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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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(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 

13 3 



ChapterChapter 1 

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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Halogenatedd pyrimidines 

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. 

25 5 



ChapterChapter 1 

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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