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Abstract

:

DNA Polymerase Theta (POLQ) is a DNA polymerase involved in error-prone translesion DNA synthesis (TLS) and error-prone repair of DNA double-strand breaks (DSBs). In the present study, we examined whether abnormal POLQ expression may be involved in the pathogenesis of lung adenocarcinoma (LAC). First, we found overexpression of POLQ at both the mRNA and protein levels in LAC, using data from the Cancer Genome Atlas (TCGA) database and by immunohistochemical analysis of our LAC series. POLQ overexpression was associated with an advanced pathologic stage and an increased total number of somatic mutations in LAC. When H1299 human lung cancer cell clones overexpressing POLQ were established and examined, the clones showed resistance to a DSB-inducing chemical in the clonogenic assay and an increased frequency of mutations in the supF forward mutation assay. Further analysis revealed that POLQ overexpression was also positively correlated with Polo Like Kinase 4 (PLK4) overexpression in LAC, and that PLK4 overexpression in the POLQ-overexpressing H1299 cells induced centrosome amplification. Finally, analysis of the TCGA data revealed that POLQ overexpression was associated with an increased somatic mutation load and PLK4 overexpression in diverse human cancers; on the other hand, overexpressions of nine TLS polymerases other than POLQ were associated with an increased somatic mutation load at a much lower frequency. Thus, POLQ overexpression is associated with advanced pathologic stage, increased somatic mutation load, and PLK4 overexpression, the last inducing centrosome amplification, in LAC, suggesting that POLQ overexpression is involved in the pathogenesis of LAC.
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1. Introduction


Lung cancer is the most commonly diagnosed cancer (11.6% of the total cases) and is the leading cause of cancer death (18.4% of the total cancer deaths) in both sexes, according to the global cancer statistics, GLOBOCAN 2018 [1]. There are several histopathological types of lung cancer, and although the predominant histopathological type varies depending on the ethnic background, smoking status, and geographic location of the population, lung adenocarcinoma (LAC) is widely recognized as being one of the main histopathological subtypes [2,3]. Recent large-scale molecular characterization projects for LAC, such as the Cancer Genome Atlas (TCGA) project, have provided much information on the molecular characteristics of LAC, at the levels of DNA base alteration, DNA CpG methylation, mRNA expression, etc. [4,5,6,7]. However, since even such large-scale studies have not yet fully revealed the molecular characteristics of LAC and much still needs to be elucidated in this field, further basic and clinical studies on LAC are still being performed worldwide. Some such studies have utilized large-scale genomic alteration data provided by the above-mentioned projects [8]; since novel findings can be obtained by analyzing these data from different points of view, it is considered that there is a merit in utilizing them.



POLQ, also known as DNA polymerase theta (Polθ), is a DNA polymerase that is involved in processes such as translesion DNA synthesis (TLS) and DNA double-strand break (DSB) repair [9,10]. The C-terminal third of the POLQ protein is a family A DNA polymerase domain and the N-terminal third is a helicase-like domain with DNA-dependent ATPase activity [11,12]. TLS mediated by POLQ occurs at a low fidelity, therefore, POLQ is considered to be one of the error-prone DNA polymerases [12,13]. The DSB repair pathway involving POLQ is termed polymerase theta-mediated end-joining (TMEJ), also known as alternative non-homologous end-joining (alt-NHEJ) or alternative end-joining (altEJ), which is distinct from classical non-homologous end-joining (cNHEJ) repair initiated by the Ku proteins [14,15,16,17,18]. Both TMEJ and cNHEJ are more error-prone repair pathways as compared to homologous recombination, another DSB repair system [19]. Among human malignancies, POLQ mRNA overexpression has recently been reported in cancers of the stomach, colorectum, lung, breast, ovary, uterus, and oral cavity [17,20,21,22,23,24,25]. In regard to LAC, Kawamura et al. [20] reported low-level upregulation of POLQ mRNA expression in three out of 12 LACs (25%), while Allera-Moreau et al. [24] reported POLQ mRNA overexpression in 75 out of 93 LACs (81%), indicating that there are wide variations in the reported proportions of LACs showing POLQ overexpression. Moreover, analysis of POLQ expression at the protein level has been performed in only a few cases; POLQ protein expression was analyzed in only one of the seven studies referred to above [20], so that it still remains unclear whether POLQ protein is also overexpressed in cancers. Furthermore, as POLQ is an error-prone polymerase [9,10], it was speculated that POLQ overexpression could be associated with the mutation burden in LAC, however, there have been no reports to date on the correlation between the POLQ expression level and the number of somatic mutations in LAC. Therefore, the status of POLQ mRNA and protein expression and its relation to the number of somatic mutations in LAC still need to be determined.



In the present study, we hypothesized that abnormal POLQ expression might contribute to the pathogenesis of LAC via inducing somatic mutations and bestowing other characteristics, and investigated POLQ expression at the mRNA and protein levels and the relationship between POLQ expression and number of somatic mutations in LAC. Since POLQ overexpression was detected in LAC, the effects of POLQ overexpression in lung cancer cell line-derived clones were also investigated. Furthermore, POLQ overexpression was found to be concurrently associated with Polo Like Kinase 4 (PLK4) overexpression, which was also examined in the lung cancer cell clones. Finally, we investigated whether POLQ overexpression is observed in other types of human cancers.




2. Results


2.1. Overexpression of POLQ mRNA and Protein in LAC


To determine the status of POLQ expression in LAC, we examined the POLQ mRNA expression level in LAC using the TCGA dataset. The results showed significantly higher POLQ mRNA expression levels in LAC tissue specimens than in non-cancerous lung tissue specimens (median expression value: 83.6 vs. 8.6; p < 0.0001) (Figure 1a) and POLQ overexpression was detected in 440 out of 515 cases of LAC (85.4%). We then investigated whether POLQ protein is also overexpressed in LAC. Immunohistochemical (IHC) analysis using an anti-POLQ antibody was performed in specimens collected from 293 patients with primary LAC at our hospital, and the results showed that POLQ protein, which was predominantly localized in the cytoplasm of the cells, was expressed at significantly higher levels in the LAC tissues than in the non-cancerous lung alveolar tissues (median H-score: 240 vs. 20; p < 0.0001) (Figure 1b,c). Moreover, 237 out of the 293 LAC specimens (80.9%) showed high POLQ protein expression levels (H-score: 150–300). We then investigated whether the difference in the POLQ protein expression level was associated with any clinicopathological factors in the LAC patients. The results showed high POLQ protein expression levels were associated with a positive lymph node status and higher TNM stages (Table 1). We also investigated whether the difference in the POLQ mRNA expression level was associated with any driver gene mutations in LAC using the TCGA database. The results showed that the POLQ mRNA expression level was associated with the EGFR mutation status (p = 0.0047), but not with the KRAS or BRAF mutation status; POLQ overexpression was more frequently found in EGFR wild-type (WT) tumors than in EGFR mutation-positive tumors (81.1% vs. 50.0%) (Table 2). These results suggest that POLQ is overexpressed in a large subset of LAC cases and that POLQ overexpression in LAC is associated with advanced pathologic stage, lymph node metastasis, and EGFR-WT status.




2.2. Association of Increased POLQ Expression with Increased Somatic Mutation Load in LAC


We next investigated the effect of POLQ overexpression on the somatic mutation burden in LAC, using data from the TCGA database. The total number of somatic mutations was significantly higher in the high POLQ expression group than in the low POLQ expression group (median: 357 vs. 155; p < 0.0001) (Figure 2a). Moreover, the total number of somatic mutations showed a statistically significant positive correlation with the POLQ mRNA expression level (ρ = 0.4211; p < 0.0001) (Figure 2b). These results suggest that increased POLQ expression is associated with an increased somatic mutation load in LAC.




2.3. Comparison of the Sensitivity to DNA-Damaging Agent and Frequency of Mutations among Lung Cancer Cells Showing Different Expression Levels of POLQ


We next planned to investigate the effects of POLQ overexpression in human lung cancer cells. First, we established H1299 lung cancer cell lines capable of inducibly expressing the POLQ protein and control H1299 cell lines using the PiggyBac transposon vector system (Figure 3a). Then, we compared the sensitivity of empty vector-transposed clones and POLQ-transposed clones to the DNA DSB-inducing chemical etoposide. The results showed that POLQ-transposed clones were more resistant to etoposide than the empty vector-transposed clones (Figure 3b). When the average surviving fractions of the two types of clones after exposure to 50 μM etoposide were compared, the surviving fraction of the POLQ-overexpressing clones was 4.6-fold greater than that of the empty vector-transposed clones (p < 0.01 for all). These results suggest that lung cancer cells with higher POLQ expression levels are more resistant to DSBs than lung cancer cells with lower POLQ expression levels.



Since analysis of data from the TCGA dataset revealed an association of increased POLQ expression with an increased somatic mutation load in LAC (Figure 2), we investigated whether POLQ overexpression actually induced mutations in the lung cancer cell clones established by us. Towards this objective, we planned a supF forward mutation assay in a situation that mutation frequency is suspected to be increased by the use of a ultraviolet (UV)-irradiated or thymine glycol (Tg)-containing shuttle plasmid, since it has been reported that POLQ is involved in the TLS of Tg and DNA base damage induced by UV [12,26]. First, a supF forward mutation assay using UV-irradiated pMY189 was performed in the parental H1299 cells, which showed that the mutation frequency was significantly increased by UV irradiation (average: 3.0 × 10−4 vs. 2.5 × 10−3; p < 0.01) (Figure 3c). Comparison of the mutation frequency determined by the supF forward mutation assay using UV-irradiated pMY189 between the empty vector-transposed clones and POLQ-transposed clones revealed a significantly higher mutation frequency in the POLQ-transposed clones than in the empty vector-transposed clones (average of two clones: 8.4 × 10−3 vs. 2.5 × 10−3; p < 0.01 for all) (Figure 3c). Then, a supF forward mutation assay using Tg-containing pMY189 was performed in the parental H1299 cells; the mutation frequency was significantly increased by the introduction of Tg (average: 3.2 × 10−3 vs. 4.1 × 10−4; p < 0.001) (Figure 3d). When the mutation frequency using the Tg-containing shuttle plasmid was compared between the empty vector-transposed clones and POLQ-transposed clones, the frequency was significantly higher in the POLQ-transposed clones than in the empty vector-transposed clones (average of two clones: 8.9 × 10−3 vs. 3.2 × 10−3; p < 0.01 for all) (Figure 3d). These results suggest that POLQ overexpression is associated with an increase in the frequency of mutations induced by UV irradiation and Tg introduction in lung cancer cells.




2.4. Concurrent POLQ and PLK4 Overexpression in LAC and Induction of Centrosome Amplification


To further investigate the characteristics of POLQ-overexpressing lung cancer cells, the mRNA expression data of the LAC cases from the TCGA database were carefully examined. We found that the mRNA expression of PLK4, a gene that is involved in the centrosome regulation [27,28], was significantly upregulated in LAC (median: 144 vs. 38; p < 0.0001) (Figure 4a), and that the expression levels of POLQ mRNA were significantly positively correlated with those of PLK4 mRNA (ρ = 0.8439, p < 0.0001) (Figure 4b). To examine if PLK4 and POLQ were also overexpressed at the protein level, we performed an IHC analysis using anti-PLK4 antibody in the primary LAC cases used for the experiment shown in Figure 1b,c. The results revealed significantly higher expression levels of PLK4 protein in the cancerous tissues than in the non-cancerous lung alveolar tissues (median: 180 vs. 20; p < 0.0001) (Figure 4c) and also that the expression levels of POLQ and PLK4 proteins were significantly positively correlated (ρ = 0.7468, p < 0.0001) (Figure 4d; a representative IHC result is shown in Figure 4e and Supplementary Figure S1). These results suggest that POLQ and PLK4 are concurrently overexpressed in LAC.



Since PLK4 is known to be involved in centrosome regulation [27,28], we then investigated whether the number of centrosomes was dysregulated in the lung cancer cells showing concurrent overexpression of POLQ and PLK4. Especially, as centrosome amplification is known as one of the malignant phenotypes in subsets of cancers, the percentage of cells showing centrosome amplification was examined by immunofluorescence analysis of γ-tubulin, a major centrosomal protein [29]. The results showed that the percentage of cells showing centrosome amplification among the GFP-positive or GFP-PLK4-positive cells was significantly higher in the POLQ-transposed cells transiently transfected with the GFP-PLK4-WT expression vector (i.e., both POLQ- and GFP-PLK4-WT-overexpressing cells) than in the empty vector-transposed cells or POLQ-overexpressing cells transiently transfected with only the GFP expression vector (p < 0.01 for all) (Figure 5). Moreover, when catalytically inactive (kinase-dead) mutant PLK4-D154A was utilized, the percentage of cells showing centrosome amplification was significantly lower in both the POLQ- and GFP-PLK4-D154A-overexpressing cells than in the POLQ- and GFP-PLK4-WT-overexpressing cells (p < 0.01 for all) (Figure 5). These results suggest that centrosome amplification is induced in lung cancer cells showing concurrent overexpression of POLQ and PLK4.




2.5. Association of Increased POLQ Expression with an Increased Somatic Mutation Load and PLK4 Overexpression in Diverse Human Cancers


Finally, to investigate whether the association between increased POLQ expression and increased somatic mutation load is also common in other human cancers and, if so, whether such an association is specific among various TLS polymerase genes [30], we used the TCGA dataset to examine the mRNA expression levels of 10 TLS polymerase genes (POLB, POLH, POLI, POLK, POLL, POLM, POLN, REV1, REV3L, and POLQ; Supplementary Table S1) and total number of somatic mutations across a panel of 18 distinct cancer types, including LAC. For this examination, the total numbers of somatic mutations were compared between the cancers showing low TLS polymerase gene expression and those showing high TLS polymerase gene expression using the Mann–Whitney U test (case number of each cancer type is summarized in Supplementary Table S2). The results showed that the number of cancer types in which increased expression of the TLS polymerase genes was associated with an increased number of somatic mutations was the highest (the number = 12) for the POLQ gene among the 10 TLS polymerase genes (Figure 6a; the box plot analyses of cancer types in which a significant association was observed are shown in Figure 6b). On the other hand, the number of cancer types showing such an association was only 0–4 for the other TLS polymerase genes (Figure 6a, Supplementary Figure S2). The above results suggest an association between overexpression and an increased somatic mutation load in diverse human cancers for only the POLQ gene among the TLS polymerase genes.



Additionally, we examined whether concurrent overexpression of POLQ and PLK4, which was detected in LAC (Figure 4), is also observed in various other human cancers using the data of 17 cancer types from the TCGA database. The results revealed POLQ overexpression (significant difference: 16/17 (94.1%)), PLK4 overexpression (significant difference: 15/17 (88.2%)), and a significant positive correlation between POLQ and PLK4 expression (17/17 (100%)) in the cancer types (Figure 6c, Supplementary Figure S3), suggesting that POLQ and PLK4 are concurrently overexpressed in diverse types of human cancers.





3. Discussion


In the present study, we found overexpression of both POLQ mRNA and POLQ protein in LAC, and that increased POLQ expression was associated with an advanced pathologic stage, an EGFR-WT status, and an increased somatic mutation load in LAC. When H1299 lung cancer cell clones overexpressing POLQ were established and examined for their malignant potential, the clones showed greater resistance to a DSB-inducing chemical and an increased number of mutations. Further analysis revealed that POLQ overexpression was positively correlated with PLK4 overexpression in LAC and that PLK4 overexpression in the POLQ-overexpressing H1299 was associated with the induction of centrosome amplification. Interestingly, POLQ overexpression was associated with an increased somatic mutation load and PLK4 overexpression in diverse human cancers, while overexpressions of the nine TLS polymerases other than POLQ examined were associated with an increased somatic mutation load at much lower frequencies. These results suggest that POLQ overexpression is associated with advanced pathologic stage, increased somatic mutation load, and PLK4 overexpression, the latter inducing centrosome amplification, in LAC. This is the first paper to identify the pathobiological characteristics of LAC showing POLQ overexpression, providing a significant and important link between abnormal expressions of error-prone DNA polymerases and LAC.



In this study, POLQ overexpression was demonstrated at both the mRNA level and protein level in LAC. Although the proportion of LACs showing elevated POLQ mRNA expression levels differed between previous two reports [20,24], our finding of overexpression of POLQ mRNA in the majority of the examined cases is consistent with the results reported by Allera-Moreau et al. [24]. In regard to the POLQ protein expression, our IHC analysis revealed, for the first time, overexpression of POLQ protein in LAC. Moreover, POLQ protein overexpression was also detected at a high frequency in the examined cases. Thus, POLQ overexpression is considered as a common event in LAC.



The results of the TCGA-based analysis revealed the existence of a strong association between POLQ overexpression and an increased somatic mutation load in LAC. In addition, lung cancer cells with higher POLQ expression levels showed a higher frequency of mutations induced by UV irradiation and Tg introduction. These findings are being demonstrated for the first time and are compatible with the previously identified fact that the POLQ DNA polymerase is involved in error-prone TLS and error-prone TMEJ [9,10,11,12,13,14,15,16,17,18]. Although at present it remains unknown which biological events, i.e., TMEJ or TLS in situations other than TMEJ, contribute more profoundly to mutation induction, our findings strongly suggest that overexpression of POLQ, but not of other TLS polymerases, is a potent factor in inducing mutations in LAC. Consistent with this notion, association of the POLQ expression level with the number of non-synonymous mutations has also been reported in carcinomas of the breast, ovary, and uterus [17]. Thus, like inactivation of mismatch repair genes (MLH1 and MSH2), BRCA genes (BRCA1 and BRCA2), and DNA polymerase genes (POLE), overexpression of APOBEC3B, and reduced expression of DNA glycosylase genes (NEIL1, NEIL2, and MUTYH) [31,32,33,34,35], POLQ overexpression is likely to be another cancer-related gene abnormality associated with mutagenesis of the entire coding genome. Since somatic mutations in cancer-associated genes can lead to an exacerbation of the malignant potential, POLQ overexpression could be a key event in the pathogenesis of LAC. From another point of view, since it has recently been revealed that tumor mutation load is one of the factors determining the response to immune checkpoint inhibitors (ICIs) [36], the POLQ expression level could determine the response to ICIs via defying the number of tumor somatic mutations, and ICIs could be more effective against LACs exhibiting POLQ overexpression. Future investigations are needed to clarify this possibility.



The present study is the first to show concurrent overexpression of POLQ and PLK4 at both the mRNA and protein level in LAC, and also induction of centrosome amplification in lung cancer cells associated with POLQ and PLK4 overexpression. Our finding of PLK4 mRNA overexpression in LAC is consistent with the results of the very recent work conducted by Kawakami et al. [37]. Centrosome amplification is a common feature of LAC [38,39], and centrosome amplification is associated with an increased frequency of merotelic kinetochore-microtubule attachment errors, lagging chromosome formation, and aberrant mitotic spindle formation, all of which can cause chromosomal instability [40,41,42]. In addition, centrosome amplification is also known to be involved in cellular invasion [43]. Since PLK4 controls centrosome duplication in human cells, it is considered that PLK4 overexpression caused the centrosome amplification in the lung cancer cells of our system, consistent with the observations in previous studies in cells other than lung cancer cells [27,44,45,46]. Thus, it is suspected that centrosome amplification in LAC could be attributable, at least in part, to PLK4 overexpression and that the malignant phenotypes resulting from centrosome amplification mentioned above could be involved in the pathogenesis of LAC.



The findings of our present study revealed an association between POLQ protein overexpression and advanced pathologic stage/lymph node metastasis in LAC. Since our study also showed an association of POLQ overexpression in lung cancer cells with mutation induction, PLK4 overexpression, which contributes to centrosome amplification, and resistance to DSBs, it is speculated that POLQ overexpression contributes to increasing the malignant potential of LAC. Interestingly, association of POLQ overexpression with increased somatic mutation load and PLK4 overexpression has been observed in other many cancer types, suggesting that POLQ overexpression may be involved in the pathogenesis of diverse human cancers. In addition, we would like to point out that the association of overexpression with an increased number of somatic mutations was observed at a low frequency for the 9 TLS polymerases examined, other than POLQ, in the 18 cancer types included in the analysis. This finding suggests that while these polymerases are known to mediate error-prone TLS in some situations, which may differ among the TLS polymerases [30], the notion that cancer cells overexpressing TLS polymerases harbor an increased number of somatic mutations may not always be accurate. It is likely that POLQ is a unique TLS polymerase gene from the standpoint of the somatic mutation burden in carcinomas.



In our present study, we investigated the relationship between the POLQ mRNA expression levels and the status of driver gene mutations in LAC, which revealed that POLQ overexpression was associated with the EGFR-WT status. While treatment with EGFR tyrosine kinase inhibitors (TKIs) has been reported as effective strategy in patients with EGFR-mutant non-small cell lung carcinoma, including LAC [47], it would seem that LAC patients with tumor POLQ overexpression, which was found to be associated with EGFR-WT status, are not likely to benefit from EGFR-TKI treatment, as compared to LAC patients without POLQ overexpression in the tumor.



The limitations of this research are as follows: (1) Usage of only one lung cancer cell line showing different expression levels of POLQ. We established H1299 lung cancer cell lines capable of inducibly expressing the POLQ protein and control H1299 cell lines using the PiggyBac transposon vector system, and performed three kinds of experiments using these cell lines. We obtained significant differences in the results between the POLQ-overexpressing clones and empty-vector-transposed clones. However, use of multiple kinds of lung cancer cell lines may have provided more definitive evidence. Especially, the H1299 cells harbor a mutation of the TP53 tumor suppressor gene and are known as TP53-deficient cells [48]. Further experiments using a TP53-proficient lung cancer cell line would allow clarification of the roll of POLQ, irrespective of the TP53 mutation status. In the future, we propose to extend the work to alleviate this shortcoming. (2) Lack of investigation of the relationship of POLQ expression with TTF-1 expression. TTF-1 is a transcription factor involved in surfactant production, morphogenesis, and differentiation in normal lung epithelial cells [49]; among LACs, it is mainly expressed in terminal respiratory unit (TRU)-type LAC [50]. Moreover, TTF-1 has recently been reported as a prognostic marker in patients with LAC [51]. Thus, it would be of interest to investigate the protein expression status of TTF-1 and its relationship with the POLQ protein expression level in LAC. In the future, we would like to investigate the relationship between the expression levels of POLQ and TTF-1.




4. Materials and Methods


4.1. Collection of Publicly Available Data


The mRNA expression and somatic mutation data for LAC [TCGA ID: LUAD] and 17 other cancer types were collected from the TCGA data portal. All the cancer types included in this study are listed in Supplementary Table S2. The expression data were obtained in the form of RNA-seq by Expectation Maximization (RSEM). An expression level of more than three-fold as compared to the median value in non-cancerous lung tissue specimens was defined as overexpression. The somatic mutation data by whole-exome sequencing were obtained and are shown in the form of a mutation annotation format file. MuTect was utilized for the variant-calling step. In regard to the status of driver gene (EGFR, KRAS, and BRAF) mutations in LAC, TCGA data were downloaded from the cBioPortal [52] (n = 230). We defined cases harboring EGFR exon 19 deletions or L858R mutation as EGFR mutation-positive case [53]. We also defined cases harboring KRAS codon 12, 13, or 61 mutations and BRAF V600E mutation as KRAS mutation-positive and BRAF mutation-positive cases, respectively [54,55]. When the association between increased POLQ expression and increased somatic mutation load was investigated in 18 cancer types, the median expression value in the cancer tissue samples was used as the cut-off value to dichotomize the cancer cases according to the expression levels of the TLS polymerase genes.




4.2. Primary LAC Specimens


IHC analysis was performed using paraffin-embedded blocks of LAC tissues obtained from a total of 293 patients with primary LAC at our hospital (Hamamatsu University Hospital (HUH)). The present study design was approved by the Institutional Review Board of the Hamamatsu University School of Medicine (15-067) and the present study was carried out in accordance with the World Medical Association Declaration of Helsinki.




4.3. IHC Analysis


Paraffin sections were incubated with a rabbit anti-POLQ polyclonal antibody (EnoGene, New York, NY, USA) or a rabbit anti-PLK4 polyclonal antibody (Proteintech, Chicago, IL, USA), followed by incubation with Histofine Simple Stain MAX PO (Nichirei, Tokyo, Japan). The visualization of antigen-antibody complex was performed using 3,3′-diaminobenzidine tetrahydrochloride. To assess the protein expression level, the modified H-scores were calculated by multiplying the intensity value (0, absent; 1, weak; 2, moderate; 3, strong: representative images are shown in Supplementary Figure S4) in the cytoplasm by the percentage of cells with each intensity value (0–100%), to obtain values of 0–300. The H-score of 150 was used to as the cutoff value to dichotomize the cancer cases based on the H-score.




4.4. Cell Cultures


The human lung cancer cell line H1299 was purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). H1299 cells and their stable inducible cell clones were maintained at 37 °C in RPMI1640 medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (Sigma-Aldrich) and penicillin/streptomycin (Gibco Laboratories, Grand Island, NY, USA), under a 5% CO2 atmosphere.




4.5. Establishment of Stable Inducible Cell Lines


The FLAG-POLQ was amplified using a polymerase chain reaction with PrimeSTAR HS DNA polymerase (Takara, Kyoto, Japan) and the POLQ expression vector [21], kindly provided by Dr. J.S. Hoffmann (Le Centre de Recherches en Cancérologie de Toulouse, Université Toulouse, France), as a template; the amplified sequence was then inserted into a PiggyBac cumate switch inducible vector (System Biosciences, Mountain View, CA, USA) at the NotI restriction enzyme site. H1299 cells were transfected with the POLQ expression construct together with the PiggyBac transposase vector (System Biosciences); positively transposed cells were then selected using puromycin (1.6 μg/mL: Clontech, Palo Alto, CA, USA). We also prepared cells transfected with an empty (parental) PiggyBac cumate switch inducible vector and the transposase vector. In total, two POLQ-transposed clones (named POLQ-1 and -2) and two empty vector-transposed clones (named Empty-1 and -2) were established.




4.6. Western Blot Analysis


Cultured cells were lysed in a buffer containing 50 mM HEPES-KOH (pH 7.5), 150 mM NaCl, 0.1% sodium dodecyl sulfate, 1% Triton X-100, 50 mM sodium fluoride, 1 mM sodium orthovanadate, 0.5% sodium deoxycholate, and protease inhibitor cocktail (Sigma-Aldrich). A Western blot analysis was then performed using a rabbit anti-FLAG polyclonal antibody (Sigma-Aldrich), or a mouse anti-GAPDH monoclonal antibody (clone 6C5; Abcam, Cambridge, UK). Immunoreactivity was visualized using a ChemiDoc Touch imaging system (Bio-Rad, Hercules, CA, USA) and an ECL chemiluminescence system (GE Healthcare Bio-Science, Piscataway, NJ, USA). Whole blots, molecular markers, and densitometric intensity ratios are shown in Supplementary Figure S5.




4.7. Clonogenic Survival Assay


Etoposide (Sigma-Aldrich) was diluted to experimental concentrations from a 50 mM stock in dimethyl sulfoxide (DMSO). Treatment with etoposide (0–50 μM) was carried out at 20 h after cell plating. After 1-h exposure to the drug, cells were rinsed thrice with PBS, followed by the addition of regular medium. After 13 days, methanol fixation and staining with methylene blue were performed to identify visible colonies (≥50 cells). The surviving fractions were calculated as the plating efficiency of the treated cells relative to that of the untreated control cells.




4.8. Preparation of Shuttle Vector Plasmids


The pMY189 is a shuttle vector plasmid containing the bacterial suppressor tRNA (supF) gene [56] and it was used for a supF forward mutation assay. Before the assay, two kinds of damaged base(s)-containing pMY189 (i.e., UV-irradiated pMY189 and Tg-containing pMY189) were prepared. For UV-irradiated pMY189, purified plasmid DNA was exposed to UV (700 J/m2) using a UV crosslinker (UVP, Upland, CA, USA). For Tg-containing pMY189, first, single-stranded pMY189 DNA was prepared using E. coli XL1-Blue MRF′ (Stratagene, La Jolla, CA, USA) and R408 Helper Phage (Stratagene), and in a reaction mixture 30 μg of the single-stranded plasmid pMY189 and a five-fold molar excess of 5′-phosphorylated 25-mer oligonucleotide containing a single 5R,6S-Tg at nucleotide position 134 of the supF gene [5′-GGA GCA GAC TC(Tg) AAA TCT GCC GTC A-3′] (Japan Bio Services, Saitama, Japan) were annealed. Forty units of T4 DNA polymerase (Takara), 2400 units of T4 DNA ligase (New England Biolabs, Beverly, MA, USA), 1 mM of ATP, and 600 μM of deoxynucleotide triphosphate were added to the reaction mixture and the mixture was incubated at 37 °C for 4 h. Then, closed circular double-stranded pMY189 containing a Tg was isolated using cesium chloride-ethidium bromide density gradient centrifugation.




4.9. SupF Forward Mutation Assay


Cells were transfected with pMY189 plasmids containing or not containing damaged base(s) using the LipofectAMINE 2000 reagent (Invitrogen, Carlsbad, CA, USA). The subsequent steps were performed as described previously [57,58,59]. The mutation frequencies were calculated as the number of E. coli supF mutants per total number of E. coli transformants.




4.10. Indirect Immunofluorescence Analysis


Cells were transfected with GFP-PLK4 (WT and D154A-mutant) [27] expression vector, which were received as a kind gift from Dr. E.A. Nigg (Max-Planck-Institute for Biochemistry, Germany; University of Basel, Switzerland), or the GFP-alone expression vector. After 48 hours, the cells were incubated with anti-γ-tubulin antibody (GTU88; Sigma-Aldrich). AlexaFluor 594-conjugated goat anti-mouse IgG (Molecular Probes, Eugene, OR, USA) was used as secondary antibody, and 4′,6-diamidino-2-phenylindole (DAPI) was used to counterstain DNA. Centrosome amplification was defied as ≥3 centrosomes (γ-tubulin-positive signal) per cell.




4.11. Statistical Analysis


The statistical analyses were performed using a Mann–Whitney U test, a Spearman rank correlation test, an unpaired t-test, and a Fisher’s exact test. JMP version 9.0 software (SAS Institute, Cary, NC, USA) or GraphPad QuickCalcs (GraphPad Software Inc., San Diego, CA, USA) was used for the statistical analyses. p-values of less than 0.05 were considered as denoting statistical significance.





5. Conclusions


Our present findings suggest that POLQ overexpression is associated with advanced pathologic stage, increased somatic mutation load, and PLK4 overexpression, the latter causing centrosome amplification, in LAC.
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Figure 1. Overexpression of POLQ mRNA and protein in primary lung adenocarcinoma (LAC). (a) Detection of POLQ mRNA overexpression in LAC determined using data from the TCGA database (ID: LUAD). A Mann–Whitney U test was used for statistical comparison of the findings between non-cancerous tissue (N) and cancerous tissue (T); the p-value and median expression levels are shown. (b) Overexpression of POLQ protein in LAC determined by IHC analysis using rabbit anti-POLQ polyclonal antibody in cases of our hospital (HUH). A Mann–Whitney U test was used for statistical comparison of the findings between non-cancerous lung alveolar tissue and LAC tissue; the p-value and median expression levels are shown. (c) Representative IHC results of POLQ protein expression in primary LAC. The leftmost panel represents the results in non-cancerous lung tissue, while the remaining panels show the results in LAC tissue. The lower panels show a part of the upper panels at a higher magnification. Scale bar = 50 μm (upper); 20 μm (lower). 






Figure 1. Overexpression of POLQ mRNA and protein in primary lung adenocarcinoma (LAC). (a) Detection of POLQ mRNA overexpression in LAC determined using data from the TCGA database (ID: LUAD). A Mann–Whitney U test was used for statistical comparison of the findings between non-cancerous tissue (N) and cancerous tissue (T); the p-value and median expression levels are shown. (b) Overexpression of POLQ protein in LAC determined by IHC analysis using rabbit anti-POLQ polyclonal antibody in cases of our hospital (HUH). A Mann–Whitney U test was used for statistical comparison of the findings between non-cancerous lung alveolar tissue and LAC tissue; the p-value and median expression levels are shown. (c) Representative IHC results of POLQ protein expression in primary LAC. The leftmost panel represents the results in non-cancerous lung tissue, while the remaining panels show the results in LAC tissue. The lower panels show a part of the upper panels at a higher magnification. Scale bar = 50 μm (upper); 20 μm (lower).



[image: Cancers 11 00722 g001]







[image: Cancers 11 00722 g002 550]





Figure 2. Association of increased POLQ expression with the somatic mutation load in LAC, determined using the data (n = 513) from the TCGA database (ID: LUAD). (a) Comparison of the total number of somatic mutations between a group of cancers showing high POLQ expression levels and another group showing low POLQ expression levels among cases of LAC. A box-plot analysis showed a statistically significant difference in the number of somatic mutations between the two groups (p < 0.0001, Mann–Whitney U test). The median values are shown. (b) Scatterplot showing a positive correlation between the POLQ mRNA expression level and the total number of somatic mutations in LAC. The Spearman rank correlation coefficient (ρ) and p-value are shown; a bivariate normal ellipse (p = 0.95) was obtained. 
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Figure 3. Comparison of the sensitivities to DNA-damaging agent and mutation frequency between lung cancer cells showing different POLQ expression levels. (a) Detection of FLAG-POLQ proteins in cumate-inducible stable H1299 lung cancer cell lines (POLQ-1 and -2) designed to express FLAG-POLQ in the presence of cumate; the POLQ proteins were detected by Western blot analysis. Empty vector-transposed cells (Empty-1 and -2) were used as control. GAPDH expression was also analyzed as the internal control. (b) Clonogenic survival assay following treatment with etoposide. The survival fraction was compared between the empty vector-transposed H1299 clones and H1299 clones showing inducible POLQ expression. Data are means + standard deviation (SD) of three independent experiments. (c) Measurement of the mutation frequency of the supF gene in the pMY189 shuttle plasmid, using a supF forward mutation assay with pMY189 treated or not treated with UV light in the parental H1299 or H1299-derived stable clones. Data are means + SD of >3 independent experiments. (d) Measurement of the mutation frequency of the supF gene in pMY189, using a supF forward mutation assay with Tg-containing pMY189 in parental H1299 or H1299-derived stable clones. Data shown are means + SD of ≥3 independent experiments. Statistical analyses were performed using an unpaired t-test and the asterisks (*) show a statistically significant difference (b–d). 
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Figure 4. Concurrent overexpression of POLQ and PLK4 in primary LAC. (a) PLK4 mRNA overexpression detected in LAC using data from the TCGA database (ID: LUAD). Statistical comparison was performed using a Mann–Whitney U test between non-cancerous tissue (N) and cancerous tissue (T); median expression levels and the p-value are shown. (b) A significant positive correlation between the POLQ and PLK4 mRNA expression levels in LAC. The Spearman rank correlation coefficient (ρ) and p-value are provided. A bivariate normal ellipse (p = 0.95) was observed. (c) Overexpression of PLK4 protein in LAC, determined by IHC analysis using rabbit anti-PLK4 polyclonal antibody in cases of our hospital (HUH). A Mann–Whitney U test was used for statistical comparison between non-cancerous lung alveolar tissue (N) and LAC tissue (T); the p-value and median expression levels are shown. (d) A significant positive correlation was detected between the POLQ and PLK4 protein expression levels in LAC. The data on the POLQ protein expression level were derived from the data shown in Figure 1b,c. The Spearman rank correlation coefficient (ρ) and p-value are shown. A bivariate normal ellipse (p = 0.95) was obtained. (e) Representative IHC results of co-overexpression of PLK4 and POLQ proteins in a case of LAC. The leftmost panel represents the results in non-cancerous lung tissue, while the remaining show the results in LAC from the same patient. The lower panels show a part of the upper panels at a higher magnification. Scale bar = 50 μm (upper); 20 μm (lower). Another set of representative results is shown in Supplementary Figure S1. 
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Figure 5. Centrosome amplification in the lung cancer cells with concurrent overexpression of POLQ and PLK4. The H1299 lung cancer cell line-derived cells (Empty-1, Empty-2, POLQ-1, and POLQ-2) were transiently transfected with plasmid for expression of GFP or GFP-PLK4 (green) and 48 h post-transfection, the cells were immunostained with anti-γ-tubulin antibody (red) and the nuclei were stained with DAPI (blue). The percentage of cells with ≥3 centrosomes was measured among the GFP-positive (or GFP-PLK4-positive) cells, and is shown in the upper bar graph. Data shown are as the means and standard errors derived from three independent experiments. Statistical analyses were performed using an unpaired t-test and the asterisks (*) denote a statistically significant difference. Representative immunostained images are shown in the lower panels. The arrows show the positions of the centrosomes, and the insets show magnified images of the areas indicated by the arrows. 
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Figure 6. Association of POLQ overexpression with the somatic mutation load and PLK4 overexpression in diverse human cancers, determined using data from the TCGA database. (a) Comparison of the number of cancer types showing increased expression of the TLS polymerase gene associated with an increased number of somatic mutations. Ten TLS polymerase genes were examined for the number in 18 cancer types, with Mann–Whitney U test used to compare the total number of somatic mutations between a group of cancers showing low TLS polymerase expression and a group of cancers showing high TLS polymerase gene expression. (b) Results of box-plot analyses of cancer types showing increased expression of the POLQ gene associated with an increased number of somatic mutations in (a). Among the 12 cancer types which showed a significant association, the results for LAC is already shown in Figure 2, and the results for the remaining 11 cancer types are shown. The median mutation number in each group and the p-values are shown in the graph. Results of the box-plot analyses of cancer types showing increased expression of the TLS polymerase gene other than POLQ associated with an increased number of somatic mutations in (a) are shown in Supplementary Figure S2. (c) Concurrent overexpression of POLQ and PLK4 in diverse human cancers. Cancer types in which statistical significance was observed in relation to POLQ overexpression and PLK4 overexpression, and a positive correlation was observed between the expression levels of POLQ and PLK4, which are marked with filled circles; other cancer types are marked with clear circles. Detailed data are shown in Supplementary Figure S3. 
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Table 1. Association between the POLQ protein expression level and clinicopathological factors in 293 patients with primary lung adenocarcinoma.
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Factor

	
No. of Cases

	
POLQ Protein Expression Level §

	
p-Value †




	
Low (n = 56)

	
High (n = 237)






	
Age (y)

	

	

	

	




	
 <60

	
82

	
19 (23.2%)

	
63 (76.8%)

	
0.3206




	
 ≥60

	
211

	
37 (17.5%)

	
174 (82.5%)

	




	
Sex

	

	

	

	




	
 Female

	
123

	
23 (18.7%)

	
100 (81.3%)

	
1.0000




	
 Male

	
170

	
33 (19.4%)

	
137 (80.6%)

	




	
Smoking

	

	

	

	




	
 Non-smoker

	
99

	
21 (21.2%)

	
78 (78.8%)

	
0.1510




	
 Smoker

	
128

	
17 (13.3%)

	
111 (86.7%)

	




	
pT

	

	

	

	




	
 pT1/pT2

	
258

	
51 (19.8%)

	
207 (80.2%)

	
0.6463




	
 pT3/pT4

	
35

	
5 (14.3%)

	
30 (85.7%)

	




	
pN

	

	

	

	




	
 pN0

	
218

	
50 (22.9%)

	
168 (77.1%)

	
0.0012




	
 pN1-pN3

	
69

	
4 (5.8%)

	
65 (94.2%)

	




	
TNM Stage

	

	

	

	




	
 I/II

	
240

	
54 (22.5%)

	
186 (77.5%)

	
0.0008




	
 III/IV

	
53

	
2 (3.8%)

	
51 (96.2%)

	








§ Low, H-score <150; High, H-score ≥150; † Fisher’s exact test.
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