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Abstract

:

Simple Summary


Liquid biopsy is a highly useful tool for the management of NSCLC patients and could provide valuable information on early detection of resistance to osimertinib. Epigenetic biomarkers are very promising for the early diagnosis, prognosis, and prediction of drug response in many types of cancer. We performed a DNA methylation analysis in plasma cell-free DNA and paired CTCs of NSCLC patients before osimertinib treatment and at progression of disease (PD). Our results revealed a significant increase in DNA methylation at PD. Epigenetic alterations should be further evaluated as a possible resistance mechanism to osimertinib and their detection in liquid biopsy samples can be valuable for the follow-up of patients in real time.




Abstract


Osimertinib has been an effective second-line treatment in EGFR mutant NSCLC patients; however, resistance inevitably occurs. DNA methylation has been previously implicated in NSCLC progression and often in therapy resistance, however its distinct role in osimertinib resistance is not elucidated as yet. In the present study, we directly compared DNA methylation of nine selected genes (RASSF1A, RASSF10, APC, WIF-1, BRMS1, SLFN11, RARβ, SHISA3, and FOXA1) in plasma-cfDNA and paired CTCs of NSCLC patients who were longitudinally monitored during osimertinib treatment. Peripheral blood (PB) from 42 NSCLC patients was obtained at two time points: (a) baseline: before treatment with osimertinib and (b) at progression of disease (PD). DNA methylation of the selected genes was detected in plasma-cfDNA (n = 80) and in paired CTCs (n = 74). Direct comparison of DNA methylation of six genes between plasma-cfDNA and paired CTC samples (n = 70) revealed a low concordance, indicating that CTCs and cfDNA give complementary information. DNA methylation analysis of plasma-cfDNA and CTCs indicated that when at least one of these genes was methylated there was a statistically significant increase at PD compared to baseline (p = 0.031). For the first time, DNA methylation analysis in plasma-cfDNA and paired CTCs of NSCLC patients during osimertinib therapy indicated that DNA methylation of these genes could be a possible resistance mechanism.
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1. Introduction


The therapeutic landscape of non-small cell lung cancer (NSCLC) patients that carry somatic mutations in the tyrosine kinase (TK) domain of epidermal growth factor receptor (EGFR) has been successfully validated during the last two decades and the prolonged survival of those patients who benefit from EGFR TKIs has already proven through numerous clinical studies [1,2,3,4]. Osimertinib, a third generation EGFR TKI, is successfully administered both as first [5] and as second line treatment [6,7] in EGFR mutant NSCLC patients. However, in most cases, resistance arises inevitably and the identification of the molecular mechanisms that lead to the progression of disease (PD) is crucial for the appropriate sequential treatment. Besides, the extensive heterogeneous nature of NSCLC further complicates the identification of the resistance mechanisms that occur at progression of disease. EGFR dependent mechanisms are well defined and easy to target but there is still a big percentage of molecular alterations responsible for treatment inefficiency that remains unexplored so far [8,9,10].



Epigenetic regulation of important cell cycle pathways such as cell cycle control, proliferation, apoptosis, cellular adhesion, motility, and DNA repair is often responsible for lung cancer initiation and progression [11]. DNA methylation as part of these modifications has been an important mechanism especially when it occurs in CpG rich regions of the 5′ ends of many genes. This is a common epigenetic process that leads to the silencing of tumor suppressor genes and there is evidence that this can either act as a sole inactivating mechanism or in combination with the presence of mutations [12,13]. In NSCLC, various studies have shown the prognostic and diagnostic significance of DNA methylation of such tumor suppressor genes [14,15]. Moreover, there is accumulating evidence that the dominance of tumor cancer cells undergo epigenetic modifications and their transition to a more drug tolerant cell subpopulation leads to the rapid acquisition of treatment resistance [16].



Liquid biopsy has drawn major attention in the last few years as a highly useful tool for the management of cancer patients and has already shown its clinical impact on the early detection, minimal residual disease and tracking of treatment resistance [17,18]. The identification of circulating epigenetic biomarkers through DNA methylation studies is of utmost clinical importance in the liquid biopsy field and can be used for the diagnosis, prognosis, and prediction of drug response [19,20]. Notwithstanding that mutation analysis in liquid biopsy is already established through its clinical utility, it cannot always provide consistent results due to tumoral heterogeneity. Therefore, epigenetic analysis of cfDNA could serve as a promising alternative and broaden the spectrum of diagnostic applications, since reversible epigenetic aberrations are tumor-specific and reflect disease progression [21,22]. A representative example of its potential diagnostic utility is the latest work of Liu et al. where cfDNA bisulfite sequencing revealed distinct methylation patterns among more than 50 cancer types across all stages [23]. Furthermore, another study has shown that lung cancer subtyping based on cfDNA methylation analysis of APC, HOXA9, RARβ2, and RASSF1A could be critical for the accurate diagnosis of patients and for their prognosis through an optimal selection of treatment management [24]. Epigenetic alterations in circulating tumor cells (CTCs) were first described in 2011 [25] but these studies are still limited to a few cancer types [26,27,28]. However, they are quite informative about CTC dissemination, metastatic tumor formation and progression [29,30]. Recently, a unique CTC DNA methylation signature of lung cancer patients, distinct from the primary tumor, revealed a stemness feature during metastasis [31].



In the present study, we directly compared the DNA methylation of nine selected genes in plasma-cfDNA and paired CTCs of NSCLC patients before and after osimertinib therapy, namely RAS-association domain family 1 isoform A (RASSF1A), Ras-association domain family 10 (RASSF10), Wnt inhibitory factor-1 (WIF-1), Adenomatous polyposis coli (APC), Breast cancer metastasis suppressor 1 (BRMS1), DNA/RNA helicase Schlafen-11 (SLFN11), SHISA3, retinoic acid receptor-beta (RARβ) and forkhead box protein A1 (FOXA1). These genes were selected based on previous publications suggesting being epigenetically silenced in lung cancer, and on a meta-analysis carried out on lung adenocarcinoma methylation and transcriptomic data from the Cancer Genome Atlas (TCGA).



Epigenetic inactivation of several RASSF members has already been reported in lung cancer. RASSF1A action stimulates mitotic arrest, DNA repair and apoptosis, and controls the cell cycle and cell migration [32]. On the other hand, the epigenetic status of RASSF10 is not fully elucidated in lung cancer and only few studies including experiments with cancer cell lines have shown its activity as a tumor suppression gene in lung tumorigenesis and its implication in cell cycle progression and tumor growth [33,34].



Aberrant activation of the Wingless-related integration site (Wnt) signaling pathways plays an important role in the development of NSCLC [35]. Wnt inhibitory factor-1 (WIF-1) has been identified as an important Wnt antagonist which inhibits Wnt/β- catenin signaling by directly binding to Wnt proteins. Methylation of the WIF-1 gene can lead to the loss of WIF-1 expression which has been observed in numerous types of cancer including NSCLC [16,17,18,19,20]. Another important Wnt antagonist with tumor suppressor activity is the APC gene that is involved in cell migration and adhesion, transcriptional activation, and apoptosis; APC promoter methylation has a diagnostic role in NSCLC [36,37].



BRMS1 is mostly studied in breast cancer for its role in the regulation of tumor metastasis [38]. Limited but significant evidence exists about its implication in NSCLC [39] and the association of its promoter methylation in plasma-cfDNA with poor progression free survival (PFS) [40]. SLFN11 belongs to the Schlafen protein family, which has been implicated in cell proliferation, induction of immune responses, regulation of viral replication [41], and also in sensitizing cancer cells to DNA damaging agents [42]. In a small cohort of NSCLC patients who received platinum-based chemotherapy the presence of SLFN11 hypermethylation was significantly associated with shorter PFS [43]. SHISA3 was firstly reported as a novel tumor suppressor gene associated with tumorigenesis, invasion, and metastasis by promoting the degradation of β-catenin in lung cancer [44]. Lately, it was found that SHISA3 ectopic expression in vivo combined with gefitinib or osimertinib treatment was negatively correlated with EGFR TKI resistance [45]. Promoter hypermethylation of RARβ has been suggested as a mechanism that regulates alveolar and epithelial differentiation and lung tumorigenesis. In NSCLC, RARβ hypermethylation may significantly contribute to the carcinogenesis and serve as a potential drug target and diagnostic marker [46]. FOXA1 is one of the most significant transcription factors during epithelial-to-mesenchymal transition (EMT) and it is suggested that it may play an important role in the initiation of lung cancer metastasis [47]. FOXA1 methylation was recently associated with the early detection of lung cancer [48] but it is not extensively studied in this type of cancer.



In the present study, we conducted for the first time a DNA methylation analysis of nine selected genes in plasma-cfDNA and paired CTCs of NSCLC patients before administration of osimertinib and at progression of disease. Our aim was to study for the first time whether DNA methylation for these gene-promoters is differentiated before administration of osimertinib and at progression of disease resistance and whether the presence of these epigenetic alterations at progression of disease could be a possible resistance mechanism.




2. Materials and Methods


The flowchart of the study is shown in Figure 1.



2.1. TCGA Meta-Analysis


Firstly, a thorough search of literature was carried out to select cancer related genes where their DNA methylation was implicated NSCLC or that would serve as tumor suppressor genes. Then, a meta-analysis was performed based on data retrieved from The Cancer Genome Atlas (TCGA) Research Network through the online webtool cBioPortal (https://www.cbioportal.org/datasets (accessed on 15 July 2021)) to examine the correlation between mRNA expression and DNA methylation in lung adenocarcinoma samples for selected genes based on Pearson correlation analysis. Furthermore, we used the interactive web server UALCAN (http://ualcan.path.uab.edu (accessed on 15 July 2021)) for analyzing the gene expression levels of studied genes across normal tissues and cancerous tissue samples of stage III and IV lung adenocarcinoma patients based on TCGA level 3 RNA-Seq data.




2.2. Patients


Patients with histologically or cytologically documented EGFR mutated lung adenocarcinomas, previously progressed upon 1st and/or 2nd generation EGFR TKIs, were subsequently treated with osimertinib (AZD9291; Astra Zeneca, UK) in the context of a multicenter Phase II clinical study [ClinicalTrials.gov number: NCT02771314, registration date: 13 May 2016 and EudraCT number: 2016-001335-12, registration date: 13 April 2016] conducted by the Hellenic Oncology Research Group (HORG). All patients included in this clinical study had a Performance Status (ECOG) 0–1.



All patients and healthy donors (HD; n = 10) gave their written informed consent to participate in the study which has been approved by the National Drug Administration of Greece (EOF), the National Ethics Committee (35/00-03/16, 35/03-11/16) and the Institutional Ethical Committees of the HORG’s participating centers. The study was conducted in accordance with the Declaration of Helsinki.



In the present study, peripheral blood (PB) samples from 42 NSCLC patients, were subjected on plasma-cfDNA and CTC methylation analysis at two time points: (a) baseline: before treatment with osimertinib and (b) at the time of disease progression (PD). At the time of analysis, four patients were still under osimertinib therapy. Osimertinib was administered as a 2nd line treatment in 21/42 (50%) and as 3rd line in 21/42 (50%) upon their progression of disease with EGFR TKIs. The median age of patients was 66 (range: 43–87 years) and 31 (73.8%) of them were female.




2.3. Peripheral Blood Sampling and Processing


PB samples were obtained at two time points: (a) before the treatment initiation with osimertinib (baseline) and (b) at the time of disease progression (PD). At the time of analysis, four patients were still under osimertinib therapy. In total, 84 patient samples and 10 HD samples were further processed and analyzed following the same steps. PB (15 mL) was collected in tubes containing ethylenediaminetetraacetic acid (EDTA) as anticoagulant, after discarding the first 5mL of blood draw to avoid contamination of skin epithelial cells. Blood samples were centrifuged at 530× g for 10 min at room temperature (RT) and plasma was separated from buffy coat and erythrocytes. Plasma samples were then subjected to a second centrifugation at 16,000× g for 10 min at RT and transferred to a new tube. Aliquots of identical plasma samples from every single blood sampling were kept at −80 °C prior to cfDNA extraction. Buffy coat and erythrocytes were further processed for CTC enrichment as thoroughly described below.




2.4. Plasma-cfDNA Extraction


Purification of cfDNA was performed from 2 mL of plasma using the QIAamp Circulating Nucleic Acid Kit (Qiagen®, Hilden, Germany), according to the manufacturer’s instructions. It is a four-step protocol that combines the silica-based membrane extraction and purification of nucleic acids. The purified DNA maintains its methylation, allowing bisulfite conversion for downstream methylation analysis. The final elution volume of extracted cfDNA was 30 μL using Buffer AVE. In this study, 41 plasma-cfDNA baseline samples and 39 plasma-cfDNA samples at PD were available.




2.5. CTC Enrichment and Genomic DNA Extraction


After separating plasma from blood cells, an equal volume of removed plasma was replaced by adding phosphate-buffered saline (PBS, pH 7.3) into the cell pellet and then samples were proceeded for CTC enrichment in the size-based microfluidic device, Parsortix™ (ANGLE plc, Guildford, UK), using a 6.5 μm separation cassette, as previously described [49]. Captured cells were harvested in 200 μL of PBS. In a next step, genomic DNA (gDNA) was extracted from the CTC fraction using the TRIZOL-LS reagent (ThermoFisher Scientific, Waltham, MA, USA) and was dissolved in a final volume of 20 μL of 8 mmol/L NaOH, as previously described [49]. DNA concentration was measured in a NanoDrop-1000 spectrophotometer and calibrated with the recommended CF-1 standard solution. In this study, 39 CTC samples were collected at baseline and 35 CTC samples at PD.




2.6. Evaluation of DNA Integrity


After plasma-cfDNA and CTC derived-gDNA extraction, RT-qPCR with specific primers for amplifying a region in exon 20 wild type of the PIK3CA gene was performed, as previously described [50] to assess DNA integrity of all samples. Only samples that were positive for exon 20 PIK3CA amplification were further processed to sodium bisulfite (SB) treatment.




2.7. Sodium Bisulfite Treatment


After DNA extraction and quality control assessment, EZ DNA Methylation Gold Kit (ZYMO Research, Irvine, CA, USA) was used for SB treatment of plasma-cfDNA and CTC-derived gDNA samples, according to manufacturer’s instructions. All non-methylated cytosines were converted to uracil, while methylated cytosines remained unconverted. SB-treated DNA was stored at −80 °C until further use. Samples of distilled H2O and 100% methylated DNA were used as negative and positive control, respectively during every SB treatment procedure. SB treated samples were subsequently subjected to whole bisulfitome amplification (WBA) using a modified protocol of the EpiTect Whole Bisulfitome Kit (Qiagen®, Hilden, Germany). After SB-treatment, SB converted DNA integrity was assessed by a real-time methylation specific PCR (MSP) assay for β-actin (ACTB); only samples that were amplified were included in the study [51].




2.8. In Silico Primer and Probe Design


For all primers and probes that were de novo designed, we used Wanderer (http://maplab.imppc.org/wanderer/ (accessed on 21 July 2021), an interactive web browser for TCGA data, to identify all the significant methylated CGs of the promoter gene regions based on Illumina 450K analysis data in order to include as many as possible CGs in the in silico design. After selecting the appropriate gene region, Primer Premier 5 software (Premier Biosoft International, San Francisco, CA, USA) was used for the in silico design of primers and probes avoiding the formation of stable hairpin structures, primer dimers, cross dimers, and false priming sites. The specificity of the in silico designed sequences was validated by using the BLAST tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 21 July 2021).




2.9. Real-Time Methylation Specific PCR


We used our previously developed and analytically validated real time MSP assays for RASSF1A [52], BRMS1 [25] and SLFN11 [53] genes. We further developed novel real-time MSP assays for RASSF10, APC, RARβ, FOXA1, WIF-1, and SHISA3 (Assay details are described in Supplementary File S1). All experiments for methylation analyses were performed in the cobas® z 480 analyzer (Roche Molecular Systems, Inc., Pleasanton, CA, USA) in a total volume of 10 μL. Human placental genomic DNA (gDNA; Sigma-Aldrich, Burlington, MA, USA) was used as a real-time MSP negative control after SB-treatment, while Universal Methylated Human DNA Standard (ZYMO Research, Irvine, CA, USA) was used as fully methylated (100%) positive control. All MSP assays are qualitative and thus, we define a sample as positive for methylation when MSP amplification signal is present (Cq < 40.00) and as negative only in the complete absence of amplification signal.




2.10. Statistical Analysis


Statistical analysis was performed using SPSS Statistics 26.0 (IBM company, Armonk, NY, USA). The Pearson chi-square test was used to evaluate correlations between mRNA expression and DNA methylation. The chi-square test of independence was used to compare DNA methylation between different groups. The Mc Nemar test and Cohen’s kappa index were used to compare DNA methylation between the two time points. Survival distributions were estimated using the Kaplan-Meier method and compared across groups with the log-rank test. All statistical tests were two sided, and p-values less than 0.05 were considered statistically significant.





3. Results


3.1. TCGA Meta-Analysis of Methylated Genes in Lung Adenocarcinoma Tissue Samples


Following the selection of genes based on published papers, TCGA meta-analysis was performed through cBioPortal platform (https://www.cbioportal.org/ (accessed on 15 July 2021) to explore correlations between DNA methylation and mRNA expression of selected genes. Data were retrieved by the Firehose Legacy study that included n = 584 lung adenocarcinoma tissue samples. The Pearson correlation analysis revealed that mRNA expression was negatively associated with DNA methylation in lung adenocarcinoma tissues for all genes indicating that DNA methylation of these genes may lead to their epigenetic silencing in lung adenocarcinoma (Figure 2).



Furthermore, the UALCAN web server was used to explore differences in gene expression levels of these nine genes between normal (n = 59) and lung adenocarcinoma tissues. More specifically, TCGA level 3 RNA-Seq data were selected only for stage III (n = 85) and IV (n = 28) lung adenocarcinoma tissues to resemble the group of NSCLC patients that was further studied (Figure 3).




3.2. Plasma-cfDNA Methylation Analysis


All HDs plasma-cfDNA samples (n = 10) were analyzed in the same way for the methylation of these nine genes; no methylation was detected in any of the plasma-cfDNA samples. The methylation status of patients’ plasma-cfDNA samples is described in detail below:




	
RASSF1A: Before treatment with osimertinib, methylation of RASSF1A was detected in 3/41 (7.3%) patients, whereas at PD it was observed in 7/39 (17.9%) patients. One patient (pt#38) maintained RASSF1A methylation at both time points, whereas pt#44 and pt#46 were negative at PD.



	
RASSF10: Methylation for RASSF10 was not detected at any time point.



	
APC: 5/41 (12.2%) patients were positive for APC methylation during baseline and three of these five (pt#1, pt#18, pt#20) maintained methylation also at PD. In total, 9/39 (23.1%) patients were detected with APC methylation at PD.



	
WIF-1: WIF-1 methylation was detected in 2/41 (4.9%) patients at baseline and in 6/39 (15.4%) patients at PD.



	
BRMS1: Before osimertinib treatment BRMS1 methylation was detected in only one patient (pt#28) who was also positive at PD. At PD, 5/39 (12.8%) patients were positive for BRMS1 methylation.



	
SLFN11: Only one patient was detected with SLFN11 methylation at baseline while 3/39 (7.7%) patients were positive at PD.



	
RARβ: Before treatment with osimertinib, no methylation was detected at all whereas 2/39 (5.1%) patients were positive at PD.



	
SHISA3: SHISA3 methylation was detected in only one patient (pt#17) at baseline and in only one (pt#38) at PD.



	
FOXA1: 2/41(4.9%) patients were detected positive for FOXA1 methylation at baseline whereas 3/39 (7.7%) patients at PD. Only one patient (pt#38) was positive for FOXA1 methylation at both time points.








Methylation rates for RASSF1A, APC, WIF-1, FOXA1, RARβ, BRMS1 and SLFN11 were higher at PD compared to that at baseline but without any statistically significant differences. Furthermore, patients found positive for at least one methylation marker were 10/41 (24.4%) at baseline and 17/39 (43.6%) at PD. Interestingly, among those patients carrying more than one methylation marker, the presence of RASSF1A methylation was strongly correlated with the APC methylation (Fisher’s exact test, p < 0.001, k = 0.687). All results on the methylation status of these nine genes in plasma-cfDNA are summarized in Figure 4.




3.3. CTC Methylation Analysis


Peripheral blood of 10 HDs was analyzed in exactly the same way as for patient samples for CTC. Methylation was not detected for any of these genes in HDs samples. Figure 5 demonstrates the methylation status of the six genes in CTCs of NSCLC patients under osimertinib therapy. More specifically:




	
RASSF1A: Methylation for RASSF1A was not detected at any time point.



	
RASSF10: Before treatment with osimertinib, methylation of RASSF10 was detected in 3/39 (7.3%) patients, whereas at PD it was observed in 1/35 (2.8%) patient.



	
APC: 3/39 (7.7%) patients were positive for APC methylation at baseline, while at PD, 4/35 (11.4%) were positive for APC methylation.



	
WIF-1: WIF-1 methylation was not detected at baseline whereas at PD only one sample (pt#12) was found positive.



	
BRMS1: Before osimertinib treatment BRMS1 methylation was detected in 2/39 (5.1%) patients, while at PD, no BRMS1 methylation was detected.



	
SLFN11: At baseline, SLFN11 methylation was detected in 4/39 (10.2%) patients that were found negative at PD. At PD 5/35 (14.3%) patients were found positive for SLFN11 methylation.








Overall, the methylation rates for APC, WIF-1 and SLFN11 were increased at PD, while the methylation rates for RASSF10 and BRMS1 were decreased but without any statistical significance. At baseline, 7/39 (17.9%) samples were found positive for at least one methylation marker, whereas at PD 10/35 (28.6%) were found positive for at least one methylation marker.




3.4. Direct Comparison of the Methylation Status of Six Genes between Plasma-cfDNA and Paired CTCs


We evaluated in total 70 matched plasma-cfDNA and CTC samples, 36 at baseline and 34 at PD for the methylation of six genes (RASSF1A, RASSF10, APC, WIF-1, BRMS1, SLFN11). At baseline, there was no agreement between plasma-cfDNA and CTCs in terms of methylation, whereas at PD there was an agreement in patient #5 for SLFN11, patients #6 and #9 for APC and patient #12 for WIF-1. Totally different methylation patterns were observed between plasma-cfDNA and CTC matched samples for patients #1 and #44 at baseline and for patients #7 and #20 at PD. Moreover, as can be seen in Table 1, there were patients’ samples positive for various methylation markers solely in CTCs (Pt#2, Pt#13, Pt#17, Pt#23, Pt#25, Pt#26, Pt#30, Pt#34, Pt#40) and others solely in plasma-cfDNA (Pt#1, Pt#10, Pt#16, Pt#20, Pt#28, Pt#30, Pt#38) either at baseline or at PD. All results are shown in Figure 6.



The presence of CTCs in identical blood draws was already verified through our previous studies by (a) triple immunofluorescence (IF) for CK (pan cytokeratin Ab, CK-8, CK-18, CK-19) and/or VIM, (b) RT-qPCR for the detection of CK-8, CK-18, CK-19, and VIM [49] and (c) crystal digital PCR (cdPCR) for the detection of EGFR mutations in CTCs [54].




3.5. DNA Methylation Analysis of Plasma-cfDNA and Paired CTCs


We have also evaluated the presence of at least one methylation marker both in plasma-cfDNA and paired CTCs at both time points (Figure 6). At baseline, 14/41 (34.1%) patients were found positive for at least one methylated marker, whereas 21/39 (53.8%) patients were positive at PD. More specifically, in 8/41 (19.5%) patients, methylation was detected at both time points, whereas in 13/41 (31.7%) patients, methylation was not detected at all. Among those patients that progressed, methylation in at least one methylation marker was detected only at PD in 13/39 (33.3%) patients. By comparing these two time points of osimertinib therapy, a significant increase in methylation for at least one marker was observed at PD in contrast to baseline (McNemar test, p = 0.031).



We combined the information on DNA methylation status in plasma-cfDNA and CTC at PD, and divided NSCLC patients into two groups: Group A included patients who progressed within 13 months and Group B included those who progressed after 13 months or did not progress at all at the time of analysis and were still under osimertinib. As shown in Table 1, 18 out of 19 (94.7%) of NSCLC patients for whom at least one of the genes studied was methylated in cfDNA and/or CTC at PD progressed much earlier (within 13 months) whereas only one out of 19 (1.2%) of these DNA methylation positive NSCLC patients progressed later than 13 months. Among the 41 NSCLC patients studied, 32/41 (78%) relapsed earlier than 13 months and only 9/41 (21.9%) after.



Kaplan-Meier analysis indicated differences in time-to-progression between NSCLC patients that were found methylated for at least one marker at PD in cfDNA and/or CTC and patients that were found negative for DNA methylation of these markers. More specifically patients who were positive for at least one methylated marker tended to progress earlier than those who were negative for DNA methylation for all markers (8.5 vs. 16.7 months, p = 0.066; Figure 7).





4. Discussion


In the present study, we directly compared DNA methylation of nine selected genes in CTCs and paired plasma-cfDNA of NSCLC patients that are longitudinally monitored during osimertinib therapy, to evaluate a potential role in NSCLC progression and EGFR TKI therapy resistance. Our results were derived by highly specific and highly sensitive analytically validated real time MSP molecular assays, following strict preanalytical and analytical quality control steps.



As it is widely known, the subclonal emergence of EGFR mutation T790M is a common event induced during treatment in EGFR mutant NSCLC [55,56]. Parallel or downstream signaling pathways are dysregulated by epigenetic mechanisms in cancer [57,58], and adaptive treatment resistance through epigenetic modifications that gradually lead to the dominance of drug-resistant cells is an alternative process of treatment failure [16]. The concept of the drug persistent cells that are potent enough to escape treatment effect through epigenetic mechanisms has also been demonstrated at a single cell level [59,60].



In our study, prior to liquid biopsy analysis, a meta-analysis of lung adenocarcinoma TCGA data revealed that all nine genes selected presented low or moderate though significant negative correlation between mRNA expression and DNA methylation levels. Moreover, the UALCAN webtool was used to explore the differences in gene expression levels between normal tissues and cancerous tissue samples of advanced stage lung adenocarcinoma patients (stage III and IV) and further confirm their possible function as tumor suppressor genes. This meta-analysis revealed that almost in all cases, lung adenocarcinoma tissue samples presented lower gene expression levels indicating the possible effect of DNA methylation of these genes on their transcriptional silencing. Our aim was to exploit the maximum information that TCGA data provide by using the online webtools and software; however, there were no available studies including data for NSCLC patients under osimertinib therapy and as a result we only used data concerning a broader category of lung adenocarcinoma patients’ samples. Following the TCGA meta-analysis, we analyzed liquid biopsy samples of NSCLC patients under osimertinib therapy before treatment initiation and at PD for DNA methylation of these nine selected genes.



To the best of our knowledge there is no previous study on the direct comparison of plasma-cfDNA and CTC methylation profiling in NSCLC during osimertinib therapy. Plasma-cfDNA methylation analysis revealed a heterogeneous profile of DNA methylation for these nine markers among NSCLC patients and an increase of DNA methylation rates in total for ‘at least one marker’ at PD. Methylation of RASSF1A, APC, and WIF-1 was detected at higher percentages at PD in plasma-cfDNA samples. As per CTC methylation analysis a completely different profile was revealed compared to the plasma-cfDNA methylation analysis performed in the same blood draws. Overall, methylation was detected in lower rates in CTCs than in plasma-cfDNA but there was again an increase at PD against baseline samples. Direct comparison of DNA methylation of six of these genes (RASSF1A, RASSF10, APC, WIF-1, BRMS1, and SLFN11) between plasma-cfDNA and CTCs at baseline and at PD revealed different methylation patterns indicating that CTC and plasma-cfDNA analysis give complementary information and a high level of heterogeneity between patients even at the DNA methylation level.



Limited but significant scientific evidence attests epigenetic modifications that negatively affect EGFR TKI treatment outcome and that their combination with epigenetic drugs could be very promising. One of the earlier studies based on PC-9 cancer cell line have shown that PTEN hypermethylation conferred resistance to gefitinib and erlotinib that was restored with 5-aza-2′-deoxycytidine (5AZA-CdR) administration [61]. Activation of Wnt signaling, observed in tumor samples through the methylation of SFRP5 gene, could cause tumor resistance to EGFR TKIs and, on account of this it was associated with poorer treatment outcomes [62]. The cooperative effects of histone deacetylase inhibitors (HDACis) and EGFR TKIs in vitro displayed synergistic effects on H3K4 methylation and increased response to therapy [63]. Another effective combination was the administration of the DNA methyl transferase inhibitor, decitabine along with gefitinib in PC9/GR cells through demethylation of RASSF1A and GADD45β [64]. A less common methylation-associated mechanism was found to be involved in the generation of T790M mutation that was induced by the activity of cytidine deaminase (AICDA) expression [65]. Very recently, a genome-wide DNA methylation analysis revealed that HOXB9 DNA methylation was linked to intrinsic EGFR-TKI resistance and complementary to mutation profiling could discern whether lung adenocarcinoma patients would benefit from EGFR-TKI treatment [66]. However, all these studies were performed in lung cancer cell lines or primary tissues and have not thus compared DNA methylation status before and after treatment. According to our study, there was a trend for a statistically important difference in PFS between patients who were positive for DNA methylation of at least one marker at PD and those patients that were negative for DNA methylation of at least one of these markers (8.5 vs. 16.7 months, p = 0.066).



What really matters during longitudinal monitoring of patients is the early prediction of disease progression; both can be achieved through liquid biopsy analysis. However, there are only a few studies so far involving liquid biopsy analysis for the elucidation of therapeutic resistance to TKI treatment. A recent study, that was based on only eight patients, and combined a methylation ratio model with somatic mutation profiling in cfDNA predicted resistance to Osimertinib prior to morphological PD [67]. In a previously published genome-wide methylation analysis, it was shown that different resistance mutation profiles in cfDNA were associated with different methylation changes highlighting the heterogeneity of acquired resistance to EGFR TKIs and the complex interrelationship between DNA methylation and genetic alterations [68].




5. Conclusions


In the present study, we conducted for the first time a DNA methylation analysis of nine selected genes in plasma-cfDNA and paired CTCs of NSCLC patients before the administration of osimertinib and at progression of disease and explored whether the presence of epigenetic alterations at progression of disease could be a possible resistance mechanism. According to our plasma-cfDNA analysis, DNA methylation in these genes was detected at higher percentages at PD. Combination of DNA methylation results in CTC and plasma-cfDNA indicated that the methylation rates for all genes tested were significantly elevated at progression of disease after osimertinib treatment when compared to baseline, indicating that DNA methylation of these genes may be associated with epigenetic resistance during osimertinib therapy. Elucidation of DNA methylation profiles in liquid biopsy still remains an unexplored but promising field with great potential. Our study evaluated for the first time whether DNA methylation of specific gene promoters detected in plasma cfDNA and/or CTCs was associated with resistance to osimertinib. Future prospective studies including larger cohorts of patients are needed to confirm our findings and investigate whether EGFR mutant NSCLC patients could benefit from subsequent or combinatorial epigenetic therapy.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/cancers13235974/s1, File S1: Real-time MSP Protocols.





Author Contributions


Conceptualization, E.L.; methodology, A.N. and D.L.; software, A.N.; validation, A.N. and E.L.; formal analysis, A.N. and E.L.; investigation, A.N. and D.L.; resources, E.L., A.K. and V.G.; data curation, A.N., A.K., V.G. and E.L.; writing—original draft preparation, A.N. and E.L.; writing—review and editing, A.N., T.R. and E.L.; visualization, A.K. and V.G.; supervision, E.L.; project administration, E.L.; funding acquisition, E.L. and V.G. All authors have read and agreed to the published version of the manuscript.




Funding


The research presented was carried out within the framework of a Stavros Niarchos Foundation grant to the National and Kapodistrian University of Athens, grant number 16785. This work was also partly funded by Hellenic Oncology Research Group (HORG).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the National Drug Administration (EOF), the National Ethics Committee (35/00-03/16, 35/03-11/16) and the Institutional Ethical Committees of the HORG’s participating centers.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to ethical restrictions.




Acknowledgments


We would like to thank ANGLE plc, UK for kindly providing the Parsortix™ instrument for this study. We acknowledge all the patients’ contribution who participated in this clinical study and the healthy volunteers for providing the blood samples. Osimertinib (AZD9291; Astra Zeneca, UK) was administered to the patients in the context of a multicenter Phase II clinical study [ClinicalTrials.gov number, NCT02771314] sponsored by Astra Zeneca and conducted by the Hellenic Oncology Research Group (HORG).




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Mok, T.S.; Wu, Y.; Thongprasert, S.; Yang, C.; Saijo, N.; Sunpaweravong, P.; Han, B.; Margono, B.; Ichinose, Y.; Nishiwaki, Y.; et al. Gefitinib or Carboplatin–Paclitaxel in Pulmonary Adenocarcinoma. N. Engl. J. Med. 2009, 361, 947–957. [Google Scholar] [CrossRef]

	



Maemondo, M.; Inoue, A.; Kobayashi, K.; Sugawara, S.; Oizumi, S.; Isobe, H.; Gemma, A.; Harada, M.; Yoshizawa, H.; Kinoshita, I.; et al. Gefitinib or chemotherapy for non-small-cell lung cancer with mutated EGFR. N. Engl. J. Med. 2010, 362, 2380–2388. [Google Scholar] [CrossRef] [PubMed]

	



Rosell, R.; Carcereny, E.; Gervais, R.; Vergnenegre, A.; Massuti, B.; Felip, E.; Palmero, R.; Garcia-Gomez, R.; Pallares, C.; Sanchez, J.M.; et al. Erlotinib versus standard chemotherapy as first-line treatment for European patients with advanced EGFR mutation-positive non-small-cell lung cancer (EURTAC): A multicentre, open-label, randomised phase 3 trial. Lancet Oncol. 2012, 13, 239–246. [Google Scholar] [CrossRef]

	



Park, K.; Tan, E.H.; O’Byrne, K.; Zhang, L.; Boyer, M.; Mok, T.; Hirsh, V.; Yang, J.C.H.; Lee, K.H.; Lu, S.; et al. Afatinib versus gefitinib as first-line treatment of patients with EGFR mutation-positive non-small-cell lung cancer (LUX-Lung 7): A phase 2B, open-label, randomised controlled trial. Lancet Oncol. 2016, 17, 577–589. [Google Scholar] [CrossRef]

	



Jänne, P.A.; Chih-Hsin Yang, J.; Kim, D.W.; Planchard, D.; Ohe, Y.; Ramalingam, S.S.; Ahn, M.J.; Kim, S.W.; Su, W.C.; Horn, L.; et al. AZD9291 in EGFR inhibitor-resistant non-small-cell lung cancer. N. Engl. J. Med. 2015, 372, 1689–1699. [Google Scholar] [CrossRef]

	



Soria, J.C.; Ohe, Y.; Vansteenkiste, J.; Reungwetwattana, T.; Chewaskulyong, B.; Lee, K.H.; Dechaphunkul, A.; Imamura, F.; Nogami, N.; Kurata, T.; et al. Osimertinib in untreated EGFR-Mutated advanced non-small-cell lung cancer. N. Engl. J. Med. 2018, 378, 113–125. [Google Scholar] [CrossRef]

	



Ramalingam, S.S.; Vansteenkiste, J.; Planchard, D.; Cho, B.C.; Gray, J.E.; Ohe, Y.; Zhou, C.; Reungwetwattana, T.; Cheng, Y.; Chewaskulyong, B.; et al. Overall Survival with Osimertinib in Untreated, EGFR-Mutated Advanced NSCLC. N. Engl. J. Med. 2020, 382, 41–50. [Google Scholar] [CrossRef] [PubMed]

	



Oxnard, G.R.; Hu, Y.; Mileham, K.F.; Husain, H.; Costa, D.B.; Tracy, P.; Feeney, N.; Sholl, L.M.; Dahlberg, S.E.; Redig, A.J.; et al. Assessment of Resistance Mechanisms and Clinical Implications in Patients with EGFR T790M-Positive Lung Cancer and Acquired Resistance to Osimertinib. JAMA Oncol. 2018, 4, 1527–1534. [Google Scholar] [CrossRef] [PubMed]

	



Le, X.; Puri, S.; Negrao, M.V.; Nilsson, M.B.; Boyle, T.; Hicks, J.K.; Lovinger, K.L.; Roarty, E.; Tang, M.; Sun, H.; et al. Landscape of EGFR -dependent and -independent resistance mechanisms to osimertinib and continuation therapy post- progression in EGFR-mutant NSCLC. Clin. Cancer Res. 2019, 24, 6195–6203. [Google Scholar] [CrossRef] [PubMed]

	



Santoni-Rugiu, E.; Melchior, L.C.; Urbanska, E.M.; Jakobsen, J.N.; De Stricker, K.; Grauslund, M.; Sørensen, J.B. Intrinsic resistance to EGFR-tyrosine kinase inhibitors in EGFR-mutant non-small cell lung cancer: Differences and similarities with acquired resistance. Cancers 2019, 11, 923. [Google Scholar] [CrossRef] [PubMed]

	



Quintanal-villalonga, Á.; Molina-pinelo, S. Epigenetics of lung cancer: A translational perspective. Cell Oncol. 2019, 42, 739–756. [Google Scholar] [CrossRef] [PubMed]

	



Marsit, C.J.; Houseman, E.A.; Nelson, H.H.; Kelsey, K.T. Genetic and Epigenetic Tumor Suppressor Gene Silencing Are Distinct Molecular Phenotypes Driven by Growth Promoting Mutations in Nonsmall Cell Lung Cancer. J. Cancer Epidemiol. 2009, 2008, 215809. [Google Scholar] [CrossRef] [PubMed]

	



Berger, A.H.; Knudson, A.G.; Pandolfi, P.P. A continuum model for tumour suppression. Nature 2011, 476, 163–169. [Google Scholar] [CrossRef] [PubMed]

	



Ansari, J.; Shackelford, R.E.; El-Osta, H. Epigenetics in non-small cell lung cancer: From basics to therapeutics. Transl. Lung Cancer Res. 2016, 5, 155–171. [Google Scholar] [CrossRef]

	



Balgkouranidou, I.; Liloglou, T.; Lianidou, E.S. Lung cancer epigenetics: Emerging biomarkers. Biomark. Med. 2013, 7, 49–58. [Google Scholar] [CrossRef]

	



Sharma, S.V.; Lee, D.Y.; Li, B.; Quinlan, M.P.; Maheswaran, S.; Mcdermott, U.; Azizian, N.; Zou, L.; Fischbach, M.A.; Wong, K.; et al. A chromatin-mediated reversible drug-tolerant state in cancer cell subpopulations. Cell 2010, 141, 69–80. [Google Scholar] [CrossRef]

	



Lianidou, E.; Pantel, K. Liquid biopsies. Genes Chromosom. Cancer 2019, 58, 219–232. [Google Scholar] [CrossRef]

	



Alix-Panabières, C.; Pantel, K. Liquid Biopsy: From Discovery to Clinical Application. Cancer Discov. 2021, 11, 858–873. [Google Scholar] [CrossRef]

	



Palanca-ballester, C.; Rodriguez-casanova, A.; Torres, S.; Calabuig-fariñas, S.; Jantus-lewintre, E.; Diaz-lagares, A.; Montuenga, L.; Sandoval, J. Cancer Epigenetic Biomarkers in Liquid Biopsy for High Incidence Malignancies. Cancers 2021, 13, 3016. [Google Scholar] [CrossRef]

	



Lianidou, E. Detection and relevance of epigenetic markers on ctDNA: Recent advances and future outlook. Mol. Oncol. 2021, 15, 1683–1700. [Google Scholar] [CrossRef]

	



Zeng, C.; Stroup, E.K.; Zhang, Z.; Chiu, B.C.H.; Zhang, W. Towards precision medicine: Advances in 5-hydroxymethylcytosine cancer biomarker discovery in liquid biopsy. Cancer Commun. 2019, 1–9. [Google Scholar] [CrossRef]

	



Lo, Y.M.D.; Han, D.S.C.; Jiang, P.C.R. Epigenetics, fragmentomics, and topology of cell-free DNA in liquid biopsies. Science 2021, 372, eaaw3616. [Google Scholar] [CrossRef] [PubMed]

	



Liu, M.C.; Oxnard, G.R.; Klein, E.A.; Swanton, C.S.M.C.C. Sensitive and specific multi-cancer detection and localization using methylation signatures in cell-free DNA. Ann. Oncol. 2020, 31, 745–759. [Google Scholar] [CrossRef]

	



Nunes, S.P.; Diniz, F.; Moreira-Barbosa, C.; Constâncio, V.; Silva, A.V.; Oliveira, J.; Soares, M.; Paulino, S.; Cunha, A.L.; Rodrigues, J.; et al. Subtyping Lung Cancer Using DNA Methylation in Liquid Biopsies. J. Clin. Med. 2019, 8, 1500. [Google Scholar] [CrossRef]

	



Chimonidou, M.; Strati, A.; Tzitzira, A.; Sotiropoulou, G.; Malamos, N.; Georgoulias, V.; Lianidou, E.S. DNA methylation of tumor suppressor and metastasis suppressor genes in circulating tumor cells. Clin. Chem. 2011, 57, 1169–1177. [Google Scholar] [CrossRef]

	



Mastoraki, S.; Strati, A.; Tzanikou, E.; Chimonidou, M.; Politaki, E.; Voutsina, A.; Psyrri, A.; Georgoulias, V.; Lianidou, E. ESR1 methylation: A Liquid biopsy-based epigenetic assay for the follow up of patients with metastatic breast cancer receiving endocrine treatment: Short running title: Liquid biopsy: ESR1 methylation in CTCs and paired ctDNA. Clin. Cancer Res. 2018, 24, 1500–1511. [Google Scholar] [CrossRef]

	



Vasantharajan, S.S.; Eccles, M.R.; Rodger, E.J.; Pattison, S.; McCall, J.L.; Gray, E.S.; Calapre, L.; Chatterjee, A. The Epigenetic landscape of Circulating tumour cells. Biochim. Biophys. Acta Rev. Cancer 2021, 1875, 188514. [Google Scholar] [CrossRef]

	



Lianidou, E.S. Gene expression profiling and DNA methylation analyses of CTCs. Mol. Oncol. 2016, 10, 431–442. [Google Scholar] [CrossRef] [PubMed]

	



Pixberg, C.F.; Raba, K.; Müller, F.; Behrens, B.; Honisch, E.; Niederacher, D.; Neubauer, H.; Fehm, T.; Goering, W.; Schulz, W.A.; et al. Analysis of DNA methylation in single circulating tumor cells. Oncogene 2017, 36, 3223–3231. [Google Scholar] [CrossRef] [PubMed]

	



Gkountela, S.; Castro-giner, F.; Szczerba, B.M.; Rochlitz, C.; Weber, W.P.; Gkountela, S.; Castro-giner, F.; Szczerba, B.M.; Vetter, M.; Landin, J.; et al. Circulating Tumor Cell Clustering Shapes DNA Methylation to Enable Metastasis Seeding Article Circulating Tumor Cell Clustering Shapes DNA Methylation. Cell 2019, 176, 98–112. [Google Scholar] [CrossRef]

	



Zhao, L.; Wu, X.; Zheng, J.; Dong, D. DNA methylome profiling of circulating tumor cells in lung cancer at single base-pair resolution. Oncogene 2021, 40, 1884–1895. [Google Scholar] [CrossRef]

	



Malpeli, G.; Innamorati, G.; Decimo, I.; Bencivenga, M.; Kamdje, A.H.N.; Perris, R.; Bassi, C. Methylation dynamics of RASSF1A and its impact on cancer. Cancers 2019, 11, 959. [Google Scholar] [CrossRef]

	



Wang, Y.; Ma, T.; Bi, J.; Song, B.; Zhou, Y.; Zhang, C.; Gao, M. ScienceDirect RASSF10 is epigenetically inactivated and induces apoptosis in lung cancer cell lines. Biomed. Pharmacother. 2014, 68, 321–326. [Google Scholar] [CrossRef]

	



Richter, A.M.; Walesch, S.K.; Wu, P. The tumor suppressor RASSF10 is upregulated upon contact inhibition and frequently epigenetically silenced in cancer. Oncogenesis 2012, 1, e18. [Google Scholar] [CrossRef]

	



Stewart, D.J. Wnt Signaling Pathway in Non-Small Cell Lung Cancer. J. Natl. Cancer Inst. 2014, 106, djt356. [Google Scholar] [CrossRef]

	



Virmani, A.K.; Rathi, A.; Sathyanarayana, U.G.; Padar, A.; Huang, C.X.; Cunnigham, H.T.; Farinas, A.J.; Sara, M.; Euhus, D.M.; Gilcrease, M.; et al. Aberrant methylation of the Adenomatous Polyposis Coli (APC) gene promoter 1A in breast and lung carcinomas. Clin. Cancer Res. 2001, 7, 1998–2004. [Google Scholar] [PubMed]

	



Guo, S.; Tan, L.; Pu, W.; Wu, J.; Xu, K.; Wu, J.; Li, Q.; Ma, Y.; Xu, J.; Jin, L.; et al. Quantitative assessment of the diagnostic role of APC promoter methylation in non-small cell lung cancer. Clin. Epigenetics 2014, 6, 1–11. [Google Scholar] [CrossRef]

	



Chimonidou, M.; Kallergi, G.; Georgoulias, V.; Welch, D.R.; Lianidou, E.S. Breast Cancer Metastasis Suppressor-1 promoter methylation in primary breast tumors and corresponding Circulating Tumor Cells. Mol. Cancer Res. 2013, 11, 1–20. [Google Scholar] [CrossRef]

	



Nagji, A.S.; Liu, Y.; Stelow, E.B.; Stukenborg, G.J.; Jones, D.R. BRMS1 transcriptional repression correlates with CpG island methylation and advanced pathological stage in non-small cell lung cancer. J. Pathol. 2010, 221, 229–237. [Google Scholar] [CrossRef] [PubMed]

	



Balgkouranidou, I.; Chimonidou, M.; Milaki, G.; Tsarouxa, E.G.; Kakolyris, S.; Welch, D.R.; Georgoulias, V. Breast cancer metastasis suppressor-1 promoter methylation in cell-free DNA provides prognostic information in non-small cell lung cancer. Br. J. Cancer 2014, 110, 2054–2062. [Google Scholar] [CrossRef] [PubMed]

	



Isnaldi, E.; Ferraioli, D.; Ferrando, L.; Brohée, S.; Ferrando, F.; Fregatti, P. Schlafen-11 expression is associated with immune signatures and basal - like phenotype in breast cancer. Breast Cancer Res. Treat. 2019, 177, 335–343. [Google Scholar] [CrossRef] [PubMed]

	



Tang, S.; Thomas, A.; Murai, J.; Trepel, J.B.; Bates, S.E.; Rajapakse, V.N.; Pommier, Y. Overcoming Resistance to DNA-Targeted Agents by Epigenetic Activation of Schlafen 11 ( SLFN11 ) Expression with Class I Histone Deacetylase Inhibitors. Clin. Cancer Res. 2018, 24, 1944–1953. [Google Scholar] [CrossRef] [PubMed]

	



Nogales, V.; Reinhold, W.C.; Varma, S.; Martinez-cardus, A.; Moutinho, C.; Moran, S.; Heyn, H.; Sebio, A.; Barnadas, A.; Pommier, Y.; et al. Epigenetic inactivation of the putative DNA / RNA helicase SLFN11 in human cancer confers resistance to platinum drugs. Oncotarget 2016, 7, 3084–3097. [Google Scholar] [CrossRef]

	



Chen, C.; Chen, H.; Su, K.; Hong, Q.; Yan, B.; Chen, C.; Pan, S.; Chang, Y.; Wang, C.; Hung, P.; et al. Shisa3 Is Associated with Prolonged Survival through Promoting b -Catenin Degradation in Lung Cancer. Am. J. Respir. Crit. Care Med. 2014, 190, 433–444. [Google Scholar] [CrossRef]

	



Si, J.; Ma, Y.; Bi, J.W.; Xiong, Y.; Lv, C.; Li, S.; Wu, N.; Yang, Y. Shisa3 brakes resistance to EGFR-TKIs in lung adenocarcinoma by suppressing cancer stem cell properties. J. Exp. Clin. Cancer Res. 2019, 38, 1–15. [Google Scholar] [CrossRef]

	



Li, Y.; Lu, D.; Ma, Y.; Liu, H. Association between Retinoic acid receptor-β hypermethylation and NSCLC risk: A meta-analysis and literature review. Oncotarget 2017, 8, 5814–5822. [Google Scholar] [CrossRef]

	



Feng, H.; Zhang, Z.; Qing, X.; Wang, X.; Liang, C.; Liu, D. Promoter methylation of APC and RAR-β genes as prognostic markers in non-small cell lung cancer (NSCLC). Exp. Mol. Pathol. 2016, 100, 109–113. [Google Scholar] [CrossRef]

	



Constâncio, V.; Nunes, S.P.; Moreira-Barbosa, C.; Freitas, R.; Oliveira, J.; Pousa, I.; Oliveira, J.; Soares, M.; Dias, C.G.; Dias, T.; et al. Early detection of the major male cancer types in blood-based liquid biopsies using a DNA methylation panel. Clin. Epigenetics 2019, 11, 1–18. [Google Scholar] [CrossRef] [PubMed]

	



Ntzifa, A.; Strati, A.; Kallergi, G.; Kotsakis, A.; Georgoulias, V.; Lianidou, E. Gene expression in circulating tumor cells reveals a dynamic role of EMT and PD-L1 during osimertinib treatment in NSCLC patients. Sci. Rep. 2021, 11. [Google Scholar] [CrossRef]

	



Vorkas, P.A.; Poumpouridou, N.; Agelaki, S.; Kroupis, C.; Georgoulias, V.; Lianidou, E.S. PIK3CA Hotspot Mutation Scanning by a Novel and Highly Sensitive High-Resolution Small Amplicon Melting Analysis Method. J. Mol. Diagn. 2010, 12, 697–704. [Google Scholar] [CrossRef]

	



Zavridou, M.; Mastoraki, S.; Strati, A.; Tzanikou, E.; Chimonidou, M.; Lianidou, E. Evaluation of preanalytical conditions and implementation of quality control steps for reliable gene expression and DNA methylation analyses in liquid biopsies. Clin. Chem. 2018, 64, 1522–1533. [Google Scholar] [CrossRef]

	



Giannopoulou, L.; Chebouti, I.; Pavlakis, K.; Kasimir-bauer, S. RASSF1A promoter methylation in high-grade serous ovarian cancer: A direct comparison study in primary tumors, adjacent morphologically tumor cell-free tissues and paired circulating tumor DNA. Oncotarget 2017, 8, 21429–21443. [Google Scholar] [CrossRef] [PubMed]

	



Zavridou, M.; Strati, A.; Bournakis, E.; Smilkou, S.; Tserpeli, V.L.E. Prognostic Significance of Gene Expression and DNA Methylation Markers in Circulating Tumor Cells and Paired Plasma Derived Exosomes in Metastatic Castration Resistant Prostate Cancer. Cancers 2021, 13, 780. [Google Scholar] [CrossRef]

	



Ntzifa, A.; Kotsakis, A.; Georgoulias, V.; Lianidou, E. Detection of EGFR mutations in plasma cfDNA and paired CTCs of NSCLC patients before and after osimertinib therapy using crystal digital PCR. Cancers 2021, 13, 2736. [Google Scholar] [CrossRef]

	



Oxnard, G.R. The cellular origins of drug resistance in cancer. Nat. Publ. Gr. 2016, 22, 232–234. [Google Scholar] [CrossRef]

	



Vaclova, T.; Grazini, U.; Ward, L.; O’Neill, D.; Markovets, A.; Huang, X.; Chmielecki, J.; Hartmaier, R.; Thress, K.S.; Smith, P.D.; et al. Clinical impact of subclonal EGFR T790M mutations in advanced-stage EGFR-mutant non-small-cell lung cancers. Nat. Commun. 2021, 12, 1–11. [Google Scholar] [CrossRef]

	



Rotow, J.; Bivona, T.G. Understanding and targeting resistance mechanisms in NSCLC. Nat. Rev. Cancer 2017, 17, 637–658. [Google Scholar] [CrossRef] [PubMed]

	



Romero-Garcia, S.; Prado-Garcia, H.; Carlos-Reyes, A. Role of DNA Methylation in the Resistance to Therapy in Solid Tumors. Front. Oncol. 2020, 10, 1–20. [Google Scholar] [CrossRef]

	



Nagasawa, S.; Kashima, Y.; Suzuki, A.; Suzuki, Y. Single-cell and spatial analyses of cancer cells: Toward elucidating the molecular mechanisms of clonal evolution and drug resistance acquisition. Inflamm. Regen. 2021, 41, 22. [Google Scholar] [CrossRef] [PubMed]

	



Kashima, Y.; Shibahara, D.; Suzuki, A.; Muto, K.; Kobayashi, I.S.; Plotnick, D.; Udagawa, H.; Izumi, H.; Shibata, Y.; Tanaka, K.; et al. Single-Cell Analyses Reveal Diverse Mechanisms of Resistance to EGFR Tyrosine Kinase Inhibitors in Lung Cancer. Cancer Res. 2021, 81, 4835–4848. [Google Scholar] [CrossRef] [PubMed]

	



Maeda, M.; Murakami, Y.; Watari, K.; Kuwano, M.; Izumi, H.; Ono, M. CpG hypermethylation contributes to decreased expression of PTEN during acquired resistance to gefitinib in human lung cancer cell lines. Lung Cancer 2015, 87, 265–271. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, J.; Wang, Y.; Duan, J.; Bai, H.; Wang, Z.; Wei, L.; Zhao, J.; Zhuo, M.; Wang, S.; Yang, L.; et al. DNA Methylation status of Wnt antagonist SFRP5 can predict the response to the EGFR-tyrosine kinase inhibitor therapy in non-small cell lung cancer. J. Exp. Clin. Cancer Res. 2012, 31, 1–9. [Google Scholar] [CrossRef]

	



Greve, G.; Schiffmann, I.; Pfeifer, D.; Pantic, M.; Schüler, J.; Lübbert, M. The pan-HDAC inhibitor panobinostat acts as a sensitizer for erlotinib activity in EGFR-mutated and -wildtype non-small cell lung cancer cells. BMC Cancer 2015, 15, 1–10. [Google Scholar] [CrossRef]

	



Hou, T.; Ma, J.; Hu, C.; Zou, F.; Jiang, S.; Wang, Y.; Han, C.; Zhang, Y. Decitabine reverses gefitinib resistance in PC9 lung adenocarcinoma cells by demethylation of RASSF1A and GADD45β promoter. Int. J. Clin. Exp. Pathol. 2019, 12, 4002–4010. [Google Scholar] [PubMed]

	



El Kadi, N.; Wang, L.; Davis, A.; Korkaya, H.; Cooke, A.; Vadnala, V.; Brown, N.A.; Betz, B.L.; Cascalho, M.; Kalemkerian, G.P.H.K. The EGFR T790M mutation is acquired through AICDA-mediated deamination of 5-methylcytosine following TKI treatment in lung cancer. Cancer Res. 2018, 78, 6728–6735. [Google Scholar] [CrossRef]

	



Su, S.-F.; Liu, C.-H.; Cheng, C.-L.; Ho, C.-C.; Yang, T.-Y.; Chen, K.-C.; Hsu, K.-H.; Tseng, J.-S.; Chen, H.-W.; Chang, G.-C.; et al. Genome-Wide Epigenetic Landscape of Lung Adenocarcinoma Links HOXB9 DNA Methylation to Intrinsic EGFR-TKI Resistance and Heterogeneous Responses. JCO Precis. Oncol. 2021, 418–431. [Google Scholar] [CrossRef] [PubMed]

	



Xia, S.; Ye, J.; Chen, Y.; Lizaso, A.; Huang, L.; Shi, L.; Su, J.; Han-Zhang, H.; Chuai, S.; Li, L.; et al. Parallel serial assessment of somatic mutation and methylation profile from circulating tumor DNA predicts treatment response and impending disease progression in osimertinib-treated lung adenocarcinoma patients. Transl. Lung Cancer Res. 2019, 8, 1016–1028. [Google Scholar] [CrossRef]

	



Nguyen, H.N.; Cao, N.P.T.; Van Nguyen, T.C.; Le, K.N.D.; Nguyen, D.T.; Nguyen, Q.T.T.; Nguyen, T.H.T.; Van Nguyen, C.; Le, H.T.; Nguyen, M.L.T.; et al. Liquid biopsy uncovers distinct patterns of DNA methylation and copy number changes in NSCLC patients with different EGFR-TKI resistant mutations. Sci. Rep. 2021, 11, 1–12. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 13 05974 g001 550] 





Figure 1. A schematic flowchart of the study (NSCLC: non-small cell lung cancer, LUAD: lung adenocarcinoma, MSP: methylation specific PCR, CTC: circulating tumor cells, SB: sodium bisulfite). 
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Figure 2. Association between mRNA expression and DNA methylation in lung adenocarcinoma tissues for (A) RASSF1A, (B) RASSF10, (C) APC, (D) WIF-1, (E) BRMS1, (F) SLFN11, (G) RARβ, (H) SHISA3, (I) FOXA1 gene based on TCGA analysis within cBioPortal datasets. 
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Figure 3. Gene expression levels between normal (n = 59) and stage III (n = 85) or stage IV (n = 28) LUAD tissue samples for (A) RASSF1A, (B) RASSF10, (C) APC, (D) WIF-1, (E) BRMS1, (F) SLFN11, (G) RARβ, (H) SHISA3, (I) FOXA1 gene based on TCGA data from UALCAN web server (***: p < 0.001, * p < 0.05, ns: non-significant). 
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Figure 4. Methylation status of nine selected genes in plasma-cfDNA of NSCLC patients before osimertinib initiation (n = 41) and at progression of disease (n = 39). 
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Figure 5. Methylation status of six selected genes in CTCs of NSCLC patients before osimertinib initiation (n = 39) and at progression of disease (n = 35). 






Figure 5. Methylation status of six selected genes in CTCs of NSCLC patients before osimertinib initiation (n = 39) and at progression of disease (n = 35).



[image: Cancers 13 05974 g005]







[image: Cancers 13 05974 g006 550] 





Figure 6. Direct comparison of DNA methylation markers in plasma-cfDNA and paired CTCs before osimertinib and at PD. 
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Figure 7. Kaplan-Meier analysis based on the methylation status for at least one marker in cfDNA and/or CTC at PD revealed a slight difference in terms of PFS. 
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Table 1. DNA methylation status in cfDNA and/or CTCs in respect to time-to-progression.
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Methylation Status

	
Early PD (Up to 13 Months)

	
Late PD (More Than 13 Months)

	
Total






	
Unmethylated

	
14

	
8

	
22




	
Methylated

	
18

	
1

	
19




	
(at least one gene)




	
Total

	
32

	
9

	
41
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