%  16, irslSF 

433 %  9, V79B 73%  17, XR-V15B 34 %  16, XR-C1 75 %  28, V79 62%  18 and V-

C44 7 3 %  14. 

Survivingg fractions (S(D)/S(0)) after dose D were calculated and survival curves were 

analyzedd using SPSS statistical software (SPSS 9.01 for Windows, Chicago, Illinois, USA). 

Thee HDR data were fitted by a weighted linear regression according to the LQ formula: 
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S(D)/S(0)=exp-(aD+pD2) ) 

Mostt LDR data were fitted to a weighted pure exponential model using only the linear term: 

S(D)/S(0)=expp -(ctD), however for the CH09 and the EM-C11 the LDR data were fitted to 

thee LQ formula. XR-C1 and XR-V15B survival data were not fitted. 
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Result s s 

Celll  cycle distributio n 

Thee doubling times of the hamster mutants used in this study during exponential growth are 

betweenn 9.5 and 22 hours. Since the maximum irradiation time (i.e. 6 hours) comprises a large 

partt of the cell cycle time of these cells, cells were always irradiated in plateau phase, to 

minimizee the effects of repopulation and cell cycle redistribution. Table 2 shows the 

percentagee of cells in S/G0/G1 phase at the start of the irradiation. 

Celll  line 
CH09 9 
EM-C11 1 
XR-C1 1 
AA8 8 
irsl-SF F 
V79B B 
XR-V15B B 
V79 9 
V-C4 4 

G0/G11 (%) 
81.88 4 
83.66  1.6 
84.11 6 
86.22  1.8 
68.99 2 
86.99 5 
72.22 9 
76.22 6 
51.11 2 

SS (%) 
4.88 8 
8.44 2 
33 2 
6.22  1 
9.99 2 
1.33 2 
12.11 9 
10.88  1.1 
26.99  3 

Meanss with standard errors of at least 2 experiments 

Tablee 2. Cell Cycle distributions of mutant cell line at the time of irradiation. 

Celll  survival 

Figuree 1 shows cell survival of the parental and mutants cell lines after HDR and p-LDR 

irradiation.. Table 3 shows the corresponding parameters of the LQ model. It was not possible 

too describe the survival curves of the Ku-80 and DNA-PKcs mutants with the LQ model and 

thereforee no data are given. 

CH09 9 
EMC-11 1 

AA8 8 
irslSF F 

V79B B 
XR-V15B B 

CH09 9 
XR-C1 1 

V79-2 2 
Y-C4 4 

HDRR (a) 
0.1988 4 
0.099  0.09 

0.1933 9 
0.3566 7 

0.066  0.03 
NoNo Fit 

0.1988 = 0.04 
NoNo Fit 

0.1500 = 0.025 
0.599 = 0.05 

HDR(P) ) 
0.0266 5 
0.1222 = 0.02 

0.044  0.004 
0.0466 = 0.013 

0.0277  0.004 
NoNo Fit 

0.0266 = 0.005 
NoNo Fit 

0.0255 = 0.003 
0.022 = 0.01 

LDRR (a) 
0.1699 3 
0.3833 = 0.03 

0.3299 1 
0.7144 = 0.01 

0.1822 9 
NoNo Fit 

0.2755 = 0.02 
NoNo Fit 

0.1744 = 0.012 
0.7755 = 0.021 

LDRR O) 
0.0233  0.004 
0.0322  0.004 

Tablee 3. Linear quadratic parameters for cell survival after HDR and p-LDR irradiation. 
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OO CHO-9 LDR 
•• CHO-9 HDR 
OO EM-C11 LDR 
•• EM-C11 HDR 

Dose(Gy} } Dosee (Gy) 

I) ) 
OO V79B LDR 
•• V79B HDR 
OO XR-V15B LDR 
•• XR-V15BHDR 

CHO-99 LDR 
•• CHO-9 HDR 
-- -XR-C1 LDR 

»» XR-C1 HDR 

Dosee (Gy) Dosee (Gy) 

V799 LDR 
V799 HDR 
VC-44 LDR 

•• VC-4 HDR 

Dosiss (Gy) 

Figuree 1. Cell survival of mutant and parental cell lines alter HDR and p-LDR irradation in plateau phase. 
Pointss represent means with standard errors of at least 3 experiments. A: SSB repair. EM-Clland its parental 
celll  line CH09, B: Homologous Recombination. irslSF and its parental cell line AAS. C: NHEJ. XR-V15B and 
itss parental cell line V79B, D: NHEJ, XR-C1 and its parental cell line CH09 and E: AT-like. V-C4 and its 
parentall  cell line V79. 
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Thee dose modifying factors determined at the 10 % survival level after HDR irradiation for 

thee different mutant/parent couples were 1.5 for EM-C11/CH09, 1.3 for irslSF/AA8, 2.3 for 

V-C4/V79.. 3.8 for XR-CT/CH09 and 4.4 for XR-V15B/V79B. 

Noo differences between LDR and HDR are observed for the AT-lik e mutant V-C4. the HR 

mutantt irslSF, the Ku80 mutant XR-V15B, the DNA-PK.cs mutant XR-C1, while for the 

parentall  cell lines a dose rate effect is observed. For the ssb repair mutant EM-C11 and its 

parentall  cell line a dose rate effect is observed. 

Somee of the mutants LDR survival curves lie below the HDR survival curves in the initial 

partt (0-4 Gy dose range) of the curves (see figure 1). As there is no significant difference 

betweenn HDR and p-LDR irradiation for the individual survival points, this is mostly due to 

thee fitting of the survival curves to the different experimental models. In one case, the irslSF 

mutant,, the LDR curve seems to be more sensitive; here the differences in time allowed for 

potentiallyy lethal damage repair may play a role. After HDR irradiation cells were allowed 24 

hourss to repair before plating while after p-LDR irradiation cells were plated immediately and 

thuss had less time to repair potentially lethal damage. 

Forr all cell lines except the irslSF, no significant differences in radiosensitivity between 

exponentiallyy growing and plateau phase cells were observed (data not shown), this in spite 

thee significant differences in cell cycle distribution at the time of irradiation. The sensitivity 

off  irslSF cells in plateau phase for HDR irradiation was significantly (p < 0.001) different 

thann the sensitivity of the cells in exponential growth phase as shown in figure 2. In log phase 

irslSFF is a factor 2.5 more sensitive than in plateau phase. 

1.000 0 
•• Log 
•• Plateau 

22 4 6 

Dosee (Gy) 

Figuree 2. Cell survival of the HR mutant irslSF in log phase and plateau phase after HDR irradiation. Points 
representt means with standard errors of at least 3 experiments. 
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Discussion n 

AA change in sensitivity when the dose rate was decreased was observed for all parental cell 

liness and the DNA ssb mutant EM-C11. For all cell lines exhibiting this dose rate effect, the 

effectt was only observed above 4 Gy p-LDR. Below 4 Gy no differences could be observed 

betweenn HDR irradiation and p-LDR irradiation. 

Thee NHEJ mutants are the most radiosensitive cell lines used in this study. Their dose 

modifyingg factors are much higher (DMF (DNA-pkcs mutant) = 3.8, DMF (Ku80) = 4.4) than 

inn the other cell lines {DMF 1.5-2.75). 

Bothh after HDR and LDR irradiation, the Ku80 mutant (XR-V15B) exhibits its characteristic 

bi-phasicc survival curve first described by Zdzienicka et al. (1988). This biphasic survival 

curvee is a characteristic of the XRCC5 complementation group and it thought to be the result 

off  transient hemi-methylation of the mutated gene as described by Denekamp et al. (1989) 

andd Iliakis&Okayasu (1990). 

Forr the Ku80 and the DNA-PKcs mutants (XR-V15B and XR-C1) no dose rate effect was 

observedd which suggest a defect in SLD repair. This is in agreement with several previously 

reportedd studies on the xrs cell lines (Ku80 mutants) (Nagasawa et al., 1989, Whitmore et al., 

1989,, Thacker&Stretch, 1985) and the irs-20 mutant (DNA-PKcs mutants) (Stackhouse 

&Bedford,, 1993). 

Bothh Ku80 and DNA-PKcs are members of the non-homologous endjoining pathway (Jeggo, 

1998)) This dsb repair mechanism plays an important role in the repair of DNA damage after 

ionizingg radiation. The absence of a change in radiosensitivity after the reduction of the dose 

rate,, in the DNA dsb repair (NHEJ) mutants suggests that this system plays an important role 

inn sublethal damage repair and the generation of the dose rate effect. 

Thee DNA ssb repair deficient EM-C11 exhibits a dose rate effect just like its parental cell line 

whichh indicates that these cell lines have normal SLD repair. Our results on the EM-Cll 

mutantt are in agreement with the previously reported results on EM9, another XRCC1 

mutant.. This mutant was shown to exhibit normal sublethal damage repair in split-dose 

recoveryy experiments (Van Ankeren et al., 1988, Schwartz et al., 1987). Since this mutant 

showss normal sublethal damage repair in split dose recovery and a normal dose rate effect as 

shownn here, it can be concluded that ssb repair is not essential for the dose rate effect. 

Thee absence of a dose rate effect in the AT-likc mutant concurs with previously described 

resultss by Thacker and Wilkinson (1995). In the irs2 mutant another member of the XRRC8 
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complementationn group, no cellular recovery was observed when the dose rate was reduced. 

Thiss indicates that the AT-lik e protein is essential for sublethal damage repair. 

Thee XRCC3, irslSF mutant which is impaired in homologous recombination shows no 

changee in sensitivity when the dose rate is reduced. In contrast it was previously reported that 

thee XRCC2 mutant irsl showed considerable recovery potential when the dose rate was 

decreasedd (Thacker&Wilkinson, 1995). Both XRCC2 and XRCC3 are part of the Rad51 

familyy (Cui et al., 1999) and play a role in the repair of DNA dsb by homologous 

recombination.. It is striking that in this study XRCC3 is found to be necessary for the dose 

ratee effect while XRCC2 appears not to play a role. Another possible explanation for this 

observationn could be found in the difference in repair kinetics of both mutants; i.e. the dose 

ratee in our study could be too high or the time between the pulsed too short to allow repair to 

occurr in the irslSF. 

Nextt to the NHEJ mechanism HR is thought to be the second repair mechanism involved in 

thee repair of dsb. The fact that in our study no dose rate effect is observed in the mutants 

whichh are involved in the repair of DNA dsb's indicates that SLD repair is absent in these 

mutants. . 

Thee HR mutant irslSF exhibited different radiosensitivity after HDR irradiation in 

exponentiall  growth phase and plateau phase, while no change in radiosensitivity was observed 

forr the other cell lines. In plateau phase irslSF is a factor 2.5 times more radioresistant. This 

iss in concurrence with the assumption that HR is cell cycle dependent and is preferentially 

usedd in late S-G2 phase when chromosomes are close to each other (Takata et al., 1998). In 

thee plateau phase the S, M and G2 phase are greatly reduced and the Gl phase is most 

abundant.. It has been reported that in the Gl/early S phase and G2 the activity of the DNA-

PKK complex involved in NHEJ peaks (Lee et al., 1997). It is very likely that the difference in 

radiosensitivityy between log and plateau phase in the irslSF cells should be attributed to 

repairr by the NHEJ pathway in the Gl phase which is not disrupted in this mutant. In this 

studyy cell survival after irradiation in plateau phase mutant cells is not the same as in the 

parentall  cell line, as would be expected if HR is only functional in the S-phase of the cell 

cycle.. Two plausible explanations exist for this observation: 1. the small population of S-

phasee cells still present in the plateau phase cultures 'contaminate' the population resulting in 

aa more radiosensitive survival curve than expected. 2. HR also takes place outside the S-phase 

butbut at a greatly diminished rate. 

Summarizing,, in this study we show that cells mutated in DNA ssb repair have normal SLD 

repairr after p-LDR irradiation, while the mutants involved in DNA dsb repair or exhibiting an 
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AT-lik ee mutation show no SLD repair, thus resulting in an absence of a dose rate effect after 

p-LDRR irradiation. In this study we have demonstrated that NHEJ. the XRCC3 protein of HR 

pathwayy and the AT like protein, are necessary for the dose rate effect. Single strand break 

repairr probably only plays a minor role. 
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Summary,Summary, conclusions and future directions 

Radiosensitivityy of tumor cells monitored by chromosome aberrations 

Inn chapters 2 and 3 we studied whether measurement of chromosomal aberrations with the 

FISHH technique could predict the outcome of radiation treatment. The results in both chapters 

showw that the quantitative correlation between cell lethality in vitro and the incidence of 

chromosomee aberrations is highly significant. We also investigated whether this good 

correlationn was preserved when radiation of the cells was combined with radiosensitizing 

agents.. In chapter 2 we show that for the halogenated pyrimidine, BrdU, the good prediction 

off  the outcome of treatment is maintained. From the experiments with the cytostatic drug 

gemcitabinee (chapter 3) it appeared that a good prediction of the outcome was not that clear 

andd requires knowledge beforehand whether gemcitabine had been present or not. These 

resultss show that the use of the FISH technique to stain chromosomes and count aberrations 

ass a predictive assay for the effects of radiation treatment of cancer has a great promise, but, 

wouldd this technique be useful as a predictive assay in the clinic, the limitations of this 

technique,, when treatment is combined with chemotherapy have to be carefully considered. 

Thee studies described in this thesis were designed as a first step in evaluating the capacity of 

thiss technique under circumstances that possibly could be encountered in the clinic, i.e., 

radiationn treatment combined with an additional modality like a cytostatic drug or a sensitizer. 

Al ll  the studies described in this thesis were performed on metaphase preparations of cultured 

cellss in vitro, and therefore the chromosome spreads were of good quality. However when 

metaphasee preparations would be made from cells out of human tumor biopsy specimens, this 

wouldd imply that ceils had to be forced to pass through at least one cell cycle in culture. This 

inn vitro culturing of fresh tumor tissue in practice would automatically result in a selection of 

cells,, as only a fraction of cells for which by chance the in vitro culture conditions are good 

wil ll  start a cell division cycle. As a result of this the cells available for the FISH analysis will 

onlyy represent a fraction of the tumor cells, and therefore results with these cells may not be 

representativee for the entire tumor. This problem could be solved if the FISH technique could 

bee applied directly on cells from fresh tumor material, preferably on all or most cells, 

independentt of cell cycle phase. For this reason it is a prerequisite that the technique has to be 

developedd further. The premature chromosome condensation technique (PCC) might offer the 

solution.. Notably chemically induced PCC obtained with an inhibitor of phosphatase 1 and 

2AA (calyculin A) has much potential. Currently our laboratory is investigating the possibilities 

off  application of the PCC technique directly on fresh tumor material. The PCC technique may 

havee some disadvantage as cells in S-phase cells can not be picked up. 
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Thee advantage of the FISH technique above other methods used to determine the 

radiosensitivityy of tumor cells, like the clonogenic assay or the growth delay assay, is the 

shorterr time necessary to perform the analysis. Ideally FISH analysis could be ready within 

dayss in stead of weeks. Whole chromosome painting and subsequent color junction analysis 

aree relatively easy to perform and standard assays and kits are available. Caution should be 

takenn when radiation treatment is combined with chemotherapy, like we have shown in 

chapterr 3 for gemcitabine. 

Inn a recently published article Bezrookove et al. (2003) demonstrate that a novel approach to 

thee PCC technique combined with multi-color 'cobra'-FISH can generate good quality 

chromosomee preparations both from normal and established cell lines and most importantly 

fromm cells isolated from fresh biopsies. As these authors also showed that the yield of PCC's 

fromm the biopsies was high enough to yield a representative sample this will allow for a better 

andd quicker analysis and holds promise for the further development of the FISH technique as 

aa predictive assay. In addition the use of multi color FISH would give additional information 

off  the chromosomal rearrangements in tumors, which will eventually leading to a better 

understandingg of the different steps in tumor development. 

Radiosensitizationn by gemcitabine 

Thee exact mechanism of radiosensitization of gemcitabine has not been elucidated yet. 

Recentlyy clinical studies have shown that gemcitabine can be combined with radiation 

treatmentt without major toxicity (Blackstock et al. 2001), which warrants further study into 

thee potential of this chemotherapeutic agent to sensitize effects of radiation. In Chapter 4 we 

showw that the cell cycle dependency of the effects of gemcitabine, plays an important role in 

itss ability to radiosensitize cells in culture. Confluent glioma cultures containing relatively 

largee numbers of Gl-phase cells and large glioma cell spheroids can not be sensitized to 

effectss of radiation by gemcitabine pretreatment. This observation could have implications for 

clinicall  use. If the radiosensitizing potential of gemcitabine is of advantage in clinic, correct 

schedulingg of application of the agent and radiotherapy is important. Moreover, it might be 

moree advantageous to use gemcitabine in conditions where many tumor cells are dividing, 

possiblyy after so-called "debulking" surgery when it is known that an increase in proliferation 

takess place. 

Currentlyy gemcitabine is used in the treatment of NSLCC and pancreatic carcinoma. As the 

agentt would be used more frequently, an interest arises on information whether resistance to 
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gemcitabinee also renders tumor cell resistant to other cytostatic drugs. In chapter 5 we 

determinedd in a gemcitabine resistant lung carcinoma cell line whether cross resistance for 

severall  other drugs used in lung cancer treatment exists. We show that in our cell line 

resistancee to gemcitabine was due to a deficiency in deoxycytidine kinase (dCK), the enzyme 

involvedd in the rate limiting step of gemcitabine phosphorylation. This dCK deficiency 

resultedd in increased resistance to gemcitabine and ara-C. We did not observe cross-resistance 

too other cytostatic drugs involved in the treatment of lung cancer. Furthermore the sensitivity 

too ionizing radiation was not altered in two different dFdC-resistant cell lines. We also 

demonstratedd that in gemcitabine resistant cell lines still sensitization of the effects of 

radiationn took place. 

Analysiss of survival curves after irradiation with and without gemcitabine, using the linear 

quadraticc model indicates that the effect of gemcitabine is mainly on the alpha parameter (see 

tablee introduction and chapter 6). Low dose rate irradiation is characterized by the fact that 

sublethall  and potentially lethal damage is repaired during radiation. As a consequence the 

beta-parameterr (of the LQ model) is reduced so that only the alpha parameter remains. In 

chapterr 6 we determined to what extent gemcitabine was able to sensitize effects of pulsed 

loww dose rate irradiation. We observed that sensitization indeed occurs under these conditions, 

butt that the enhancement factor is slightly lower than after HDR irradiation. 

Thesee 3 studies confirm that gemcitabine is a promising drug. If resistance to the drug by 

dCKK deficiency wil l occur this wil l not hamper treatment of patient with other cytostatic 

drugss except other deoxycytidine analogues as e.g. Ara-C. Gemcitabine can also be combined 

withh low dose rate irradiation in the form of brachytherapy which has advantage of highly 

localizedd dose deposition. The timing of gemcitabine treatment in relation to the cell cycle is 

importantt for obtaining the maximum radiosensitizing potential of gemcitabine. 

Inn this thesis 2 reports are included wherein the effect of gemcitabine on induction of 

chromosomee aberrations by irradiation (monitored as color junction induction, chapter 3 and 

chapterr 6) is studied. In chapter 3 we show that incubation of lung carcinoma cell lines with 

100 nM gemcitabine for 24 hours combined with HDR irradiation resulted in a reduction of the 

amountt of color junctions compared to radiation alone. In chapter 6 we show that in the same 

experimentall  setup no effect on color junction induction is observed after pulsed low dose rate 

irradiation.. After HDR irradiation no clear effect on chromosome fragment induction could be 

observedd while after low dose rate for chromosome 18 a decrease in fragments was scored 

whilee chromosome 2 yielded more fragments. These results differ markedly from earlier 
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publishedd results by Rosier et al. (2003), and are discussed in chapter 6. Effects of 

gemcitabinee on induction of chromosome aberrations still needs to be investigated further. 

Pulsedd low dose rate irradiation 

Inn Chapters 7 and 8 we have studied effects of pulsed low dose rate irradiation. In chapter 7 

wee determined the levels of thymidine kinase and deoxycytidine kinase after p-LDR 

irradiation.. As described for HDR irradiation (Boothman et al., 1994, Wei et al., 1999), after 

p-LDRR irradiation a rise in the activity of the TK and dCK is observed. This radiation induced 

risee in enzyme activity might possibly be exploited in clinical practice. Several agents are 

dependentt on these enzymes for their activation. These include the pyrimidine analogs like 

bromodeoxyuridine,, which are dependent on TK for their activation and the anti-cancer agent 

gemcitabinee which is activated by deoxycytidine kinase. Based on the results presented in 

chapterr 7, it would be advantageous to apply these drugs after radiotherapy instead of before, 

therebyy potentially leading to an increase of their effect. 

Thee focus of chapter 8 was on the role of different DNA-repair mechanisms in the so-called 

dosee rate effect. Functional proteins involved in NHEJ, the AT-lik e mutation and XRCC2 are 

essentiall  for the dose rate effect whereas intact single strand break repair appears to play a 

minorr role in the dose rate effect. Another important observation of this study is that the HR 

mutantt irs-lSF is much more sensitive to ionizing radiation in exponentially growing phase 

thann in confluent phase. This finding again confirms that in the various cell cycle phases 

differentt mechanisms of DNA repair dominate. 
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Summarizing g 

Al ll  studies presented in this thesis were designed to investigate aspects of either sensitivity to 

irradiationn or sensitization of the effects of irradiation, this with evidently the ultimate aim of 

improvingg cancer treatment. We have shown that the FISH technique holds promise as a 

predictivee assay, notably with the new developments in the technique that iead to an improved 

yieldd in PCC's in biopsy material as described by Bezrookove et al.(2003) The results 

presentedd in this thesis on the sensitizing properties of gemcitabine in combination with 

radiationn wil l contribute to a better understanding of the working mechanism of this drug. Our 

resultss on the dose rate effect have given valuable insights into the role of the different DNA 

repairr mechanisms after low dose rate radiation. 
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Nederlandss Samenvatting 
Inn de Westerse geïndustrialiseerde landen is kanker nu doodsoorzaak nummer twee na hart-en 

vaatt ziekten. Gelukkig is kanker tegenwoordig niet meer zo dodelijk als voorheen. Snelle 

diagnosee en betere behandelwijzen hebben de levensverwachting van de patient met kanker 

vergroot.. De behandeling van kanker is tegenwoordig multi-modaal, en bestaat veelal uit een 

combinatiee van chirurgie, radiotherapie en chemotherapie. Meer dan de helft van de patiënten 

mett kanker komt op enig moment van de behandeling in aanmerking voor radiotherapie. 

Radiotherapiee kan in twee vormen worden toegepast: conventionele radiotherapie, waarbij 

lineairee versnellers worden gebruikt om de tumor van buitenaf te bestralen of brachytherapie, 

eenn vorm van radiotherapie waarbij radioactieve bronnen in of dichtbij de tumor worden 

geplaatst.. De doseringssnelheid van deze twee vormen van radiotherapie verschilt; bij 

conventionelee radiotherapie wordt gebruik gemaakt van hoge doseringssnelheden, in een paar 

minutenn is de bestraling klaar, terwijl bij brachytherapie soms lage doseringssnelheden 

wordenn gebruikt, de bestaling kan zelfs weken duren. De snelheid waarmee de bestraling 

wordtt uitgevoerd heeft invloed op het biologische effect van deze bestraling. Verlagen van de 

doseringssnelheidd vermindert het biologische effect. Anders gezegd, om hetzelfde biologische 

effectt te bereiken met lage doseringssnelheid als met hoge doseringssnelheid, zal dus een 

hogeree dosis gegeven moeten worden. Er zal er een aantal biologische processen, zoals 

herstel,, celcyclus redistributie en repopulatie, tijdens de langer durende bestraling 

plaatshebben.. Deze processen zijn verantwoordelijk voor het dose rate effect, vrij vertaald het 

doseringssnelheidd effect. Het doseringssnelheid effect is een verandering in 

stralengevoeligheidd van cellen of weefsel als de doseringsnelheid wordt verlaagd. 

Alss antwoord op een bestraling zal een cel onmiddellijk een aantal biochemische signalerings 

routess activeren die de genetische integriteit van de cel moeten proberen te waarborgen en er 

tevenss voor trachten te zorgen dat de cel overleeft. Er wordt onderscheid gemaakt tussen twee 

belangrijkee routes; de route die ervoor zorgt dat de cel cyclus gereguleerd wordt en de DNA 

herstelmechanismen.. DNA herstelmechanismen kunnen worden onderverdeeld in twee 

groepen:: herstelmechanismen die gebruik maken van de homologie tussen chromosomen, 

homologee recombinatie en een systeem dat geen gebruikt maakt van deze homologie, niet-

homoloogg herstel. Beide mechanismen spelen een belangrijke rol in het repareren van DNA 

schadee die continu wordt opgelopen door cellen, maar in het repareren van de DNA schade na 

stralingg lijk t het niet-homologe herstel de belangrijkste rol te spelen. 
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Voorr de behandeling van een patient met kanker zou het van praktisch nut zijn als te 

voorspellenn was, hoe effectief de behandeling met radiotherapie op de tumor zou zijn. In de 

laatstee jaren zijn veel pogingen gedaan om zo'n voorspellende test te vinden. Eén van de 

factorenn die de uitkomst van een radiotherapeutische behandeling bepalen is de intrinsieke 

stralengevoeligheidd van maligne cellen in een tumor. Deze stralengevoeügheid kan op een 

aantall  wijze worden bepaald; bijvoorbeeld met behulp van een clonogene overlevings test of 

eenn groei assay of door middel van het meten van stralinggeïnduceerde chromosoom 

aberraties. . 

Dee effecten van straling kunnen worden versterkt door het gebruik van bepaalde stoffen, de 

zogenoemdee radiosensitizers. Een voorbeeld hiervan zijn de gehalogeneerde pyrimidines en 

nucleosidee analogen, zoals bromodeoxyuridinc en gemcitabine. De laatste is een cytostaticum 

datt gebruikt wordt in de behandeling van longkanker en alvleesklier kanker. 

Inn dit proefschrift zijn een 7-tal studies bij elkaar gebracht die een aantal verschillende 

aspectenn van stralengevoeligheid en de versterking van het effect van straling bestuderen. 

Inn hoofdstuk 2 en 3, hebben we in gekweekte longkankercellen onderzocht of met behulp van 

hett aankleuren van chromosoomschade door middel van fluorescentie in-situ-hybridisatie 

(FISH)) voorspeld kon worden wat het effect van de straling zou zijn. Het doel van deze 

studiess was om te evalueren of deze methode geschikt zou zijn als voorspellende test. In 

hoofdstukk 2 hebben we de straling versterkt door het gebruik van bromodeoxyuridine en in 

hoofdstukk 3 hebben we geprobeerd het gecombineerde effect van straling met het 

cytostaticumm gemcitabine te voorspellen. Uit deze 2 studies blijkt dat het effect van straling 

alleen,, goed voorspeld kan worden met behulp van het meten van chromosoomschade. Het is 

echterr niet altijd mogelijk om het effect te voorspellen als de straling gecombineerd wordt met 

anderee stoffen zoals blijkt uit hoofdstuk 3 waarin we met behulp van de FISH methode niet 

kondenn voorspellen wat het gecombineerde effect van straling en gemcitabine was. 

Inn de hoofdstukken 4, 5 en 6 hebben we verschillende aspecten van de radiosensitizering door 

gemcitabinee bestudeerd. In hoofdstuk 4 is het gecombineerde effect van gemcitabine en 

stralingg in een hersentumorcellijn bestudeerd. Deze cellijn is op 2 verschillende wijzen in 

vitroo gekweekt; in sferoiden. kleine bolletjes cellen en in monolayers, een enkele laag cellen 

inn een kweekschaaltje. Uit deze studie blijkt dat gemcitabine goed in staat is in delende cellen 

enn in kleine sferoiden het effect van straling te versterken. Zijn de cellen echter in rust of 

bevindenn /e zich in grote sferoiden dan versterkt gemcitabine het effect van de straling niet. 
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Eenn klinisch voorkomend probleem is het ontstaan van resistentie voor cytostatica na een 

behandelingg met chemotherapie. In hoofdstuk 5 beschrijven we een cellijn die ongevoelig is 

gemaaktt voor gemcitabine. Deze cellijn is ontwikkeld om te bepalen of tumor cellen die 

ongevoeligg zijn geworden voor gemcitabine nog behandeld kunnen worden met andere 

cytostatica.. Daarnaast is er ook gekeken of in deze ongevoelige cellen de effecten van straling 

nogg kunnen worden versterkt door gemcitabine. Onze resultaten tonen aan dat ongevoeligheid 

voorr gemcitabine een behandeling met andere cytostatica niet negatief beinvloedt, daarnaast 

vertonenn deze ongevoelige cellen een normale gevoeligheid voor straling en kan ook in deze 

cellenn het effect van straling door gemcitabine worden versterkt. 

Inn hoofdstuk 6 is onderzocht of de combinatie van gemcitabine en straling met lage 

doseringssnelhedenn ook versterking van het stralings effect tot gevolg heeft, dit om te 

onderzoekenn of gemcitabine gecombineerd kan worden met brachythcrapie. Daarnaast is er 

ookk gekeken naar de effecten van gemcitabine en straling op de inductie van 

chromosoomschadee na straling met lage doseringssnelheid. Deze studie toont aan dat de 

combinatiee gemcitabine en straling met lage doseringssnelheden inderdaad effectief is. 

Daarnaastt stellen wij vast dat de effecten van een gecombineerde straling met gemcitabine 

behandelingg op chromosoom schade inductie nog niet geheel duidelijk zijn. De twee studies 

waarinn de chromosomale effecten na straling en gemcitabine beschreven worden (hoofdstuk 3 

enn 6) zijn niet in overeenkomst met een eerder gepubliceerde studie van Rosier et al (2003) 

waarinn wordt geconcludeerd dat gemcitabine effect heeft op het herstel van DNA schade na 

straling,, resulterend in een verhoogde hoeveelheid DNA schade in de vorm van chromosoom 

fragmenten.. In onze studies kan er geen eenduidig effect van de combinatie gemcitabine en 

stralingg worden vastgesteld; na hoge doseringssnelheden vinden wij een reductie van de 

hoeveelheidd chromosomale aberraties, terwijl na lage doseringssnelheden geen effect kan 

wordenn vastgesteld. Ook als er gekeken wordt naar de hoeveelheden DNA fragmenten na 

behandelingg zijn onze resultaten niet eenduidig (zie hoofdstuk 3 en 6). Hieruit blijkt , dat de 

exactee effecten van de combinatie gemcitabine en straling op het chromosomale niveau nog in 

kaartt gebracht moeten worden. 

Inn hoofdstuk 7 en hoofdstuk 8 staan studies naar het effect van straling met lage 

doseringssnelheidd beschreven. In hoofdstuk 7 is de activiteit van thymidine kinase en 

deoxycytidinee kinase na straling met lage doseringssnelheid gemeten. Deze twee enzymen 

zijnn onderdeel van het nucleotide metabolisme, waarmee de bouwstenen van menselijk DNA 

wordenn aangemaakt. Daarnaast is van deze twee enzymen bekend dat zij na straling met hoge 

doseringssnelhedenn een verhoogde activiteit vertonen. Onze experimenten tonen aan dat ook 
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naa straling met lage doseringssnelheden een verhoogde enzymactiviteit kan worden 

waargenomen.. Deze verhoging in enzymactiviteit kan nuttige gevolgen hebben voor een 

behandelingg met cytostatics die voor hun activatie afhankelijk zijn van deze enzymen. Een 

voorbeeldd hiervan is gemcitabine. Het effect van deze cytostatica zou mogelijk kunnen 

wordenn versterkt als deze stoffen na de bestraling zouden worden toegediend in plaats van 

ervoor. . 

Inn hoofdstuk 8 is de rol van verschillende DNA herstel mechanismen in het doseringssnelheid 

effectt bestudeerd. Deze studie toont aan dat de belangrijkste twee DNA repair mechanismen 

nl.. homologe recombinatie en niet-homoloog herstel beide essentieel zijn voor het ontstaan 

vann een dose rate effect. Daarnaast toont deze studie aan dat in de verschillende celcyclus 

fasess (S en Gl) verschillende DNA herstelmechanismen domineren. 

Samenvattend,, in dit proefschrift presenteren wij 7 studies die allen verschillende aspecten 

vann stralengevoeligheid en de versterking van stralingseffecten bestuderen. Het uiteindelijke 

doell  van dit soort studies is het leveren van een bijdrage in de verbetering van de behandeling 

vann kanker. We hebben aangetoond dat het meten van chromosoom aberraties met behulp 

vann de FISH methode in principe geschikt is om de effecten van straling te voorspellen. De in 

ditt proefschrift beschreven resultaten over het radiosensitizerend effect van gemcitabine 

hebbenn bijgedragen tot een beter begrip van het werkingsmechanisme van deze stof en onze 

studiess naar de effecten van straling met lage doseringssnelheid hebben ons beter inzicht 

gegevenn in de rol van de verschillende DNA herstel-mechanismen na dit soort straling. 
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farmaceutischee industrie te maken. In de afgelopen 2 jaar combineerde zij het afschrijven van 
haarr proefschrift met het werken als datamanager bij 3 verschillende pharmaceutische 
bedrijven.. Eerst werkte zij een jaar als klinisch datamanager bij de afdeling Biometrics van 
Yamanouchii  Europe B.V. in Leiderdorp. Na een korte periode te hebben gewerkt als klinisch 
datamanagerr bij Genzyme Europe B.V. in Naarden, is zij nu werkzaam als datamanager in 
drugg discovery bij de Lead Discovery Unit van Solvay Pharmaceutical in Weesp. 
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Hett schrijven van een proefschrift doe je nooit alleen, vandaar dat ik hier alle mensen wil 
bedankenn dit mij in de afgelopen jaren hebben ondersteund en hebben bijgedragen aan dit 
proefschrift.. Een aantal mensen wil ik echter met name bedanken. 
Omm te beginnen natuurlijk mijn promotor Prof. Gonzalez Gonzalez, bedankt voor uw bijdrage 
aann dit proefschrift. Ik vind het geweldig dat u toch nog als mijn promotor wüt optreden 
ondankss het feit dat u inmiddels al met emeritaat bent. 
Jaapp Haveman, mijn co-promotor. Zonder jou was dit boekje niet zo dik geworden a!s het nu 
is.. Bedankt voor het vertrouwen dat het toch nog af zou komen. 
Hett Lab: Chris en Klaas, de Post-does van de afdeling. Dank voor alle steun en goede 
adviezen.. Hans, zonder jou als hoofdanalist loopt de afdeling lang niet zo gestroomlijnd. 
Bedanktt voor alle keren dat je me hebt gered van technische blunders. Rosemarie, je zult 
meerderee keren voorkomen in dit dankwoord en alle keren meer dan terecht. Dank je wel voor 
all  het werk dat je hebt verricht voor dit proefschrift. En natuurlijk bedankt voor al die 
gezelligheidd die we hebben gehad op het lab. Ik hoop je nog lang tot mijn vrienden te mogen 
rekenen.. Verder Angelique (bedankt voor alle hulp tijdens de experimenten). Prof Barendsen. 
Bart,, Judith & Judith, Peter, Dick. 
Dee afdeling radiotherapie: Prof Koning, Lucas, Leo, Geertjan, Foppe, Lon, Maarten, Bradley, 
Jan,, Kees, Yvonne, Rob, Richard, Paul, Jaap, Hans, Pirn, Jan, Niek, Greet, Yvonne, Hanneke, 
Paul,, Gerard, Sabine, Jan, Hans, en al die anderen. Bedankt! 
Dee gastonderzoekers en studenten: Mine, it's been a pleasure working with you, hope we wil l 
seee eachother soon. Alessandra, het was erg gezellig. Ik hoop dat je hier in Nederland 
ontzettendd gelukkig wordt. Axl , Fabian, Els, Tjitske, Saida, Sandra, Rosemarie (hier ben je 
weer),, Ernst, Paula, Joran, Machiel, Xabier, Amina, Frans, Mohammoed, en alle anderen die 
mett hun aanwezigheid het leven op het lab gezellig druk en uitdagend hebben gemaakt. 
Mij nn medeauteurs: Prof. Peters, bedankt voor de fijne samenwerking. Het heeft tot een 
tweetall  mooie publicaties geleid. Prof. Zdzienicka, samenwerken met u was altijd een genot. 
Dee openheid waarmee u wetenschap bedrijft is inspirerend. 
Onzee oude lab-buurtjes: Jan, Carel, Ron, Astrid, Xiao en Jacob 
Ledenn van de vereniging van radiobiologie: Jan Wondergem. Prof. Kampinga. Jacqueline 
Krusc,, dr. Daroudi en de rest. 
Rosemariee (opnieuw) en Jörgen: Bedankt dat julli e mijn paranimfen wilden zijn. Jörgen je 
hebtt me ingehaald en bewijst nu daar diep in het zuiden van Nederland dat er leven is in 
wetenschapp na het AIO-schap. Veel succes met je carrière en bedankt voor de vele gezellige 
uurtjess kletsen en de bioscoopbezoekjes. Er zullen er nog veel volgen in de toekomst! 
Mij nn collega's van de afdeling Biometrics bij Yamanouchi Europe BV, de leden van onze 
spellenavondenn en de officieuze filmclub van Yeu. 
Mij nn nieuwe collega's van de afdeling LDÜ van Solvay Pharmaceuticals. Hier is het dan! 
Mij nn familie. 
Mij nn vrienden: Giliam. Ninja. Nelix, Rosemarie (weer!). Jörgen. Wanda. Casper. Tialda. 
Mariska,, Silvester, Marcel. Sonja en de rest. Bedankt voor de ontspanning en het helpen 
relativeren. . 
Mij nn katten: Pluis & Spetter, voor de vele uurtjes spinnen. 
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Enn dan de drie belangrijkste mensen in mijn leven: 
Allereerstt mijn ouders, bedankt voor alle kansen die julli e me hebben gegeven en julli e 
rotsvastt vertrouwen. 
Tott slot Frits. Bedankt voor alle steun en het feit dat je in mij blijf t geloven zelfs als ik het 
zelff  niet meer doe. Zonder jou was dit boekje nooit afgeschreven. 

Liefs Liefs 
Natas Natas 
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