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Differential mutation profiles and similar intronic TP53 polymorphisms in asbestos-1 related lung cancer and pleural mesothelioma 2 3
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Given the interest to define biomarkers of asbestos exposure and to provide insights into 48 asbestos-related and cell-specific mechanisms of neoplasia, the identification of gene 49 alterations in asbestos-related cancers can help to a better understanding of exposure risk.

50

To understand the aetiology of asbestos-induced malignancies and to increase our knowledge 51 on mesothelial carcinogenesis, we compared genetic alterations in relevant cancer genes 52 between lung cancer, induced by asbestos and tobacco smoke, and malignant pleural 53 mesothelioma (MPM), a cancer related to asbestos, but not to tobacco smoke. 54 TP53, KRAS, EGFR and NF2 gene alterations analyses were performed in 100 non-small cell 55 lung cancers (NSCLC) from 50 asbestos-exposed and 50 unexposed patients matched for age, 56 gender, histology and smoking habits. Detailed assessment of asbestos exposure was based on 57 both specific questionnaires and asbestos bodies quantification in lung tissue. Genetic analyses 58 were also performed in 34 MPM. 59 TP53, EGFR and KRAS mutations were found in NSCLC with no link with asbestos exposure. 60 NF2 was only altered in MPM. Significant enhancement of TP53 G:C to T:A transversions was 61 found in NSCLC from asbestos-exposed patients when compared to unexposed patients 62 (P=0.037). Interestingly, TP53 polymorphisms in intron 7 (rs12947788 and rs12951053) were 63 more frequently identified in asbestos-exposed NSCLC (P=0.046) and MPM patients than in 64 unexposed patients (P<0.001 and P=0.012, respectively). These results emphasize distinct 65 genetic alterations between asbestos-related thoracic tumours, but identify common potential 66 susceptibility factors i.e., SNPs in intron 7 of TP53. 67 While genetic changes in NSCLC are dominated by the effects of tobacco smoke, the increase 68 of transversions in TP53 gene is consistent with a synergistic effect of asbestos. These results 69 may help defining cell-dependent mechanisms of action of asbestos, and identifying 70 susceptibility factors to asbestos.

In one previous study, an increased frequency of G:C to T:A transversions due to asbestos 387 exposure was previously hypothetized (20). Our data show that G:C to T:A can be linked to 388 asbestos. They show both an increased frequency of G:C to T:A transversions associated with 389 asbestos exposure, and that G to T transversions in the non-transcribed DNA strand occurred 390 more frequently in the asbestos-exposed than in the unexposed NSCLC group (P=0.038). This 391 is consistent with an effect of exogenous or environmental carcinogens that preferentially 392 induce mutations in the non-transcribed DNA strand (31). The significant enhancement of G:C 393 to T:A transversions in lung cancer from asbestos-exposed patients is consistent with a 394 synergistic role of asbestos with tobacco smoking in lung cancer (32). The mechanism is not 395 clear but it has been suggested that asbestos fibres could serve as a vehicle to deliver 396 concentrated doses of tobacco carcinogens to target cells (33). 397 The four TP53 mutations in MPM cases are distributed without relation to asbestos exposure.

398

The lower percentage of TP53 mutations in MPM than in NSCLC, and the different type of 399 mutations are consistent with the lack of association between smoking and MPM, in contrast to 400 lung cancer (10,34), G:C to T:A transversions due to ROS production would have been 401 expected on the basis of the mechanism of asbestos-induced DNA damage (35), but only one 402 of four mutation was G:C to T:A transversion in our series of MPM. This result suggests that 403 the induction of transversions by ROS does not dominate the mechanism of mesothelial cell 404 transformation or that repair mechanisms of ROS-induced DNA damage are efficient. 405 However, some studies in MPM suggested that several different DNA repair systems are 406 affected by the presence of SNP or by deregulated genes expression of DNA repair enzymes 407 (36). Other mechanisms could play a role, as physical interference with mitosis (tangled 408 hypothesis) (37). TP53 mutations detected in MPM might be due to other factors. Black spots 409 described in the human pleura attest that several sorts of pollutants could be present in this 410 tissue (38). Two SNPs in TP53 intron 7 (rs12947788, and rs12951053), all heterozygous, were found in 412 NSCLC. Their frequencies were significantly higher in the asbestos-exposed group and 413 exceeded those reported in databases for similar ethnic populations (native European subjects), 414 suggesting a predisposition linkage. Lower rates, dependent on ethnicity, are generally reported 415 in the literature (http://www.ncbi.nlm.nih.gov/projects/SNP/; last access: 22/06/2012) (39). 416 More recent data on SNP frequencies in European populations have shown rates of 4.3% and 417 6.5% for rs12947788 and rs12951053 heterozygous SNPs, respectively, among 23 

B. rs12951053 single nucleotide polymorphism

  Uppsala, Sweden) in Multiscreen Millipore columns (Prolabo) and analyzed 189 on an ABI PRISM 3100 Genetic analyser (Applied Biosystems). Mutational analysis was 190 performed using Sequencher 4.8 software (Gene Codes Corporation, Ann Arbor, MI, USA) and 191 verified by independent amplification and sequencing. Genetic alterations were validated by an 192 independent sequencing experiment in the DNA complementary strand. asbestos-exposed and unexposed NSCLC cases were 196 compared using Wilcoxon test for quantitative variables, and Pearson's Chi-square test for 197 qualitative variables (Fisher's exact test was used for qualitative variables where Chi-square 198 test was not a valid test, i.e. expected cell count was <5). Comparisons were also based on 199 mutational analysis and polymorphism status, after stratification according to the various 200 relevant clinicopathological subtypes. Multivariate analyses were also performed using logistic 201 models on TP53 SNPs. A P value less than 0.05 was considered statistically significant. 202 Statistical analyses were performed using "Statistical Analysis System" software (SAS v9.

  411

  ; SCC: Squamous cell carcinoma. a Pearson's Chi-square and Fisher's exact tests as appropriate, ns: not significant, i.e. P ≥0.05; b : P = 0.020; c : P = 0.037 (comparison of mutations between histological types); d : P = 0.061; e : P = 0.009 (comparison of mutations between non smokers, and current and former smokers); f : P = 0.053 (comparison of mutations between gender); g : P = 0.017 (comparison of mutations between non-smokers, and current and former smokers in the asbestos-unexposed group).

Figure 2 .

 2 Figure 2. Single nucleotide polymorphisms in TP53 intron 7 in non-small-cell lung cancer and malignant pleural mesothelioma populations according to asbestos exposure. (A) rs12947788; (B) rs12951053.
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421

(http://variantgps.nci.nih.gov/cgfseq/pages/home.do; last access: 22/06/2012). Previously, in 422 Singaporean Chinese population, it was suggested that these SNPs could be a predisposition 423 factor to lung cancer, but asbestos exposure was not taken into account

(40)

.

424

Multiple SNPs have been identified in the tumour suppressor gene TP53, but the significance 425 of most of these SNPs is still unclear. Some studies have reported that intronic variants of the 426 TP53 gene (especially a 16 bp insertion/duplication in intron 3) are associated with increased 427 risk for several types of cancer, and a poorer prognosis in NSCLC, possibly linked to a low 428 level of TP53 expression

(41)(42)

. In addition, a meta-analysis found limited evidence in 429 support of the hypothesis that some polymorphisms in TP53, as in codon 72, or in introns 2, 3 430 or 6 could represent risk factors for lung cancer

(43)

.

431

For the first time, we report rs12947788 and rs12951053 SNPs in MPM. Interestingly, these 432 SNPs are found at higher rates in asbestos-exposed MPM with high CEI than those observed in 433 asbestos-exposed NSCLC. Associated with our results in NSCLC, this finding reinforces the 434 hypothesis that these polymorphisms might enhance the asbestos risk and may act as 443 available web tools, in silico analysis of the sequence of the TP53 intron 7 did not identify 444 DNA sequences for non-coding mRNA or binding sites for transcription factor which could 445 indicate the presence of a putative transcriptional enhancer. Nevertheless, the lack of an 446 identified functional role of these SNPs cannot be excluded. They could be associated with a 447 haplotype containing another SNP, crucial for susceptibility to asbestos. In two studies, perfect 448 linkage disequilibrium between both SNPs was described and it was suggested that rs12951053 449 is in weak linkage disequilibrium with SNPs affecting transcription factor binding sites

[START_REF] Zhang | Genetic variants associated with breast-613 cancer risk: comprehensive research synopsis, meta-analysis, and epidemiological evidence[END_REF][START_REF] Schildkraut | Association between DNA damage response and 617 repair genes and risk of invasive serous ovarian cancer[END_REF]

. 450 Analysis of our data using haploview software and the SNPStats program 451 (http://bioinfo.iconcologia.net/SNPStats) confirmed this linkage disequilibrium, but haplotype 452 analysis did not identify a haplotype significantly associated with asbestos exposure (data not 453 shown).

454

In conclusion, our results demonstrate the specificities of human malignant thoracic tumours 455 linked to asbestos exposure. In NSCLC, effects of tobacco smoke dominate the genetic 456 changes, and genetic alterations of TP53 are consistent with a synergistic effect of asbestos. 457 Concerning genetic alterations, the current hypothesis is that NF2 mutations observed in MPM 458 are linked to cell specificity and a particular function of NF2 protein in mesothelial cells. 459 Page 22 of 67 http://mutage.oupjournals.org/ 467 Recherche (n° 05 9 31/ANR), Agence Nationale de Sécurité Sanitaire de l'Alimentation, de 468 l'Environnement et du Travail (ANSES) (n° RD-2004-015) and Comité de l'Oise de la Ligue 469 contre le Cancer.
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	624	Fig. 1. Types of TP53 gene alteration in asbestos-exposed and unexposed NSCLC cases.
	625	Percentages were based on the total number of mutations in each group.
	626	Fig. 2. Single nucleotide polymorphisms in TP53 intron 7 in non-small-cell lung cancer and
	627	malignant pleural mesothelioma populations according to asbestos exposure. (A) rs12947788;
		(B) rs12951053.
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  TP53, described in NCBI dbSNP database (http://www.ncbi.nlm.nih.gov/snp). Types of TP53 gene alteration in asbestos-exposed and unexposed NSCLC cases.
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	27 115 140 165 190 282 307 317 341 364 388 413 437 461 485 623	12 INSERM, U1086, Caen, F-14000, France NSCLC patients passages were washed with phosphate buffered saline (PBS, Invitrogen, Cergy-Pontoise, defined (low: 0 to 5 P-Y; medium to high: 6 to 60 P-Y (± 10 P-Y); very high: over 61 P-Y). on an ABI PRISM 3100 Genetic analyser (Applied Biosystems). Mutational analysis was changing arginine into tryptophan and glutamine, respectively, and one transversion at codon exposure: high CEI (40.0%), moderate (16.0%), low (20.0%) and no exposure (24.0%) (Figure KRAS mutations were associated with asbestos exposure in a histological subtype, as the KRAS mutations and asbestos-exposure, independently of histological subtype. No significant exposure was previously hypothetized (20). Our data show that G:C to T:A can be linked to NSCLC. Their frequencies were significantly higher in the asbestos-exposed group and would be necessary to confirm this hypothesis. asbestos-related NSCLC and MPM. Although the significance of these polymorphisms is asbestos-exposed NSCLC cases; EGFR: Epidermal growth factor receptor; KRAS: Kirsten rat
	13 CHU Caen, Service de Médecine du Travail et Pathologie Professionnelle, Caen, F-14000, Subjects were selected from consecutive primary NSCLC cases after surgical resection in 5 France) and stored at -80°C. performed using Sequencher 4.8 software (Gene Codes Corporation, Ann Arbor, MI, USA) and 249 (747G>T,R249S), changing arginine into serine (supplementary Table 3s). 2). Considering all 59 MPM cases, the presence of the rs12947788 and rs1295105 SNP minor prevalence of mutations in lung adenocarcinomas was higher in asbestos-exposed patients than difference was observed after stratification for gender, histological type and smoking status asbestos. They show both an increased frequency of G:C to T:A transversions associated with exceeded those reported in databases for similar ethnic populations (native European subjects), unknown, future work in this area must examine their involvement, as susceptibility factors to sarcoma; MPM: Malignant pleural mesothelioma; NF2: Neurofibromatosis type 2; NSCLC: Fig. 1. 624 28 116 141 166 191 283 308 342 365 389 414 462 486
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	29 117 142 167 192 284 309 343 366 390 415 463 487 625	France French hospitals (Centre Hospitalier Intercommunal, Créteil; Hôpital Européen Georges The level of asbestos exposure in MPM patients was based on clinical reports. An asbestos verified by independent amplification and sequencing. Genetic alterations were validated by an alleles was observed in 39.3% and 25.0% of asbestos-exposed MPM patients with high CEI, in unexposed patients (18). However, in another study, an increased probability of KRAS between asbestos-exposed and unexposed patients. As for EGFR, the absence of KRAS asbestos exposure, and that G to T transversions in the non-transcribed DNA strand occurred suggesting a predisposition linkage. Lower rates, dependent on ethnicity, are generally reported develop asbestos-related thoracic cancer. Non-small cell lung cancer; PAHs: polycyclic aromatic hydrocarbons; P-Y: pack-years; ROS: Percentages were based on the total number of mutations in each group.
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	30 118 143 168 193 285 310 344 367 391 416 488 626	14 AP-HP, GHU Ouest, Hôpital Européen Georges Pompidou, Service d'Anatomo-Pathologie, Pompidou, Paris; Institut Mutualiste Montsouris, Paris; Centre Hospitalier Universitaire, Caen; Smoking habits and asbestos exposure evaluation cumulative exposure index (CEI) was estimated for each subject by an occupational hygienist. independent sequencing experiment in the DNA complementary strand. TP53 polymorphisms but not in patients with moderate/low CEI and unexposed patients (P<0.001 and P=0.012, mutations was observed in occupationally exposed cases, but was not significant after mutations in MPM is consistent with no link with asbestos. more frequently in the asbestos-exposed than in the unexposed NSCLC group (P=0.038). This in the literature (http://www.ncbi.nlm.nih.gov/projects/SNP/; last access: 22/06/2012) (39). reactive oxygen species; SNPs: single nucleotide polymorphisms; TP53: Tumour protein 53. Fig. 2. Single nucleotide polymorphisms in TP53 intron 7 in non-small-cell lung cancer and
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	31 119 144 169 194 286 311 345 392 417 489 627	Paris, F-75015, France Centre Chirurgical Marie Lannelongue, Le Plessis-Robinson) from 1994 through 2007. NSCLC In NSCLC patients, information regarding smoking status was obtained from an interviewer-Four levels of CEI were defined for each subject's and classified into four classes: high TP53 DNA sequencing in NSCLC detected single nucleotide polymorphisms (SNPs) at six respectively) (Figure 2). For both SNPs, the minor alleles (A for rs12947788 and C for adjustment for smoking and histology (19). Concerning TP53, contradictory results were is consistent with an effect of exogenous or environmental carcinogens that preferentially More recent data on SNP frequencies in European populations have shown rates of 4.3% and malignant pleural mesothelioma populations according to asbestos exposure. (A) rs12947788;
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	15 Institut Mutualiste Montsouris, Service de Chirurgie Thoracique, Paris, F-75014, France tissue samples were snap-frozen in liquid nitrogen after surgical resection and stored at -80°C administered questionnaire to assess smoking classification, i.e. never smokers, current (defined as definite or probable, continuous or discontinuous and high or moderate Statistical analyses different sites in 287 32 120 145 170 195 rs12951053) were either associated with the major alleles (heterozygous patients) or present 312 reported on the link between TP53 mutations and asbestos exposure (19-20). For other genes, 346 induce mutations in the non-transcribed DNA strand (31). The significant enhancement of G:C 393 6.5% for rs12947788 and rs12951053 heterozygous SNPs, respectively, among 23 European 418 (B) rs12951053. 628
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	33 288 289 313 314 315 322 323 324 394 395 396 419 420 443 444 467 468	F o r CHU Caen, Service d'Anatomo-Pathologie, Caen, F-14000, France 16 F o r F o r F o r until use. The study was approved by the local Ethics Committee and all patients provided F o r smokers and former smokers (quitting smoking at least 1 year before diagnosis); age at onset of F o r occupational exposure for at least 10 years), moderate (all other occupational exposure), low F o r Clinicopathological characteristics of asbestos-exposed and unexposed NSCLC cases were F o r Only two SNPs found in intron 7 of TP53 (rs12947788: 979+72C>T and rs12951053: 979+92T>G) showed significantly different frequency between asbestos-exposed and unexposed NSCLC cases. Minor alleles (A for rs12947788 and C for rs12951053) were F o r alone (homozygous or hemizygous patients). The minor allele of rs12951053 SNP was always associated with the minor allele of rs12947788 SNP (supplementary Table 3s). F o r Evaluation of asbestos exposure differs between NSCLC and MPM. As NSCLC is a multifactorial disease, mainly linked to tobacco smoking and as asbestos-related lung cancer are generally related to high level of exposure, it is generally recommended to evaluate F o r no data are available on EGFR mutations linked to asbestos-related lung cancer. In contrast, F o r but no mutation was detected (26). Our data demonstrate the absence of mutation by F o r to T:A transversions in lung cancer from asbestos-exposed patients is consistent with a synergistic role of asbestos with tobacco smoking in lung cancer (32). The mechanism is not clear but it has been suggested that asbestos fibres could serve as a vehicle to deliver F o r subjects of the SNP500Cancer controls database of the National Cancer Institute. Another database of the Human Diversity Panel found 6.1% for rs12951053 heterozygous SNPs among 66 European subjects, including 29 French subjects F o r 11, failed to detect any specific splice variants (data not shown). Moreover, using several available web tools, in silico analysis of the sequence of the TP53 intron 7 did not identify F o r from Ministère de l'Emploi et de la Solidarité (n° 1DC004C), Agence Nationale de la F o F o F o F o F o F o Recherche (n° 05 9 31/ANR), Agence Nationale de Sécurité Sanitaire de l'Alimentation, de r r r r r r
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	41 42 129 130 131 132 157 181 182 204 205 299 332 333 379 380 429 449 450 451 452 453	R e v i e w R e v i e w R e v i e w R e v i e w Thirty four human cell cultures were obtained from surgical resection, pleural biopsies or Present address: MPM primary cell cultures R e v i e w R e v i e w apparatus (Perkin-Elmer, Courtaboeuf, France). PCR products were purified through Millipore R e v i e w R e v i e w R e v i e w R e v i e w for mineralogical analyses, as MPM diagnosis or treatment very rarely includes a surgical lung R e v i e w R e v i e w number of TP53 mutations was observed in asbestos-exposed NSCLC cases than in unexposed R e v i e w R e v i e w R e v i e w linkage disequilibrium between both SNPs was described and it was suggested that rs12951053 is in weak linkage disequilibrium with SNPs affecting transcription factor binding sites (46-47). Analysis of our data using haploview software and the SNPStats program (http://bioinfo.iconcologia.net/SNPStats) confirmed this linkage disequilibrium, but haplotype analysis did not identify a haplotype significantly associated with asbestos exposure (data not R e v i e w R e v i e w R e v i e w R e v i e w R e v i e w R e v i e w R e v i e w
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	361 408	overexpression could be due to transcriptional, translational, or posttranslational deregulation, (36). Other mechanisms could play a role, as physical interference with mitosis (tangled
	457	2007, as previously described (15). Detailed information describing MPM histology was count less than 1,000 per gram of dry lung tissue. Fifty unexposed NSCLC cases (E-) were Amp 9700 apparatus (Perkin-Elmer). PCR reactions were carried out for 25 cycles including 7 of TP53 in the series of the 34 MPM. The rs12947788 and rs12951053 SNP minor alleles account probability, frequency, intensity and duration of exposure. cases. In the literature G:C to T:A transversions are thought to be a signature of tobacco smoke SNPs are found at higher rates in asbestos-exposed MPM with high CEI than those observed in changes, and genetic alterations of TP53 are consistent with a synergistic effect of asbestos.
		such as recycling defects or degradation failure. hypothesis) (37). TP53 mutations detected in MPM might be due to other factors. Black spots
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Asbestos is a well-known carcinogen and an important risk factor for lung cancer and 80 malignant pleural mesothelioma (MPM)

(1)

. Recently, the International Agency for Research 81 on Cancer considered that there is also sufficient evidence that asbestos fibre exposure is a risk 82 factor in laryngeal and ovarian cancer

(2)(3)

. Although asbestos was banned several years ago in 83 most developed countries, it remains largely used in other countries and continues to pose 84 health problems due to the long latency period

(20-40 years)

. Concerns about environmental 85 exposure have been raised

(2,4)

. While occupational exposure to asbestos is associated with an 86 increased risk of lung cancer, both occupational and environmental exposures are associated 87 with a risk of MPM

(5)

. 88 Knowledge of genetic alterations in human cancer has several impacts by identifying 89 biomarkers of exposure and susceptibility factors, and guiding the development of targeted 90 cancer therapeutic strategies. The definition of biomarkers of asbestos exposure is of interest to 91 provide insights into asbestos-related and cell-specific mechanisms of neoplasia, and the 92 identification of gene alterations in asbestos-related cancers can help to a better understanding 93 of exposure risk. Genetic analyses of lung cancer have shown a relationship between specific 94 gene mutations and various environmental and occupational factors, and asbestos-related gene 95 alterations in human cancers have been identified in lung cancer and MPM (6-7).

96

Epidemiological studies have shown that the fraction of lung cancer risk attributable to 97 occupational asbestos exposure and tobacco smoking is about 5% and 90%, respectively

(4,8)

. 98 Genetic susceptibility and other environmental and occupational factors also contribute to the 99 development of lung cancer, such as radon, hexavalent chromium, arsenic, polycyclic aromatic 100 hydrocarbons (PAHs)

(2,9)

. While tobacco smoking is a major risk factor for lung cancer and 101 asbestos fibres a lower risk factor, asbestos fibres constitute the major occupational risk factor 102 for human MPM, with no link with tobacco smoking

(10)

. 103 Page 33 of 67 http://mutage.oupjournals.org/ 6 As the genes and biological pathways altered in cancer cells depend on both the carcinogen and 104 the cell type, comparison between gene alterations in lung cancer from asbestos-exposed 105 patients and MPM patients would provide insight into asbestos-related and cell-specific 106 mechanisms of neoplasia. The purpose of this study was to characterize molecular alterations 107 related to asbestos exposure, in order to more clearly understand the mechanism of asbestos 108 oncogenesis and to identify new biomarkers in non-small cell lung cancers (NSCLC). KRAS, 109 EGFR, NF2 and TP53 genes were studied in 100 NSCLC patients with well-defined smoking 110 habits, detailed assessment of asbestos exposure based on both occupational questionnaire and 111 determination of asbestos bodies in lung tissue, and in 34 MPM patients. 112 113 Page 34 of 67 http://mutage.oupjournals.org/ 121 written informed consent. Detailed information describing the tumors was obtained from 122 pathology reports. The eligibility criteria were: (a) lung tumour histology; (b) absence of 123 neoadjuvant chemotherapy or radiotherapy; (c) availability of both normal and neoplastic lung 124 tissue; (d) data on asbestos exposure history including quantification of asbestos bodies (AB) in 125 lung tissue and interviewer-administered questionnaire; and (e) data on smoking habits (11-13). 126 From these four eligibility criteria, 350 NSCLC cases were recruited. These cases were 127 representative of the French lung cancer population in terms of age, gender, histology and 128 tobacco smoking characteristics (14). 136 obtained from pathology reports. An additional series of 25 MPM was studied for analysis of 137 SNPs in TP53 intron 7 and NF2 mutations. Cells were grown in RPMI 1640 medium, as 138 Page 35 of 67 http://mutage.oupjournals.org/ 146 smoking, smoking duration and tobacco consumption, expressed as pack-years (P-Y). 147 Asbestos exposure was evaluated by an interviewer-administered specific questionnaire and by 148 AB quantification in the lung parenchyma for NSCLC patients. The questionnaire comprised 149 complete job history to determine past occupational exposure, and included queries to estimate 150 domestic and environmental exposure, completed by face-to-face interview. On the basis of 151 these data, occupational exposure to asbestos was evaluated by consensus between two 152 occupational hygienists not informed about AB counts. AB quantification was performed as 153 previously described (11-13). Definite occupational exposure to asbestos was ascertained if the 154 questionnaire concluded on occupational exposure for more than 10 years, or when the AB 155 count was higher than 1,000 per gram of dry lung tissue, a value indicative of non-trivial 156 (usually occupational) asbestos exposure (12-13). Finally, only NSCLC cases with definite 161 matched to the asbestos-exposed NSCLC cases for age, gender, histological type and 162 cumulative tobacco consumption. For age, the range was ± 6 years, except for patients aged 70 163 Page 36 of 67 http://mutage.oupjournals.org/ 171 (possible, sporadic and low exposure for at less 10 years, or passive exposure), and null (no 172 exposure). 173 174 Mutational analysis of TP53, NF2, KRAS and EGFR genes 175 Mutations of TP53 exons 2 to 11, NF2 exons 1 to 17, KRAS exons 1 and 2 and EGFR exons 18 176 to 21 were screened by DNA sequencing. Genomic DNA was extracted from frozen NSCLC 177 tumors and MPM primary cell cultures using a standard phenol-chloroform extraction 178 procedure. DNA amplification was performed by PCR with a combination of forward and 179 reverse primers located in the introns surrounding the sequenced exon (supplementary Table 180 1s) and Taq polymerase Hot Star (Qiagen, Courtaboeuf, France) on a Gene Amp 9700 186 denaturation at 96°C for 10 s, annealing at 55°C for 5 s, and extension at 60°C for 4 min. 187 Sequencing PCR products were purified through Sephadex G50 fine resin (GE Healthcare 188 Page 37 of 67 http://mutage.oupjournals.org/ 196 compared using Wilcoxon test for quantitative variables, and Pearson's Chi-square test for 197 qualitative variables (Fisher's exact test was used for qualitative variables where Chi-square 198 test was not a valid test, i.e. expected cell count was <5). Comparisons were also based on 199 mutational analysis and polymorphism status, after stratification according to the various 200 relevant clinicopathological subtypes. Multivariate analyses were also performed using logistic 201 models on TP53 SNPs. A P value less than 0.05 was considered statistically significant. 202 Statistical analyses were performed using "Statistical Analysis System" software (SAS v9.1 203 Inc, Cary, NC, USA). 290 associated in 9 cases (supplementary Table

2s

). The minor allele was always associated with 291 the major allele for both SNP (heterozygous patients). The minor allele for rs12947788 SNP 292 was detected in 10% of NSCLC cases, predominantly in asbestos-exposed cases (16%) in 293 comparison with unexposed cases (4%) (P=0.046) (Figure

2

). After adjustment for age, gender, 294 tobacco status and histological type, the difference remained statistically significant (P=0.046).

295

Similarly, the minor allele for rs12951053 SNP was found in 10% of NSCLC cases, 296 predominantly in asbestos-exposed cases (16%) in comparison with unexposed cases (4%) 297 (P=0.046) (Figure

2

). As the logistic model failed to converge in rs12951053 SNP analysis, 298 data could not be adjusted for age, gender, tobacco status and histological type. However, 303 were observed only in asbestos-exposed MPM patients with high CEI, but not in patients with 304 moderate/low CEI and in unexposed patients (P=0.01 and P=0.07, respectively). We next http://mutage.oupjournals.org/ 325 carried out by an occupational hygienist or by the use of job/exposure matrices; (ii) a 326 mineralogical analysis of biological samples (bronchoalveolar lavage or lung tissue)

(12)

. It 327 should be noted that a negative result of a mineralogical quantification would not definitively 328 exclude a past asbestos exposure. In contrast, MPM is a disease mainly linked to asbestos 329 exposure even at low levels of exposure. Consequently, mineralogical analyses are not required 330 in the MPM clinical management

(16)(17)

. Consequently, cumulative asbestos exposure 331 evaluation is often less accurate in MPM. Moreover, in MPM, lung tissue is not often available 337 So far, few or conflicting data have been published concerning identification of specific gene 338 mutations, which might be the signature of asbestos in thoracic cancers. Limited data have been 339

Page 44 of 67 http://mutage.oupjournals.org/ 347 P16/CDKN2A gene inactivation in asbestos-exposed NSCLC mainly occurred via deletion, a 348 feature also found in MPM, suggesting a link with the mechanism of action of asbestos fibres, 349 while tobacco smoke induced promoter hypermethylation in lung cancer

(11)

. In MPM, few 350 signatures were reported in the literature, except chromosomal abnormalities which were more 351 frequent in chromosome 1, 4 and 14 in asbestos-exposed patients (21-22).

352

We did not find EGFR mutations associated with asbestos exposure in NSCLC, but confirm 353 that the mutation rate in EGFR was higher in non-smokers than in smokers. Similar absence of 354 link between EGFR mutation and asbestos is also suggested from our data using 34 MPM 355 primary cell cultures. In MPM, the EGFR mutational status has been mainly investigated in 356 primary tumours and no mutation was detected

(23)(24)

. This result shows that primary cell 357 cultures are a useful tool to investigate somatic mutations in MPM. EGFR is known to be 362 Page 45 of 67 http://mutage.oupjournals.org/ 370 sequencing the whole gene, which is essential, as mutations in other cancers have been found in 371 all exons. The NF2 gene status in NSCLC contrasts with that in MPM, in which a high rate of 372 NF2 mutations was found, in agreement with the data of the literature

(7,(26)(27)(28)

. This finding 373 suggests that the NF2 gene plays an important role in mesothelial cell homeostasis, and is likely 374 an important tumour suppressor gene accounting for asbestos-induced mesothelial cell 375 neoplasia.

376

In the present study, the frequency of TP53 gene mutations in NSCLC was similar between 377 asbestos-exposed and unexposed NSCLC cases, matched for age, gender, histological type and 378 smoking habits. However, a higher frequency of G:C to T:A transversions over the total 384 in lung cancer, and derived from mutagenic agents present in tobacco smoke, particularly 385 PAHs compounds, although reactive oxygen species (ROS) could also be involved

(9,(29)(30)

. 397 The four TP53 mutations in MPM cases are distributed without relation to asbestos exposure. 398 The lower percentage of TP53 mutations in MPM than in NSCLC, and the different type of 399 mutations are consistent with the lack of association between smoking and MPM, in contrast to 400 lung cancer (10,34), G:C to T:A transversions due to ROS production would have been 401 expected on the basis of the mechanism of asbestos-induced DNA damage (35), but only one 402 of four mutation was G:C to T:A transversion in our series of MPM. This result suggests that 403 the induction of transversions by ROS does not dominate the mechanism of mesothelial cell 404 transformation or that repair mechanisms of ROS-induced DNA damage are efficient. 409 described in the human pleura attest that several sorts of pollutants could be present in this 410 tissue (38).

421 (http://variantgps.nci.nih.gov/cgfseq/pages/home.do; last access: 22/06/2012). Previously, in 422

Singaporean Chinese population, it was suggested that these SNPs could be a predisposition 423 factor to lung cancer, but asbestos exposure was not taken into account

(40)

. 424 Multiple SNPs have been identified in the tumour suppressor gene TP53, but the significance 425 of most of these SNPs is still unclear. Some studies have reported that intronic variants of the 426 TP53 gene (especially a 16 bp insertion/duplication in intron 3) are associated with increased 427 risk for several types of cancer, and a poorer prognosis in NSCLC, possibly linked to a low 428 level of TP53 expression

(41)(42)

. In addition, a meta-analysis found limited evidence in 433 asbestos-exposed NSCLC. Associated with our results in NSCLC, this finding reinforces the 434 hypothesis that these polymorphisms might enhance the asbestos risk and may act as

Table I .

 I Clinicopathological characteristics of non-small cell lung cancer cases

		NSCLC cases	
		Asbestos-exposed subjects	Unexposed subjects	P*
	All cases n	50	50	ns
	Mean age (years ± SD)	65.9 ± 9.6	64.8 ± 8.8	ns
	Gender n (%)			
	Female	6 (12)	6 (12)	ns
	Male	44 (88)	44 (88)	
	Histology n (%)			
	Squamous cell carcinoma	21 (42)	21 (42)	ns
	Adenocarcinoma	29 (58)	29 (58)	
	Smoking status n (%)			
	Current smokers	17 (34)	28 (56)	
	Former smokers	26 (52)	16 (32)	ns
	Never smokers	7 (14)	6 (12)	
	Cumulative tobacco consumption (P-Y ± SD)	35.9 ± 21.7	36.6 ± 23.7	ns
	Age at onset (years ± SD)	17.8 ± 3.6	19.3 ± 4.8	ns
	Duration (years ± SD)	38.8 ± 10.7	40.9 ± 10.6	ns
	Asbestos exposure			
	Questionnaire (n)	50 $	0 £	
	AB/ g dry lung tissue (median) [Min -Max]	1,870 [204 -737,941]	49 [0 -161]	< 10 -3
	AB: Asbestos bodies; Max: Maximum; Min: Minimum; ns: not significant, ie P≥0.05; NSCLC: non-small cell lung
	cancer; P-Y: Pack-Years; SD: Standard Deviation.			
	$ Definite occupational exposure to asbestos of at least 10 years; £ No occupational, domestic and environmental
	exposure to asbestos; *Wilcoxon, Pearson's Chi-square and Fisher's exact tests as appropriate.	

F o r P e e r R e v i e w

1

Table II .

 II TP53, EGFR and KRAS gene mutation rates according to gender, histological characteristics, smoking habits and asbestos exposure in

				non-small cell lung cancer						
			TP53 gene mutations			EGFR gene mutations			KRAS gene mutations	
		Total	Asbestos-exposed cases	Unexposed cases	P a Total	Asbestos-exposed cases	Unexposed cases	P a Total	Asbestos-exposed cases	Unexposed cases	P a
	All cases (n=100)	39/100	19/50	20/50	ns 8/100	2/50	6/50	ns 13/100	5/50	8/50	ns
	Gender												
	Male (n = 88)	36/88	17/44	19/44	ns	5/88 f	2/44	3/44	ns	12/88	5/44	7/44	ns
	Female (n = 12)	3/12	2/6	1/6	ns	3/12 f	0/6	3/6	ns	1/12	0/6	1/6	ns
	Histology												
	SCC (n = 42)	22/42 b	11/21	11/21	ns	3/42	0/21	3/21	ns	2/42 c	1/21	1/21	ns
	ADC (n = 58)	17/58 †	8/29	9/29	ns	5/58	2/29	3/29	ns	11/58 c	4/29	7/29	ns
	Smoking status												
	Non-smokers (n = 13)	2/13 d	1/7	1/6	ns	4/13 e	1/7	3/6 g	ns	1/13	0/7	1/6	
	Current smokers (n = 45)	21/45 d	7/17	14/28	ns	2/45 e	0/17	2/28 g	ns	4/45	1/17	3/28	
	Former smokers (n = 42)	16/42 d	11/26	5/16	ns	2/42 e	1/26	1/16 g	ns	8/42	4/26		

Table III .

 III Spectrum of TP53 mutations in non-small cell lung cancer Two different types of mutations were found in the same case: † One patient had a deletion and a transversion and another had a transversion and a transition; ‡ One patient had an insertion and a transversion.

		Exposure				Asbestos-exposed NSCLC cases	Unexposed NSCLC cases	P*
	Patients with TP53 mutations A. rs12947788 single nucleotide polymorphism		19 †	20 ‡
								G G/A A
	Type of TP53 mutations Point mutations Transversion G:C to T:A G:C to T:A in non-transcribed DNA strand Transition Deletion or insertion NSCLC: non-small-cell lung cancer. F Caucasian populations F Exposed [High CEI] MPM (n=28) 60.7% 17.9% o r 100% Exposed [Low/moderate CEI] MPM (n=20) o r P e Unexposed MPM (n=11) 100% P e Exposed NSCLC (n=50) 84% e Unexposed NSCLC (n=50) 96% r e r 50% 60% 70% 80% R e R v e Unexposed MPM (n=11) w 21.4% 16% 90% Exposed [Low/moderate CEI] MPM (n=20) w i Exposed [High CEI] MPM (n=28) e i e v Caucasian populations	14 13 12 4 3 % Patients 4% 100%	p = 0.0006 p = 0.046	11 7 6 5 5	ns 0.037 0.038 ns ns
	Exposed NSCLC (n=50)							
	Unexposed NSCLC (n=50)							
								% Patients
	50%	60%	75%	70% 84%	96% 100% 100%	80% 10.7%	90% 16% 14.3%	100% 4%

*Pearson's Chi-square and Fisher's exact tests as appropriate, ns: not significant ie, P≥0.05;
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ABSTRACT [START_REF] Schildkraut | Association between DNA damage response and 617 repair genes and risk of invasive serous ovarian cancer[END_REF] Given the interest to define biomarkers of asbestos exposure and to provide insights into 48 asbestos-related and cell-specific mechanisms of neoplasia, the identification of gene 49 alterations in asbestos-related cancers can help to a better understanding of exposure risk. 50 To understand the aetiology of asbestos-induced malignancies and to increase our knowledge 51 on mesothelial carcinogenesis, we compared genetic alterations in relevant cancer genes 52 between lung cancer, induced by asbestos and tobacco smoke, and malignant pleural 53 mesothelioma (MPM), a cancer related to asbestos, but not to tobacco smoke. 
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