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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. 
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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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