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Ligands that stabilize the telomeric G-rich singlestranded DNA overhang into G-quadruplex can be considered as potential antitumor agents that block telomere replication. Ligand 12459, a potent G-quadruplex ligand that belongs to the triazine series, has been previously shown to induce both telomere shortening and apoptosis in the human A549 cell line as a function of its concentration and time exposure. We show here that A549 clones obtained after mutagenesis and selected for resistance to the short term effect of ligand 12459 frequently displayed hTERT transcript overexpression (2– 6-fold). Overexpression of hTERT was also characterized in two resistant clones (JFD10 and JFD18) as an increase in telomerase activity, leading to an increase in telomere length. An increased frequency of anaphase bridges was also detected in JFD10 and JFD18, suggesting an alteration of telomere capping functions. Transfection of either hTERT or DN-hTERT cDNAs into A549 cells did not confer resistance or hypersensitivity to the short term effect of ligand 12459, indicating that telomerase expression is not the main determinant of the antiproliferative effect of ligand 12459. In contrast, transfection of DN-hTERT cDNA into resistant JFD18 cells restored sensitivity to apoptotic concentrations of ligand 12459, suggesting that telomerase does participate in the resistance to this G-quadruplex ligand. This work provides evidence that telomerase activity is not the main target for the 12459 G-quadruplex ligand but that hTERT functions contribute to the resistance phenotype to this class of agents.
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Telomeres are essential to maintain the stability of chromosome ends and are synthesized by a specialized enzyme called telomerase. Telomerase is overexpressed in a large number of tumors and is involved in cell immortalization and tumorigenesis, whereas it is not described as being expressed in most somatic cells (1). A recent work showed that telomerase was efficiently expressed in S phase from normal cycling cells and played an important function to delay the onset of replicative senescence by maintaining the 3⬘ telomeric overhang integrity independently from overall telomere length regulation (2). Differential expression of telomerase between normal and cancer cells was the initial rationale for the evaluation of telomerase inhibitors as potential anticancer agents (3), and a highly specific catalytic telomerase inhibitor, BIBR1532, was described as impairing cancer cell proliferation without acute toxicity in a mouse xenograft model (4). Since telomerase is expressed in normal proliferating human cells, the useful therapeutic index of these inhibitors has to be carefully determined in future studies. Folding of the telomeric G-rich single-stranded overhang into a quadruplex DNA has been found to inhibit telomerase activity. Stabilization of G-quadruplexes can then be considered an original strategy to achieve antitumor activity (5– 8). The intracellular existence of G-quadruplexes was recently demonstrated in the telomeres from ciliates (9). G-quadruplex could also be formed from duplex telomeric DNA under appropriate ionic and pH conditions (10) or in the presence of specific ligands (11). The c-myc gene promotor sequence allowed the formation of a G-quadruplex that corresponded to the first demonstration of the physiologic relevance of such a structure in mammalian cells (12). The 2,4,6-triamino-1,3,5-triazine derivatives are potent telomerase inhibitors that bind to telomeric G-quadruplexes (13). In this series, 12459 (Fig. 1a) is one of the most selective G-quadruplex-interacting compounds and it displayed a 25-fold selectivity when telomerase inhibition was compared with the Taq polymerase inhibition by using the TRAP1-G4 assay (14). 1 The abbreviations used are: TRAP, telomere repeat amplification protocol; FISH, fluorescence in situ hybridization; TRF, telomeric restriction fragment; RT, reverse transcriptase; DAPI, 4⬘,6-diamidino-2phenylindole; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic acid; hTERT, human TERT; hTR, human TR; hnRNPA1, heterogeneous nuclear ribonucleoprotein A1; Gy, grays.
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Resistance to a G-quadruplex Ligand 12459 also presents strong affinities to different G-quadruplex structures when compared with other forms of nucleic acids.2 In addition, 12459 is able to induce both telomere shortening and apoptosis in the human lung adenocarcinoma A549 cell line as a function of its concentration and time exposure (13). Telomerase inhibition usually resulted in a long term inhibition of cell proliferation because of the delay in eroding telomere to a critical length that impairs cell division (1). However, inhibition of telomerase activity could induce dramatic and rapid consequences on cell viability in cell lines bearing critically short telomeres (15) or mutations in the telomerase RNA template (16, 17). Furthermore, inactivation of hTERT in normal human cells was recently shown to decrease cell proliferation and cell cycle progression (2). Therefore, the peculiar feature of 12459 to inhibit telomerase activity and to induce short term inhibition of proliferation in A549 cells prompted us to determine whether such telomerase inhibition has a link with the antiproliferative effect of this class of G-quadruplex ligands. For that purpose, we have established 12459-resistant clones, using the short term antiproliferative activity of 12459 as a selection criterion and investigated their resistance phenotype. Induction of resistance to 12459 is characterized by a functional overexpression of telomerase activity in half of the clones analyzed. Resistant clones presented an increased incidence of anaphase bridges that reflected telomere capping dysfunctions. We also showed that transfection of hTERT in A549 cells was not sufficient to confer resistance to 12459. In contrast, transfection of DN-hTERT in a resistant clone abolished resistance to 12459. EXPERIMENTAL PROCEDURES



Oligonucleotides and Compounds—All oligonucleotides were synthesized and purified by Eurogentec (Seraing, Belgium). Triazine derivatives 12459 and 115405 were synthesized according to Ref. 45. Telomestatin was purified according to Ref. 18. BRACO19 was synthesized according to Ref. 19. Other compounds were commercially available (Sigma). Solutions of compounds were prepared in 10 mM Me2SO, except telomestatin, which was prepared at 5 mM in MeOH/Me2SO (50:50). Further dilutions were made in water. Telomerase Assay—Telomerase extracts were prepared from A549, JFD10, and JFD18 cells as described before (20). The TRAP assay was performed in the presence of an internal control (internal telomerase assay standard) corresponding to the 36-mer (5⬘-AATCCGTCGAGCAGAGTTAAAAGGCCGAGAAGCGAT-3⬘) according to Ref. 21. Cell Culture Conditions and Selection of Resistant Clones—A549 human lung carcinoma cell line was from the American Type Culture Collection. These cells were grown in Dulbecco’s modified Eagle’s medium with Glutamax (Invitrogen), supplemented with 10% fetal calf serum and antibiotics. 50 ⫻ 106 cells were seeded into 10 tissue culture flasks and were treated for 48 h with 300 g/ml ethyl methyl sulfonate. Cells were washed and cultured in ethyl methyl sulfonate-free medium for 4 days and then treated with 10 M 12459 for 4 weeks. Every 4 days, medium and 12459 were changed in order to eliminate dead cells and cellular debris. Remaining cells were further cloned in soft agar (104 cells/dishes) containing either 5 or 10 M 12459. After 2 weeks, surviving clones (100 clones from each selection condition) were collected from agar using a 1-ml tip and were individually plated in 96-well culture plates in the presence or absence of 12459 (10 M). 15 of 200 clones (JFD1, JFD2, JFD3, JFD4, JFD5, JFD7, JFD8, JFD9, JFD10, JFD11, JFD12, JFD14, JFD15, JFD16, and JFD18) were able to grow in the presence of 12459 and were further cultured in drug-free medium. An 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide survival assay (4 days) in the presence of various cytotoxic compounds was performed in 96-well plates, each point in quadruplicate, as recommended by the manufacturer (Sigma). Due to an interference of 12459 with the coloration induced by the 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide, a survival assay for this compound was performed in 6-well plates, each point in triplicate. The number of viable cells was counted after trypan blue dye exclusion in a hematocytometer.
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L. Guittat and J.-L. Mergny, unpublished results.
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For apoptosis determination, A549 cells were seeded on 4-well coverslides and treated with 12459. Cells were washed with phosphatebuffered saline and stained with Hoechst 33342 at 1 g/ml. cells with apoptotic nuclei were counted in a different part of the slide by fluorescence microscopy. Results corresponded to the mean of three separate determinations ⫾ S.D. relative to control untreated cells. Radiation survival was determined by clonogenic assays. Cells were irradiated in culture medium at room temperature in an IBL-637 (137Cs) irradiator (CIS-Biointernational, Saclay, France) at a dose rate of 1.05 Gy/min. Experiments were performed in triplicate or more. Colonies were allowed to grow for 8 days and then fixed with methanol, stained, and scored. Small colonies (⬍50 cells) were disregarded. Radiation survival curves were drawn for best fit to a linear quadratic equation, as usual: ln S/S0 ⫽ ⫺␣D ⫺ ␤D2, where S0 represents the clonogenic efficiency, S is the residual survival, D is the radiation dose, and ␣ and ␤ are numerical parameters characterizing the radiosensitivity of the cell line. Infections of A549 and JFD18 Cells—Lentiviral supernatants containing hTERT, DN-hTERT cDNAs, or control HPV vector were a generous gift from Dr. Annelise Bennaceur-Griscelli (Institut Gustave Roussy, Villejuif, France). A549 or JFD18 cells at 1.5 ⫻ 105 cells/ml were infected at a multiplicity of infection equal to 50 in the presence of 4 g/ml Polybrene in complete culture medium. Enhanced green fluorescent protein-positive cells were sorted 5 days later by flow cytometry according to a high or low intensity of fluorescence. Populations that expressed a high intensity of fluorescence were seeded in 25-cm2 flasks and cultivated for up to 81 days. Cytotoxicity and clonogenic survival experiments were performed on cultures between days 60 and 80 after infection. Clonogenic survival assays were performed with 5 ⫻ 103 cells from A549- or JFD18-transfected cell lines according to the previously published procedure (22) in the presence or absence of 5 M 12459. Results represent the mean value ⫾ S.D. of triplicate determinations. RNA Preparation and RT1-PCR Assays—Total RNA was isolated from 1 ⫻ 106 cells using Tri-Reagent (Sigma) as recommended by the manufacturer. One g of total RNA was reverse transcribed in a 20-l reaction volume using random hexamers, avian myeloblastosis virus reverse transcriptase, and the reaction buffer provided in the reverse transcription kit (Promega). The volume of the sample was adjusted to 200 l with diethylpyrocarbonate-treated water at the end of the reaction. A 10-l aliquot of cDNA was used for PCR amplifications. hTERT was amplified using the forward TERT2109 primer (5⬘-GCCTGAGCTGTACTTTGTCAA-3⬘) and the reverse TERT2531R primer (5-AGGCTGCAGAGCAGCGTGGAGAGG-3⬘) according to Ref. 23, with the following cycling conditions: 94 °C for 2 min, followed by 30 cycles of 94 °C for 30 s, 58 °C for 30 s, and 72 °C for 30 s. Amplification of ␤2-microglobulin was performed as a control using the same PCR conditions with primer forward (5⬘-ACCCCCACTGAAAAAGATGA-3⬘) and primer reverse (5⬘ATCTTCAAACCTCCATGATG-3⬘). Amplifications of the different genes were performed using the same PCR cycle conditions using the following primers: hTR, forward primer (5⬘-TCTAACCCTAACTGAGAAGGGCGTAG-3⬘) and reverse primer (5⬘-GTTTGCTCTAGAATGAACGGTGGAAG-3⬘); TRF1, forward primer (5⬘-AGCAGAAGAGCCACTGAAAGCA-3⬘) and reverse primer (5⬘-CTTCGCTGTCTGAGGAAATCAG-3⬘); TRF2, forward primer (5⬘-TGAAAACGAAACTTCAGCCCCG-3⬘) and reverse primer (5⬘-GTGCTGCCTGAACTTGAAACAG-3⬘); hPot1, forward primer (5⬘-CCAGCTCTGCTTTGCATCTTT-3⬘) and reverse primer (5⬘-CAAGAGCTGACAAGTCAGGTCA-3⬘); BLM, forward primer (5⬘-GCCCTACAGGGAATTCTATG-3⬘) and reverse primer (5⬘GTTTCAGCCCAGTTGCTACT-3⬘); WRN, forward primer (5⬘-CTTCCACCAACTCTCTGTTTG-3⬘) and reverse primer (5⬘-CTGTGATAATTGCAGGTCCAG-3⬘); NCL, forward primer (5⬘-AATGAGGGCAGAGCAATCAGG-3⬘) and reverse primer (5⬘-GTCAGTAACTATCCTTGCCCG-3⬘); hnRNPA1, forward primer (5⬘-ACGAAACCAAGGTGGCTATG-3⬘) and reverse primer (5⬘-AGCGTCACGATCAGACTGTT-3⬘). Amplified products were resolved on 6% nondenaturing polyacrylamide gels in 1⫻ TBE and stained with SYBR Green I (Roche Applied Science). Quantification was performed by a CCD camera (Bioprint) and a BioCapt software analysis, relative to the signal of ␤2-microglobulin. Results represent the mean value of two or three independent RNA extractions, as indicated. Telomeric Restriction Size Fragment Determination—Genomic DNA was digested with HinfI/RsaI restriction enzymes and electrophoresed in 0.8% agarose gels in 1⫻ TBE buffer. DNA were transferred onto hybond N⫹ membrane (Amersham Biosciences) and then prehybridized for 2 h at 65 °C in 7% SDS, 1% bovine serum albumin, and 0.5 M NaPO4, pH 8.0. A 0.7-kb telomere DNA probe (pUCTelo; a gift from Prof. E. Gilson, Ecole Normale Supe`rieure, Lyon, France) was labeled
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Resistance to a G-quadruplex Ligand



FIG. 1. Selection of A549 clones resistant to the G-quadruplex ligand 12459. a, chemical structure of 12459. b, schematic diagram of the resistance selection process. with [␣-32P]dCTP by random priming and was added to the solution. Hybridization was performed overnight at 65 °C. Membranes were washed twice with 0.2⫻ SSC, 0.1% SDS at 65 °C for 15 min and then twice with 2⫻ SSC, 0.1% SDS at room temperature. Telomeric smears were revealed by autoradiography, and the mean length of the telomere restriction fragment (TRF) corresponds to the peak of the densitometric integration curve from two separate experiments. FISH Analysis—Metaphase chromosome spreads were prepared from cells treated with colcemid (0.1 g/ml, 1 h; Eurobio) and then hypotonic KCl and fixed in methanol/acetic acid (3:1, v/v). Fixed cells were dropped onto clean slides and left to dry overnight prior to hybridization with a telomeric specific (CCCTAA)3-Cy3 PNA probe (PerSeptive Biosystems) as described (24) and staining with DAPI. Fluorescent signals were visualized under a UV microscope (Axioplan2; Zeiss) equipped with a computer-piloted filter wheel and were captured with a CCD camera (Photometrics-Sensys) using the Smart-Capture software (Vysis) (settings: gain ⫽ 3 (red), 1 (blue); binning ⫽ 4) and a fixed exposure time of 2 s. A flat field template was used to correct for unevenness in field illumination. Merged DAPI-Cy3 pseudocolor images were used to colocalize chromosomes and telomere signals. Original grayscale Cy3 images were saved for quantitative analysis using the Iplab Spectrum P software (Skanalytics). Overall telomere fluorescence was estimated by calculating the mean pixel value of the metaphase using an automatic segmentation protocol provided by the software. For the FISH localization of hTERT, metaphase preparations were cohybridized with a biotin-labeled BAC carrying the whole hTERT locus (25) and a digoxigenin-labeled chromosome 5 painting. The probes were revealed using Texas Red-coupled avidin (Vector) and a fluorescein



FIG. 2. Antiproliferative and apoptotic effects of 12459. a, apoptosis induction by 12459 in A549 cells. Cells were treated for 24, 48, 72, and 96 h with 12459 at 10 M. Cells were fixed and stained with Hoechst 33342, and the percentage of cells exhibiting apoptotic nuclei was calculated relative to untreated cells. b, antiproliferative effect of 12459 against parental A549 and resistant JFD10 and JFD18 clones for 96-h drug exposure. isothiocyanate-conjugated antidigoxigenin antibody (Sigma), respectively. Chromosomes were counterstained with DAPI, and fluorescent signals were visualized and captured as above. Merged DAPI-fluorescein isothiocyanate-Texas Red images were then obtained to count and localize hTERT loci. Anaphase Bridge Analysis—To determine the presence of anaphase bridges, cells were seeded on microscope slides and stained with Chromomycin A3 (Sigma). Images of anaphases were recorded with a confocal microscope (Bio-Rad MRC 1024) with excitation at 457 nm and emission at 530 nm. At least 50 metaphases were examined for sensitive A549 and JFD10- or JFD18-resistant clones. RESULTS



Resistant clones were obtained after ethyl methyl sulfonate mutagenesis and soft agar cloning selection (26) in the presence of 10 M 12459 (Fig. 1b), a concentration of drug able to induce apoptosis with a 72–96-h delay (Fig. 2a). After the initial selection procedure, clones were plated and maintained in the absence of 12459. Among 200 clones isolated, 15 were confirmed for 12459 resistance in a 96-h cytotoxicity assay with resistance indexes varying from 3- to 5-fold (Fig. 2b). The resistance phenotype of the selected clones is stable for at least 6 months, when cells are grown in the absence of 12459. The level of hTERT transcripts was investigated in the resistant clones by RT-PCR analysis. hTERT presents a complex
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FIG. 3. Expression of hTERT transcript in 12459-resistant clones. a, RT-PCR of hTERT in A549 cells and JFD-resistant clones, as indicated. b, RT-PCR of hTERT in A549 and JFD10-, JFD18-, JFD9-, and JFD11-resistant clones, as indicated. The ␤2-microglobulin transcript is used as a control for mRNA expression. RT-PCR analysis detects active (⫹␣,⫹␤) and inactive (⫺␤) hTERT transcripts. The size of the PCR products (bp) is indicated on the right. c, quantification of three independent RT-PCR experiments (from independent RNA extractions) for the active ⫹␣,⫹␤ and the inactive ⫺␤ hTERT transcripts on A549 parental cells and JFD10-, JFD18-, JFD9-, and JFD11-resistant clones. Data were normalized relative to the ␤2-microglobulin transcript (␤2m) and to the values of parental A549 cells defined as 1.



splicing pattern that includes an active ⫹␣,⫹␤ transcript and several inactive species including one major ⫺␤ transcript and two minor ⫺␣ and ⫺␣,⫺␤ transcripts that were barely detectable by RT-PCR (Fig. 3, a and b) (23, 27). The results indicated that the majority of the clones (8 of 13) presented an overexpression of the active ⫹␣,⫹␤ transcript, as evidenced for JFD1, JFD2, JFD3, JFD5, JFD10, JFD12, and JFD18 in Fig. 3, a and b. Three independent RT-PCR quantitative experiments indicated that hTERT expression was increased by 2-fold or 6-fold in JFD10 and JFD18, respectively, whereas it remained unchanged in JFD9 and JFD11 (Fig. 3c). The two hTERT-overexpressing clones, JFD10 and JFD18, were further analyzed for transcriptional levels of hTR (telomerase RNA subunit), hPot1, TRF1, TRF2 (telomere-binding proteins), BLM, WRN (RecQ helicases), nucleolin (NCL), and hnRNPA1 (Figs. 4 and 5). No significant modification of the transcript levels was found for these genes in the resistant clones, as compared with the parental cells. In order to determine whether the increased hTERT tran-
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FIG. 4. Expression of telomere-associated genes transcript in 12459-resistant clones. RT-PCR of TRF1, TRF2, nucleolin (NCL), Werner (WRN), Bloom (BLM), and hPot1 in A549, JFD10, and JFD18 clones, as indicated. ␤2-Microglobulin (␤2m) transcript is used as a control for mRNA expression. Duplicate lanes represent independent RT-PCR experiments.



script levels resulted in an increase in telomerase activity, TRAP activity was measured on serial amounts of protein extracts prepared from A549 and JFD18 cells. In agreement with its (⫹␣,⫹␤) hTERT mRNA increase, telomerase activity was found augmented in JFD18 and JFD10 cells as compared with parental cells (Fig. 6a). In contrast, JFD9 and JFD11 did not present variations of telomerase activity, as compared with A549 cells (results not shown). The in vitro inhibitory effect of 12459 was also measured by the TRAP-G4 assay (14) on extracts from A549 and JFD10-and JFD18-resistant cells. 12459 and telomestatin were found to inhibit TRAP-G4 with equal IC50 values for sensitive and resistant extracts (results not shown). These results excluded qualitative alterations of telomerase that could modify the sensitivity of the enzyme to the in vitro effect of these inhibitors. Treatment of A549 cells with 12459 was previously shown to down-regulate telomerase activity (13). We have determined whether resistance phenotype is altering the effect of 12459 to down-regulate telomerase activity in JFD10 and JFD18 clones. As shown in Fig. 6b, telomerase activity measured by TRAP from A549-treated cells was strongly decreased. In contrast, telomerase activity measured by TRAP in JFD10 and JDF18 cells under 12459 treatment remained detectable with levels comparable with that from untreated resistant cells (Fig. 6, b and c), thus indicating that JFD10 and JFD18 are resistant to the 12459-induced down-regulation of telomerase activity.
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FIG. 5. Expression of hnRNPA1, hTR, and multidrug resistance genes in resistant cells. a, expression of hnRNPA1 gene transcript by RT-PCR in A549, JFD10, and JFD18, as indicated. b, expression of multidrug resistance-associated gene transcript and hTR in 12459-resistant clones. RT-PCR of hTR, breast cancer resistance protein (BCRP), multidrug-related protein 1 (MRP1), multidrug resistance 1 (MDR1) in A549, JFD10, and JFD18 clones, as indicated. ␤2-Microglobulin (␤2m) transcript is used as a control for mRNA expression. Triplicate or duplicate lanes represented independent RT-PCR experiments from separate RNA extractions.



An expected consequence for the clones that presented increased (⫹␣,⫹␤) hTERT transcript levels is a gain in telomere length. We analyzed the telomere length in JFD10 and JFD18 after 3 months in culture in the absence of 12459. These two clones presented a mean length TRF of 8 –9 kb, as compared with 6.5 kb measured in the parental A549 cells (Fig. 7a). Quantitative FISH analysis also indicated a 42% increase in the PNA probe hybridization intensity at telomeres for the JFD18 clone, as compared with A549 (Fig 7, b and c). Altogether, these data are consistent with an increase in telomerase activity in these clones due to hTERT overexpression. FISH analysis showed three copies of the chromosome 5, each bearing one copy of the hTERT gene in both A549 and JFD18 metaphases, suggesting that the hTERT overexpression did not result from locus amplification or chromosome duplication (Fig. 7d). The presence of increased anaphase bridges has been associated with a disruption of the capping function of the telomere (28, 29). Also, another G-quadruplex ligand, TMPyP4, has been found to induce anaphase bridges in sea urchin oocytes (30). We have determined whether 12459 may induce the formation of anaphase bridges in A549 and resistant clones. We were not able to detect a significant presence of anaphase bridges (⬍5%) for concentrations of 12459 ranging from 0.1 to 10 M after a 48-h treatment with the drug in both sensitive and resistant cells (not shown). In contrast, untreated JFD10- and JFD18-



FIG. 6. Telomerase activity in sensitive and resistant cells. Telomerase activity was measured by the TRAP assay with CHAPS extracts from A549 and resistant clones JFD10 and JFD18 (as indicated). a, TRAP assay with extracts (10, 50, and 100 ng) from untreated cells. In resistant clones, TRAP activity is higher than in A549-sensitive cells. b, TRAP assay with extracts (10 and 50 ng) from A549 and resistant clones. As indicated, cells were treated with 10 M 12459 for 48 h (⫹) or untreated (⫺) before the extract preparation. c, TRAP assay with extracts (1, 5, 10, and 50 ng) from the JFD18-resistant clone. As indicated, cells were treated with 10 M 12459 for 48 h or untreated before the extract preparation. 12459 treatment induced a down-regulation of TRAP activity in A549 cells. In resistant clones, TRAP activity remained higher that in A549 under 12459 treatment. ITAS, internal telomerase assay standard.



resistant cells presented a higher basal level of anaphase bridges (25–30%) as compared with the A549-sensitive cell line (less than 5%). Typical images of anaphase bridges obtained with A549, JFD10, and JFD18 cell lines are shown in Fig. 8a. In the JFD18 clone, FISH analyses also revealed occasional telophase bridges, in the middle of which telomere signals are detected (Fig. 8b). Interestingly, this high incidence of anaphase bridges has no apparent effect on the proliferation rate of the resistant cells, since their doubling time remained equivalent to that of A549 cells (20 –21 h). We concluded that selection of resistance has altered telomere capping functions without perturbing cell division. The JFD18 clone presented a 5-fold resistance to 12459 (Fig. 2a) and was further evaluated for its cross-resistance pattern to other G-quadruplex ligands or to other cytotoxic agents with
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FIG. 7. Increased telomere length and hTERT gene localization in JFD10- and JFD18-resistant clones. a, TRF analysis of A549 and resistant clones (JFD10 and JFD18). Genomic DNA was digested with HinfI and RsaI, resolved on 0.8% agarose gel, transferred onto a nylon membrane, and then hybridized under standard conditions with a 0.7-kb telomere DNA probe (a gift from E. Gilson). Mean TRF increased from 6.5 kb (A549) to 8 –9 kb (JFD clones). b, pseudocolor images of metaphase spreads from A549 and JFD18 cells hybridized to a PNA-telomere-specific probe (in red). Chromosomes are counterstained with DAPI. The corresponding unmodified (original) grayscale images were used to calculate the mean pixel value for all telomeres. c, mean of the telomere fluorescence intensity (24 metaphases, arbitrary units) for A549 and JFD18 cells. The difference between these cell lines is highly significant (p ⬍ 1 ⫻ 10⫺10). The error bars indicate the S.E. JFD18 presented a 42% increase in telomere fluorescence, as compared with A549. d, pseudocolor images of metaphase spreads from A549 (left) and JFD18 (right) cells cohybridized with a BAC carrying hTERT (revealed in red) and a chromosome 5 painting (revealed in green). Three copies of hTERT at their normal position (5p15.33) are detected in both cell lines. A marker chromosome carrying a small chromosome 5 fragment is detected in 100% of JFD18 metaphases, whereas it is only observed in 2–3% of metaphases from the parental A549 cells.



various mechanisms of action. As indicated in Fig. 9a, JFD18 has no cross-resistance to the topoisomerase inhibitors doxorubicin, etoposide, and camptothecin and to the G-quadruplex ligands telomestatin and BRACO19. In contrast, JFD18 displayed a partial cross-resistance to the DNA-interactive agent mitomycin C (3.7-fold) and to the tubulin poison vinblastin (2.1-fold) and was slightly cross-resistant to the triazine derivative 115405 (1.8-fold). These data indicated that JFD18 does not have the characteristics of a multidrug resistance phenotype. In agreement, no variation in multidrug-related protein 1 (MRP1) and breast cancer resistance protein (BCRP) transcripts was found in JFD18, and the multidrug resistance 1 (MDR1) transcript remained undetectable (Fig. 5b). Similar results were found for the JFD10 clone that displayed a 5-fold resistance to 12459 (Fig. 5b). It should be noticed that nontriazine G-quadruplex ligands displayed poor growth-inhibitory properties against A549 cells, as compared with triazine derivatives, with IC50 values equal to 9 and 3 M for telomestatin and BRACO19, respectively. Furthermore, JFD18 cells did not present significant resistance against the effect of ionizing radiation, as compared with A549 (Fig. 9b). Analysis of hTERT expression in the different 12459-resistant clones suggested that two phenotypic classes of clones were observed. In the first, active hTERT transcript was up-regulated (i.e. JFD10 and JFD18), and in the second, active hTERT



transcript was maintained at the same levels as compared with A549 (i.e. JFD9 and JFD11). These results raised the question of whether or not an increased telomerase activity is a key element in the resistance to short term treatment with 12459 in A549 cells. To address this possibility, we investigated the effect of 12459 in A549 cells transfected either with hTERT or with DN-hTERT cDNA and in JFD18 cells transfected with DN-hTERT cDNA. As expected, expression of hTERT in A549 cells considerably increased telomerase activity and telomere length, as compared with cells transfected with an empty vector (not shown). On the other hand, the expression of DNhTERT abolished the telomerase activity in both A549 and JFD18 cells (not shown), as already described for this mutant (31, 32). After 80 days of culture, the DN-hTERT A549 and DN-hTERT JFD18 cells both showed a significant decrease in telomere length (Fig 10). This suggested that the overexpression of telomerase in JFD18 cells was necessary to maintain the telomere length and that telomere lengthening in JFD18 was not due to a telomerase-independent mechanism selected during resistance acquisition. The short term antiproliferative activity of 12459 was determined in cells transfected with the different constructions in order to evaluate the effects of overexpression or inactivation of telomerase. Interestingly, hTERT A549 or DN-hTERT A549 cells did not present significant differences in their sensitivity
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FIG. 8. Anaphase bridges in 12459-resistant clones. a, representative images of anaphase bridges in JFD10- and JFD18-resistant cells, as compared with A549 cells that do not present significant figures of bridges. Cells were stained with chromomycin A3, and images recorded by confocal microscopy. b, telophase of JFD18 cells. Blue, chromosome DNA stained with DAPI; red dots, TTAGGG repeats hybridized with a fluorescent Cy3-PNA probe. A DNA bridge is present with dots of TTAGGG fluorescence detectable in the center of the bridge (arrow).



to the antiproliferative activity of 12459, as compared with HPV A549 cells transfected with the empty vector (not shown). These results suggested that variations of telomerase activity were not essential for the sensitivity of A549 cells to 12459. On the other hand, DN-hTERT JFD18 cells displayed an increased sensitivity for the highest concentrations of 12459 assayed (10 and 30 M), as compared with HPV JFD18 cells (Fig. 11a). This suggests that interfering with telomerase activity in these cells partially restores the sensitivity to 12459 for concentrations of compound equivalent to that used during the resistance selection procedure. To confirm these results, we determined the effect of 12459 on the transfected cell line in a soft agar clonogenic survival assay. In the presence of 5 M 12459, we found identical clonogenic survivals for HPV A549, hTERT A549, and DN-hTERT A549 (Fig. 11b). On the other hand, the full resistance to the effect of 12459 for clonogenic survival of the HPV JFD18 cell



FIG. 9. Cross-resistance pattern of JFD18 clone toward G-quadruplex ligands, antitumor drugs and ionizing radiations. a, cross-resistance pattern of JFD18 clone. Resistance index represented for each compound the ratio of IC50 on JFD18/IC50 on A549 measured for 96-h drug exposure. Data represented the mean values ⫾ S.D. of three independent determinations. b, radiation survival curves for A549 (●) and JFD18 (䡺) cells. The curves were drawn for best fit to a linear quadratic equation (see “Experimental Procedures”). Found: ␣ ⫽ 0.100 ⫾ 0.012 Gy⫺1, ␤ ⫽ 0.017 ⫾ 0.003 Gy⫺2 for A549 cells; ␣ ⫽ 0.092 ⫾ 0.010 Gy⫺1, ␤ ⫽ 0.014 ⫾ 0.002 Gy⫺2 for JFD18 cells. Bars, S.D.



line was found to be almost completely reversed in the DNhTERT JFD18 cell line (Fig. 11b). DISCUSSION



We have described in the present work the characterization of A549 clones selected for resistance to 10 M 12459. A characteristic of the majority of the clones is an overexpression of the hTERT transcript that varies from 2- to 6-fold. The increased hTERT transcript level is related to an increase in telomerase activity in two of the hTERT overexpressing clones, JFD10 and JFD18, and as a consequence these clones also present longer telomeres. JFD10 and JFD18 clones also showed increased incidence in anaphase bridge formation that suggested an alteration of the capping function of telomeres (28). The establishment of resistance to 12459 in A549 cells by using a different procedure (i.e. lower 12459 concentration and long term senescence as a selection criterion to obtain the
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FIG. 10. DN-hTERT-induced telomere shortening in A549 and JFD18 cells. Shown is telomeric length restriction (TRF) analysis of A549 cells transfected with empty vector (A549 HPV or JFD18 HPV) or with DN-hTERT (A549 DN-hTERT or JFD18 DN-hTERT), as indicated. DNA samples were harvested at the indicated days for A549 or JFD18 DN-hTERT and at day 81 for A549 or JFD18 HPV. Molecular weight markers are indicated on the left.



JFA2-resistant cells) also led to a 2-fold increase in hTERT transcript levels, an increase in telomere lengths, and higher incidence of anaphase bridges (33). Therefore, up-regulation of telomerase expression and telomere capping modification represent frequent phenotypic alterations related to resistance to this G-quadruplex ligand. On the other hand, telomerase overexpression in these resistant models may not necessary indicate that there is a direct link between levels of telomerase activity and the cellular effects of these ligands. Any pathway that may antagonize the drug effect in resistant cells is expected to restore normal telomerase activity. However, our results indicated that drug inactivation is not mediated by multidrug resistance genes and that JFD18 does not have the cross-resistance characteristics of a multidrug-resistant cell line. A more direct argument indicating that modulation of telomerase activity is not a major determinant for the antiproliferative activity of 12459 was obtained by the transfection experiments with hTERT or DN-hTERT in A549 cells in which 12459 antiproliferative activity was not modified. This agrees with previous results showing that triazine derivatives were able to inhibit proliferation of telomerase-positive and -negative cell lines, including the GM847 ALT cell line (13). Similar findings were recently published for other G-quadruplex ligands, such as the porphyrin derivative TMPyP4 that was found to be active against telomerase-positive and -negative cell lines (11). In contrast, telomestatin was found to be active against telo-
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FIG. 11. Antiproliferative effects of 12459 against hTERT- or DN-hTERT-transfected cells. a, antiproliferative effect of 12459 (96-h exposure) against the JFD18-resistant clone transfected with DN-hTERT (JFD18 DN-hTERT) or with empty vector (JFD18 HPV). Results represent the mean ⫾ S.D. of quadruplicate measurements. Significant differences were observed for 10 and 30 M 12459. b, effect of 12459 (5 M) by soft agar clonogenic survival against A549 cells (left panel) transfected with empty vector (HPV), with hTERT, or with DN-hTERT and survival against JFD18 cells (right panel) transfected with empty vector (HPV) or with DN-hTERT. Clones were counted after 15 days, and results represent the mean ⫾ S.D. of triplicate measurements.



merase-positive cells but inactive against ALT cells (11). This study also suggested a link between the selectivity of telomestatin for intramolecular G-quadruplex or TMPyP4 for intermolecular G-quadruplex and the ability of these compounds to mediate different biological effects against telomerase-positive or -negative (ALT) tumor cell lines (11). In contrast to these compounds, 12459 was not found to distinguish between intramolecular, dimer, and intermolecular forms of quadruplexes,2 a result that may explain the biological differences between 12459, telomestatin, and TMPyP4. Although transfection of hTERT was not sufficient to confer resistance to 12459 in A549 cells, our results demonstrated that increased telomerase activity participated in the mechanism of resistance to 12459. The expression of DN-hTERT in the JFD18-resistant clone reversed the resistance to concentrations of 12459 able to induce apoptosis in A549 cells. It has been suggested that the induction of quadruplex formation in telomeric overhang repeats would inhibit telomerase activity and therefore telomere stabilization (34). End-capping of telomeres is controlled by telomerase itself (35, 36) and by TRF2, a double-stranded telomeric DNA-binding protein that participates in the formation of T-loop structures at telomeres
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(37). Overexpression of TRF2 protects critically shortened telomeres from fusion and delays the onset of replicative senescence (38). The human protein hPot1 that specifically binds to the single-stranded 3⬘ overhang of telomere sequence plays a potential role in telomere protection. Deletion of the hPot1 homologue in yeast results both in the loss of telomeric DNA and in end-to-end fusions (39). Pot1 was recently shown to modulate telomere elongation by telomerase (40, 41) and may serve as a terminal transducer of TRF1, a negative regulator of telomerase activity (40). The human homologue of EST1 that recruits or activates telomerase at the 3⬘ end of telomeres, hEST1A, also affects telomere capping when overexpressed (28). It is suspected that ligands that stabilize the folding of single-stranded telomeric DNA overhang into stable quadruplex structures might effectively compete with the end-capping functions of hPot1, TRF2, or telomerase itself, with dramatic and rapid consequences for cell viability (34). Our results indicated that telomerase is necessary for the maintenance of resistance in JFD18 cells, but it is not sufficient to induce resistance in sensitive cells. An attractive explanation for such a difference would be a modification of the telomere capping in resistant cells in which the need for telomerase capping functions became essential to maintain efficient telomere protection against the effect of 12459. This change is reflected by the increased rate of anaphase bridge formation in the resistant clones. It is also possible that telomerase activity is indirectly modulated by the alteration of another factor essential for telomere end-capping. Recent reports have also shown that telomerase overexpression can suppress DNA damage and/or damage-related signals that trigger cell death (42– 44). This may represent an alternative explanation for the resistance to apoptotic concentrations of 12459. However, the cross-resistance profile of the JFD18 clone discriminated between a DNA-damaging agent such as mitomycin C, found to be cross-resistant, and between DNA topoisomerase inhibitors or ionizing radiations that were not. In the JFD9 clone that does not overexpress telomerase, mitomycin C was found to be 2.7-fold cross-resistant, suggesting rather a telomerase-independent cross-resistance pathway for JFD18 and JFD9 for this DNA-damaging agent. A detailed analysis of the apoptotic pathways for these clones would give interesting clues on these points. In conclusion, our work presents evidence that the level of telomerase activity is not directly linked to the antiproliferative activity of 12459 but that resistance to this G-quadruplex ligand is frequently associated with both up-regulation of telomerase activity and alteration of telomere capping functions that may participate directly or indirectly in the mechanism of resistance in some clones. Acknowledgments—We thank H. Der Sarkissian for help in hTERT localization, A. Bennaceur-Griscelli and F. Delhommeau for experiments with hTERT lentivirus, and H. Bobichon for confocal microscope facilities. REFERENCES 1. McEachern, M. J., Krauskopf, A., and Blackburn, E. H. (2000) Annu. Rev. Genet. 34, 331–358 2. Masutomi, K., Yu, E. Y., Khurts, S., Ben-Porath, I., Currier, J., Metz, G. B., Brooks, M. W., Kaneto, S., Murakami, S., DeCaprio, J. A., Weinberg, R. A., Stewart, S. A., and Hahn, W. C. (2003) Cell 114, 241–253 3. Sharma, S., Raymond, E., Soda, H., Sun, D., Hilsenbeck, S. G., Sharma, A.,
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