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Typical carcinoids (TC), atypical carcinoids (AC), large cell neuroendocrine carcinomas (LCNEC), and small cell lung carcinomas (SCLC) encompass a bimodal spectrum of metastatic tumors with morphological, histological and histogenesis differences, The hierarchical structure reveals high cohesiveness between neoplastic cells by mechanical desmosomes barrier assembly in carcinoid tumors and LCNEC, while SCLC does not present an organoid arrangement in morphology, the neoplastic cells are less cohesive. However, the molecular mechanisms that lead to PNENs metastasis remain largely unknown and require further study. In this work, epithelial to mesenchymal transition (EMT) transcription factors were evaluated using a set of twenty-four patients with surgically resected PNENs, including carcinomas. Twelve EMT transcription factors (BMP1, BMP7, CALD1, CDH1, COL3A1, COL5A2, EGFR, ERBB3, PLEK2, SNAI2, STEAP1, and TCF4) proved to be highly expressed among carcinomas and downregulated in carcinoid tumors, whereas upregulation of BMP1, CDH2, KRT14 and downregulation of CAV2, DSC2, IL1RN occurred in both histological subtypes. These EMT transcription factors identified were involved in proliferative signals, epithelium desmosomes assembly, and cell motility sequential steps that support PNENs invasion and metastasis in localized surgically resected primary tumor. We used a two-stage design where we first examined the candidate EMT transcription factors using a whole-genome screen, and subsequently, confirmed EMT-like changes by transmission electron microscopy and then, the EMT-related genes that were differentially expressed among PNENs subtypes were predicted through a Metascape analysis by in silico approach. A high expression of these EMT transcription factors was significantly associated with lymph node and distant metastasis. The sequential steps for invasion and metastasis were completed by an inverse association between functional barrier created by PD-L1 immunosuppressive molecule and EMT transcriptional factors. Our study implicates upregulation of EMT transcription factors to high proliferation rates, mechanical molecular barriers disassembly and increased cancer cell motility, as a critical molecular event leading to metastasis risk in PNENs thus emerging as a promising tool to select and customize therapy.
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Introduction

Currently, neuroendocrine neoplasms (NENs) are categorized into differentiated neuroendocrine tumors (NETs), also named as carcinoid tumors (TC, typical carcinoid and AC, atypical carcinoid), and poorly differentiated neuroendocrine carcinomas (NECs), including large cell neuroendocrine carcinoma (LCNEC) and small cell lung carcinoma (SCLC) (1). Patients with PNENs have tumors sufficiently localized to be considered treatable by surgical resection, and among those whose tumors are successfully resected, approximately 90-98% of patients with typical carcinoid, and 50-60% of atypical carcinoid, survive 5 years (2, 3) even developing local invasiveness, dissemination to regional lymph nodes, and distant metastasis (4, 5) which occur in 3% of typical carcinoids and 21% for atypical carcinoids (6–8). In contrast, only 20-30% of the patients with large cell neuroendocrine carcinoma survive 5 years after surgical resection and adjuvant chemotherapy (9), and only 10% of the patients with small cell lung carcinoma survive 5 years after Cisplatin + Carboplatin + Etoposide (10).

In addition to morphological and histological differences, PNENs encompass a bimodal spectrum of metastatic tumors with differences in histogenesis. For instance, normal lung contains a population of neuroendocrine cells (NE), referred as Kulchitsky cell, within the bronchial tree and neuroendocrine bodies in the periphery, which also might give rise to carcinoids, a specific group of tumors based on their secretory products, distinct staining characteristics, and ability to uptake and decarboxylate amine precursors (11). In contrast, SCLC do not arise from Kulchitzky cells, but from multipotent or undifferentiated neuroendocrine NE cells in the central bronchial tree (12–14) as previously demonstrated in experimental models genetically modified (15). Given these unusual characteristics of PNENs, not only is it still often difficult to oncologist predicts which tumors will invade, metastasize, and abbreviate the patient’s life, nevertheless, effective adjuvant treatments still depend on identifying these tumors shortly after biopsy or surgery as well.

The tissue availability for genome investigation, looking for biomarkers that signal the risk of metastasis and cancer specific death, has primarily focused on tumor epithelial compartment (16–18) and not on their effects on molecular events for invasion more lethal, and more therapeutically relevant for metastatic lesion. Furthermore, genome-based studies that have preliminarily explored in metastatic tumors were done using small sample biopsies (19–23). Thus, the molecular mechanisms that lead to PNENs metastasis remain largely unknown and require further study. The identification of EMT-related genes in tumor epithelial compartment and their effects on metastasis steps as new biomarkers and therapeutic targets for PNENs is promising.

In order to address these gaps in the literature, we evaluated epithelial to mesenchymal transition (EMT) transcription factors, most of them involved in cancer cell proliferation signals, mechanical molecular barriers, and cell block motility that support PNENs invasion and metastasis in localized surgically resected primary tumor. Overall, we performed an analysis of EMT transcription factors expression data generated using mRNA in two approaches, where we first utilized gene expression microarray technology to identify candidate genes that are associated with PNENs metastasis, confirmed EMT-like changes by transmission electron microscopy and validation in a similar independent cohort using in silico analysis. To complete the sequential steps for invasion and metastasis by PNENs, we evaluated the functional barrier created by the PD-L1 immunosuppressive molecule.



Materials and Methods


Patients and Samples


Discovery Cohort

We analyzed tumor samples collected from 65 patients diagnosed with either a carcinoid tumor or LCNEC confirmed by surgical resection, or with SCLC confirmed by surgical resection or a biopsy, between 2007 and 2016. 24 fresh frozen tumor-normal pairs (10 SCLC, 4 LCNEC, 5 AC, and 5 TC) from A. C. Camargo Cancer Center, in São Paulo, Brazil, and Hospital do Amor, in Barretos, Brazil, and 41 archival formalin-fixed paraffin-embedded histological sections samples (13 SCLC, 9 LCNEC, 5 AC, and 14 TC) from the Hospital das Clínicas and from the Heart Institute of the University of São Paulo (USP). The neoplastic area was delimited during the frozen section procedure to ensure the exclusion of non-neoplastic tissue. At the time of resection, random samples of tumor were diced, fixed in 2.5% buffered glutaraldehyde, embedded in Araldite, and cut into thin sections that were then stained with uranyl acetate and lead citrate and examined by transmission electron microscopy (TEM) to confirm EMT-like changes. The histologic diagnosis and immunohistochemistry results were then reviewed and confirmed by two experienced lung pathologists in accordance with the WHO 2015 classification (24). The main histologic criteria for tumor re-classification were the mitotic count and the presence of an organoid pattern (rosettes, pseudo rosettes, palisading, spindle cells) or necrosis. The cohort included 29 carcinoid tumors (19 TC and 10 AC), 13 LCNEC, and 23 SCLC. Patient’s demographics and clinicopathological characteristics were obtained from medical records and included age, sex, smoking history, tumor size, tumor stage (according to the International Association for the Study of Lung Cancer classification system, 8th edition), and follow-up information (24). The internal ethics committees of all the participating institutions approved this study’s protocol (process number 1.077.100) with a waiver for informed consent by their review boards.




Evaluation of Biological Function of EMT-Related Gene Expressions

To validate our data and to investigate which EMT biological process were involved, we conducted an interactive analysis on the Metascape1, a tool for gene annotation and gene list enrichment analysis, to analyze the genes whose expression differed among PNEN subtypes (25). For the gene list used, we carried out a pathway and process enrichment analysis using the following ontology sources: KEGG Pathway, GO Biological Processes, Reactome Gene Sets, Canonical Pathways, CORUM, DisGeNET. With the purpose of identifying EMT-related protein interactions, we used the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database (26) to explore the protein-protein interaction (PPI) of the EMT-related genes that were investigated in our study. A heatmap was created to verify the association between the relative expression of the EMT transcription factors and histological subtypes using the Heatmapper platform2. Then, we used the average distance and the Euclidean distance between elements to perform an unsupervised hierarchical grouping.



Epithelial-Mesenchymal Transition (EMT) Transcription Factors Identification

Total RNA was extracted from fresh-frozen tumor and normal tissues using the QIAsymphony miRNA CT 400 kit (Qiagen, CA, USA) according to the manufacturer’s instructions. RNA integrity and quality were determined using the Bioanalyzer 2100 (Agilent Technologies). Complementary DNA was synthesized using the c-DNA – RT² First Strand Kit (Qiagen Sample & Assay Technologies) according to the manufacturer’s protocol. The difference of expression in EMT genes was evaluated by the real-time PCR method. Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed using the RT² Profiler PCR Array System (PAHS-090Z; Qiagen, Dusseldorf, Germany) kit for the human EMT pathway with 84 target genes. The array includes a total of 84 EMT genes, 5 housekeeping genes (ACTB, B2M, GAPDH, HPRT1, RPLP0), 1 genomic DNA control (GDC) to assess contamination, 3 reverse transcriptase controls (RTC) that certify the efficiency of the reverse transcription step, and 3 positive PCR controls (PPC) consisting of an artificial DNA sequence certifying the test accuracy (see Supplementary Table S1). Each 96-well plate includes SYBR® Green-optimized primer assays for a thoroughly researched panel of 84 EMT genes, that also are included the collagen and integrin genes. Furthermore, the high-quality primer design and RT2 SYBR® Green qPCR Mastermix formulation enable the PCR array to amplify 96 gene-specific products simultaneously under uniform cycling conditions. The samples were amplified using Applied Biosystems Step One Plus (Applied Biosystems, California, USA). The cycling conditions were as follows: 95°C for 10 minutes, 40 cycles at 95°C for 15 seconds, 60°C for 1 minute, followed by the dissociation period. The data were then analyzed in the StepOne software (v. 2.0, Applied Biosystems) using the Δ threshold cycle (Ct) method (2−ΔΔCt) (27). All data were normalized by the housekeeping genes, and normal lung tissue specimens were used as case control. The Ct cutoff was set to 35, and Fold-Change (FC) cutoff was set to ≥2.0.



Programmed Cell Death Ligand 1 (PD-L1) Detection

PD-L1 expression was automatically detected using the Ventana Benchmark Ultra Platform (Roche, Ventana Medical Systems Inc., Tucson, USA) with an OptiView DAB IHD Detection Kit and OptiView Amplification Kit according to proprietary protocols and using the primary anti-PD-L1 antibody SP263 (prediluted; Roche). Samples were considered positive to antigen expression at the presence of a fully membranous brownish staining.



PD-L1 Tumor Proportion Score (TPS) Determination

The TMP of membranous PD-L1 expression in cancer cells was determined by digital image analysis. The images were captured using a Nikon camera attached to a Nikon microscope and sent to an LG monitor by means of a computer-controlled (Pentium 1330 MHz) digitalizing system (Oculus TCX, Coreco Inc., St. Laurent, Quebec, Canada). All slides were fully analyzed at a magnification of ×400 and submitted to an automatic staining vector analysis, followed by total tissue area detection, separation of tumor from non-tumor areas in each slide, and finally, automatic cellular detection. We then used a membrane algorithm to obtain the H-score of the PD-L1 membranous staining. This algorithm consisted of multiplying each staining membrane score, i.e., 0 (no staining), 1+ (weak staining), 2+ (moderate staining), or 3+ (strong staining), by the percentage of positive cell (0-100%) at that intensity to reach a final H-score ranging between 0-300 (Figure 5). If the H-score was equal to or higher than the mean value of all samples, PD-L1 protein expression was classified as positive, whereas an H-score lower than the mean value was classified as negative PD-L1 protein expression (28, 29).



Data Management and Statistical Analysis

Data were collected and managed using REDCap electronic data capture tools hosted at A. C. Camargo Cancer Center, in São Paulo, Brazil, Hospital do Amor, in Barretos, Brazil, and Hospital das Clínicas and from the Heart Institute of the University of São Paulo (USP). Considering the non-normal distribution of our data, all statistical tests used in this study to examine the difference between categories and groups were non-parametric tests as follows: the chi-square test or Fisher’s exact test was used to examine differences in categorical variables, whereas either the Kruskal-Wallis test or the Mann–Whitney U test was used to detect differences in continuous variables between groups of patients. Qualitative data were described using relative frequencies. Overall survival (OS) was defined as the interval from the date of biopsy or surgical resection to death and OS curves were estimated using the Kaplan–Meier method. The Cox proportional hazards model was then used to analyze the association between OS rate and other covariances, and only parameters that presented P ≤ 0.2 in a univariate analysis were considered for multivariate analysis. We used the Statistical Package of Social Science (SPSS) version 18 for all statistical analysis. All tests with P<0.05 were deemed statistically significant and a Bonferroni correction was used when necessary.




Results


Functional Enrichment Analysis of EMT-Related Genes in PNENs

As shown in Figure 1, we first created a heatmap distribution of the 17 EMT transcription factors studied in our cohort among PNENs histological types, which showed different levels of expression (FC≥ 2.0). We observed that BMP1, CDH2, and KRT14 were upregulated, whereas CAV2, DSC2, and IL1RN were downregulated in all histological subtypes. Furthermore, 12 genes (BMP1, BMP7, CALD1, CDH1, COL3A1, COL5A2, EGFR, ERBB3, PLEK2, SNAI2, STEAP1, and TCF4) were differentially expressed among histological subtypes and were all overexpressed in SCLC and LCNEC when compared to TC and AC.




Figure 1 | Heatmap of 17 EMT-related genes differentially expressed across PNET histological subtypes.



To assess the function and the biological process that EMT-related genes presented in our cohort, the Metascape analysis were performed. The heatmap of enriched terms across input gene lists included: “extracellular structure organization”, “salivary gland morphogenesis”, “PID A6B1 A6B4 Integrin Pathway”, “endocardial cushion development”, “PID AJDISS 2Pathway”, “skin development”, “heterotypic cell-cell adhesion”, “PID Beta Catenin NUC Pathway”, “muscle tissue development”, and “regulation of neuron differentiation” (Figure 2A). Figure 2B shows the network formed by these enriched terms. We then consulted the enrichment analysis in DisGeNET and observed that these 17 EMT-related genes are involved in many types of cancers, as shown in Figure 2C. Furthermore, we analyzed our gene list using PPI enrichment analyses carried out in the following databases: BioGrid6, InWeb_IM7, and OmniPath. In the resultant network, the three best-scoring terms by p-value were “degradation of the extracellular matrix”, “extracellular matrix organization”, and “extracellular structure organization”. In a second analysis, we investigated the PPI network of these EMT-related genes using the STRING database. Its molecular organization can be visualized as a network of differentially connected nodes shown in Figure 3. Each node stands for a protein and the edges represent dynamic interactions.




Figure 2 | The enrichment analysis of 17 EMT-related genes using Metascape. (A) Heatmap of enriched terms colored by P-values. (B) Protein-protein interaction network. (C) Summary of enrichment analysis in DisGeNET colored by P-values.






Figure 3 | Cluster analysis of the PPI network using STRING database for EMT proteins interactions. The network included the 22 functional partners with the highest interaction confidence score, namely, STEAP1, COL5A2, COL3A1, BMP1, CALD1, IL1RN, ERBB3, SNAI2, BMP7, PLEK2, CAV2, FYN, EGFR, EGF, KRT5, KRT14, CDH1, CTNBB1, TCF4, FER, CDH2, DSC2, (score ≥ 0.9).





Association Between EMT Gene Expression and Histological Subtypes

The next step was to explore the association between EMT genes and histotypes as can be appreciated in Table 1. We found a significant association between all histological subtypes and 11 differentially expressed EMT transcription factors, including BMP7, COL3A1, COL5A2, DSC2, EGFR, IL1RN, KRT14, PLEK2, SNAI2, STEAP1, and TCF4 (P<0.05). It is worth noting that less differentiated tumors overexpressed of EMT genes, as is the case of SCLC when compared to TC, AC, and LCNEC, except for DSC2 and IL1RN that were underexpressed in PNENs. LCNEC showed intermediate EMT gene expression, with average gene expression levels falling between that of SCLC and carcinoid tumors. TC and AC presented low expression of all the 11 EMT genes when compared to LCNEC and SCLC.


Table 1 | Association between median EMT gene expression and histological subtypes of PNENs patients by non-parametric Kruskal-Wallis test, (P<0.05).





EMT-Like Changes by Transmission Electron Microscopy (TEM)

Subsequently, we examined the PNENs cancer cells by transmission electron microscopy and optical microscopy to find morphologic evidence to correlate with the molecular changes, as shown in Figure 4. In TC and AC (Figures 4A, C, respectively) the cancer cells were intimately associated with each other through desmosomes located in the lateral membrane although they showed a tenuous disassembly. In contrast, SCLC and LCNEC (Figures 4B, D, respectively) showed an intense loss of desmosome morphology and disassembly of cell-cell contacts. The ultrastructure changes revealing mechanical barriers disassembly coincided with loss of cohesiveness between cancer cells visualized at hematoxylin-eosin in PNENs (Figures 5A–D).




Figure 4 | Disruption of intercellular junctional complexes of PNENs cells and enhanced breakdown of the basement membrane. Transmission electron micrographs of PNENs cells in typical carcinoid (A), small cell lung carcinoma (B), atypical carcinoid (C), and large cell neuroendocrine carcinoma (D). Ultrastructural, the TC and SCLC present nucleus with condensed chromatin on the periphery, whereas in AC and LCNEC the nucleus are more vesiculous with sparse distribution of chromatin. The neuroendocrine origin of the four subgroups is evident by different amounts of the NE granules (blue circles) inside of cytoplasmic processes or dispersed in the cytoplasm. In SCLC, the tumor cells were loosely dissociated with each other through tenues desmosomes compared to TC (the electron-dense materials at the lateral side, blue circle). Note that the intercellular junctional complex are not prominent in SCLC compared to TC, suggesting abnormal levels of desmocolin. In contrast, diminishing of electron-dense materials, indicating disruptions of intercellular junctional complexes, and enhanced breakdown of the basement membrane indicating the opening of cell-cell contacts in AC and LCNEC (red arrows). The micrographs are representative PNENs sections from 24 patients. Scale bars: 1 mm. De, desmosomes; Nu, nucleus; Gr, granules; Ne, neuroendocrine.






Figure 5 | (A–D) Representative microphotographs of pulmonary neuroendocrine neoplasms subtypes (H&E), (A) Typical carcinoid (TC), (B) Atypical carcinoid, (C) Large cell neuroendocrine carcinoma (LCNEC), (D) Small cell lung carcinoma (SCLC); (E–H) Immunohistochemical staining of PD-L1 in PNENs, (E, F) Moderate PD-L1 immunostaining in typical (TC) and atypical carcinoid (AC), respectively; (G) Strong PD-L1 immunostaining in large cell neuroendocrine carcinoma (LCNEC), (H) Negative PD-L1 immunostaining in small cell lung carcinoma (SCLC).





Association Between PD-L1 Signal and Clinicopathological Features

The next step was to investigate whether PD-L1 functional immune suppressive barrier was also compromised in these tumors (Figure 5). In fact, the observation of a negative signal intensity of PD-L1 was associated with high malignant potential tumors, such as SCLC (Figure 5H). Furthermore, membranous signal intensity of PD-L1 increased progressively as tumor malignancy, being higher in LCNEC, lower in AC, and lowest in TC (Figures 5E–G, respectively). These findings coincided with a significant difference in PD-L1 H-score signal intensity in PNEN tumor cells (P<0.01). A PD-L1 H-score < 1.021 was detected in 13 TC (68.4%), 4 AC (44.4%) and 4 LCNEC (33.3%), whereas a PD-L1 H-score > 1.021 was found in 6 TC (31.6%), 5 AC (55.6%), and 8 LCNEC (66.7%). Moreover, when the Kruskal-Wallis test was performed, a significant correlation emerged between PD-L1 expression and histological types (P=0.0001). In addition, PD-L1 H-score > 1.021 was significantly associated with advantageous clinicopathologic parameters, such as early stage (I and II) (P=0.03) and N0 status (P=0.02) (Table 2).


Table 2 | Correlation between PD-L1 expression in neuroendocrine tumor cells and clinicopathological characteristics of PNENs patients, by Mann-Whitney test, (P<0.05).



Of note, we observed a significant inverse association between PD-L1 H-score and the expression of COL5A2 (R= -0.45; P=0.03), DSC2 (R= -0.51; P=0.01), KRT14 (R= -0.46; P=0.02), IL1RN (R= -0.53, P=0.01), and STEAP1 (R= -0.45; P=0.03) by a nonparametric Spearman’s rank correlation coefficient. These associations confer an opposite effect between EMT and PD-L1 and might influence the neoplastic cells to control invasion and tumor metastasis.



Association Between EMT Gene Expression and Clinical Characteristics of PNENs Patients

Last but not least, the functional and mechanical molecular barriers players intensifies the clinical scenario of the theatrical course of PNENs. The clinical characteristics of the patients enrolled in our study are summarized in Table 3. Patients had a median age at diagnosis of 58 years and were evenly distributed between genders, 34 female and 30 males. Most of the patients were diagnosed at the early stage of disease (32/29) and were smokers (38), mainly in SCLC (21). However, in our cohort, of the 19 TC patients, 9 were smokers, contradicting the fact that in majority of the cases, these patients are never-smokers. Since smoking history was obtained from the patients’ electronic medical records, this discrepancy was observed and that somehow needs to be proven in the current studies that we are conducting. Fourteen patients of our cohort developed distant metastasis. The median follow-up of the patients was 36 (0–100) months.


Table 3 | Frequency of demographic and clinical characteristics of PNENs patients.



We observed statistical differences between the expression of some EMT genes (BMP1, BMP7, COL3A1, CDH1, EGFR, EBB3, PLEK2, and TCF4) and the clinical stage of patients, especially at the presence of overexpression of these genes. Patients with advanced stage (III/IV) at diagnosis presented tumors that significant overexpressed BMP1 (61.9%, P=0.042), BMP7 (47.6%, P=0.008), CDH1 (57.1%, P=0.002), COL3A1 (52.4%, P=0.002), EGFR (47.6%, P=0.008), ERBB3 (61.9%, P=0.001), PLEK2 (57.1%, P=0.003), and TCF4 (57.1%, P=0.003) (see Supplementary Figure S1). Patients with a smoking history also presented a significant difference in gene expression. Their tumors overexpressed BMP7 (43.5%, P=0.027), COL3A1 (47.8%, P=0.009), EGFR (43.5%, P=0.027), PLEK2 (56.5%, P=0.001), and SNAI2 (47.8%, P=0.039) (see Supplementary Figure S2). We also found a significant association between patients with lymph node metastasis and overexpression of BMP7 (47.4%, P=0.005), CALD1 (42.1%, P=0.020), CDH1 (52.6%, P=0.001), COL3A1 (42.1%, P=0.020), EGFR (47.4%, P=0.005), ERBB3 (57.9%, P=0.000), PLEK2 (47.4%, P=0.024), and TCF4 (52.6%, P=0.001) (see Supplementary Figure S3). Finally, patients with distant metastasis had tumors that overexpressed COL3A1 (38.9%, P=0.013), and COL5A2 (38.9%, P=0.038) (see Supplementary Figure S4). We found no statistical differences between these genes and adjuvant treatment, age, or gender in our cohort.



Survival Analysis

As expected, the cumulative survival rate of patients stratified by PNEN morphologic types was significantly higher in carcinoid tumors (86.54 months) than in the LCNEC and SCLC (19.28 months) (log-rank = 21.21, P<0.01) (Figure 6). In the Cox univariate analysis, the following variables were significantly associated with low risk of death: tumor T1 stage, N0 stage, M0 stage, and early clinical stage. The down-expression of CDH1, COL3A1, DSC2, EGFR, PLEK2, and TCF4 was also associated with a low risk of death (Table 4, P<0.01).




Figure 6 | Kaplan-Meier curve according to the PNENs histological subtypes. Patients diagnosed with carcinoid tumors (TC/AC) appears as top curve (median survival 86.54 months), while those who were diagnosed with high-grade neuroendocrine tumors (SCLC and LCNEC) (bottom curve) had median survival time of 19.28 months (P<0.01 by log-rank test).




Table 4 | Variables associated with overall survival (OS) in PNENs patients.



EMT gene expression was different between patients of different PNEN variants, who showed distinctly different average survival times in our Kaplan-Meier curve. The group with lower expression of CDH1, COL3A1, DSC2, EGFR, PLEK2, and TCF4 (top curve) had a median survival time between 40-63 months. By contrast, those with higher expression of these genes (bottom curve) had a median survival time between just 4-15 months (P ≤ 0.01), as determined by log-rank test (Figure 7). Once these variables were accounted for in a multivariate analysis, where the mathematical model was controlled by histology, we found that patients who presented low expression of COL3A1, DSC2, EGFR and TCF4 as co-dependent variables, as well as low expression of PLEK2 as an independent variable, were at low risk of death. The chi-square including the covariates was 24.16, (P<0.01).




Figure 7 | Kaplan-Meier curves show the difference in EMT gene expression between patients regarding the PNENs variants and the risk of death. (A) CDH1; (B) COL3A1; (C) DSC2; (D) EGFR; (E) PLEK2 and (F) TCF4. For all these EMT genes, patients that had lower expression appeared as the top curve, and their median survival time ranged between 40-63 months. In contrast, patients with higher expression of these genes (bottom curve) had a median survival time range of 4-15 months (P ≤ 0.01 by log-rank test).






Discussion

We evaluated EMT-related genes, using a set of twenty-four patients with surgically resected PNENs, including SCLC. These EMT transcription factors were involved in proliferative signals, epithelium desmosomes assembly, and cell motility that support PNENs sequential steps for invasion and metastasis in localized surgically resected primary tumor. We used a two-stage design where we first examined the candidate EMT genes using a whole-genome screen, and subsequently, we analyze the upregulation of these genes through Metascape analysis in silico approach. Additionally, high expression of EMT genes involved in cellular proliferation, epithelium desmosomes barrier, and cell motility were significantly associated with lymph node metastasis, and distant metastasis. To complete the sequential steps for invasion and metastasis by PNENs, we evaluated the PD-L1 immune checkpoint status and found an inverse association between EMT genes and PD-L1 expression. Our findings suggest that incorporation of EMT-related gene expression profile to routine genome-wide examination of biomarkers helps to predict metastasis in PNENs and may be a promising tool to select and customize therapy.

Over the past decade, treatment options for metastatic PNENs have increased, although mortality and 5-year survival remain little altered for PNETs (30) and PNECs (31, 32). Molecular studies identified somatic mutations, somatic copy numbers, and pathway alterations in primary PNENs tumors (16–18); however, less is known regarding the steps of the molecular events for invasion and metastasis by PNENs, more lethal and therapeutically relevant. It is worth emphasizing that PNENs, unlike other lung tumors, are solid tumors basically composed of highly cohesive epithelial cells intermingled by thin connective tissue septa and thin-walled vessels with a limited number of immune cells. In this context, the matricellular and vascular structure of the adjacent lung parenchyma represents the scenario for invasion. Therefore, studies that interrogate genes in tumors associated with cohesiveness of neoplastic cells, and their motility, are critical to understanding the biology of invasion and metastasis in these tumors, the major cause of patient mortality.

The process of cancer cell invasion and metastasis undoubtedly comprises a series of complex multistep process in which phenotype differences are mediated by a network of transcription factors. Among these, the EMT process signalized by tumor cells is thought to be important because facilitates cancer cell detachment, motility and penetration into blood and lymphatic vessels. Thus, a clear knowledge of EMT underlying molecular mechanism is crucial for effective targeted therapies. Despite extensive efforts, the regulatory mechanism of EMT in most cell/tissue types is not fully resolved as in case of the complex PNENs (33, 34). In order to understand the roles of EMT transcription factors in metastatic process, we explored the mRNA level in PNENs. Overall, we observed that the EMT-related genes were upregulated in SCLC, downregulated in carcinoid tumors, and presented an intermediate level of expression in LCNEC. In fact, the expression of EMT genes was much lower in carcinoid tumors when compared to SCLC and LCNEC, offering a plausible explanation for their progressive changes in phenotype and clinical spectrum, discussed below.

We found that EMT-related genes including cadherin, desmocollin, collagen, and tyrosine kinase receptors were overexpressed in PNENs. Actually, Gene Ontology and functional enrichment analysis confirmed that these highly enriched and overrepresented genes are implicated in cellular and extracellular barriers to mediate motility, invasion, and metastasis. In agreement with other studies, our results support the notion that the synergistic action of these EMT master transcription factors, functioning as invasion oncogenes in PNENs (35–37).

Notably, by transmission electron microscopy we showed that desmosomes disassembly barrier intensity was the expression phenotype factor that coincided with the levels of EMT genes encoding six barrier molecules, including BMP1, BMP7, CALD1, KRT14, CAV2, IL1RN, and three adherent junctions proteins (CDH1, CDH2, DSC2), associated to risk of lymph node and distant metastasis in PNENs. Accordingly, we have found that PNETs and PNECs expressed high levels of BMP1, CDH2, and low levels of CAV2, DSC2, IL1RN, whereas BMP7, CALD1, and CDH1, were overexpressed by PNECs and low expressed by PNETs, suggesting a positive autogenous transcriptional regulation involving activation of the EMT-related genes by phosphorylation (38) to maintain the mechanical barriers between neoplastic cells. Actually, barriers can be mediated through both tight junctions and desmosomal adhesion. Desmosomes, or macula adherens, are intermediate filament-based cell–cell adhesions using desmosomal cadherins anchored to intermediate filaments via desmoplakins. Expression of desmosomal barrier molecules has been observed in several solid tumors, with mixed prognostic associations. In melanoma, elevated levels of the cadherin desmocollin 3 (DSC3) has been associated with increased metastatic risk, but in colon and lung cancer, it has been associated with a better prognosis (39–41).

Remarkably, we have also found that the expression of PD-L1, which has an immunosupressive function in the anti-tumor immune reaction, correlated inversely with EMT transcription factors related to barriers (CDH2, CAV2, DSC2, and IL1RN). This inverse relationship was previously demonstrated in melanoma and ovary cancer in a well-designed study done by Salerno and colleagues (42). According to those authors, physical or mechanical barriers created by endothelial or epithelial cells with tight junctions, or functional barriers created by immunosuppressive molecules including PD-L1 (43) can also limit the immune cell infiltration valued as immune escape by tumors which can otherwise be targeted effectively with immunotherapy (44). Here, we provide two important evidence. First, carcinoids and large cell neuroendocrine carcinomas can express functional barriers created by immunosuppressive PD-L1 thus limiting the immune cell infiltration to reward the low expression of the desmosomes disassembly barrier, justifying the longer survival of the patients even with metastasis. Second, small cell lung carcinomas are associated with the lack of PD-L1 immunosuppressive barrier allowing the immune cell infiltration, but with high expression of desmosomes disassembly barrier, both facilitators of distant metastasis and shorter overall patient survival, otherwise be targeted effectively with immunotherapy PD-L1 expression. Third, the high levels of EMT transcriptions factors expressed by SCLC cells can confer mesenchymal properties, on the one hand justifying its histologic fusiform pattern, and on the other hand the acquisition of immune regulatory capacities for checkpoint blockade immunotherapy, as recently demonstrated in an elegant work made by Kursunel and colleagues (14).

Our current understanding of EMT may also be associated to the established transcriptional regulators that are classically studied separately. Therefore, the synergistic action among cooperative transcriptional factors, which has emerged as a general characteristic of enhancers (45), has not been included in the transcriptional programs of EMT. In sharp divergence to the established EMT model, in which a single transcriptions factor such as SNAI2 controls the EMT program, we identified other master transcriptional factors suggesting a synergistical control of the EMT transcriptional program in metastatic behavior of PNENs, reinforcing the idea that EMT is a phenomenon highly dependent on the PNENs cellular machinery in which it occurs.

String database analysis confirmed the PPI network of these EMT-related genes, its molecular organization as a network of differentially connected nodes, and dynamic synergism. We found that EGFR and ERBB3 were also upregulated in PNECs and downregulated in PNETs and may synergistically determine a positive feedback with desmosomes disassembly barrier. This finding gains strength in the literature by demonstrating that inhibition of EGFR promotes desmosome assembly by upregulation of desmosomal proteins such as desmoglein 2 and desmocollin 2 in squamous cell carcinoma of head and neck (46). In another study, activation of EGFR led to decreased protein levels of DSC3, whereas EGFR inhibition resulted in enhanced expression of DSC3, indicating an EGFR-dependent regulation of DSC3 in lung cancer. Interestingly, these authors also found the inhibition of EGFR by gefitinib increased the expression of DSC3 (39).

Importantly, EMT genes are involved in crucial processes, such as cellular development and differentiation, cellular growth and proliferation, cell migration and motility, and extracellular matrix invasion and cellular adhesion. Regarding TCF4 transcription factor, it has been reported that it plays a key role in the initiation of colorectal cancer progression through the upregulation of β-catenin/TCF4 target genes, such as c-MYC, AXIN2, and LGR5, regulating cell proliferation and stemness in epithelial stem and progenitor cells (47). In lung adenocarcinoma, STEAP1 is reported to be involved in processes closely associated with cancer cell proliferation, such as cell division, cytokine production, cytokine signaling, and DNA replication (48). In addition, PLEK2 interacts with the actin cytoskeleton to induce cell spreading, whereas IL1RN modulates immune and inflammatory responses, and SNAI2 facilitate microenvironment invasion and dissemination (49, 50). However, there is limited knowledge of the role of these EMT-related genes in neuroendocrine tumors.

In our cohort, EMT genes as COL3A1, COL5A2, PLEK2, and SNAI2 presented high expression in PNECs and low expression in PNETs. As PNENs are tumors with a limited stroma, the question is how the tumor cells migrate to gain access into vessels? Recently, mechanical properties of tissue have growing sympathy for tissue stiffness, defined as the resistance to deformation in response to applied force, in a multitude of biological processes (51). Gene expression is controlled by spatial and temporal variability of tissue stiffness and, ultimately, determine the differentiation lineages of stem cells (52). Not least important, different gradients in tissue stiffness works as powerful signal to guide migrating cells during cancer dissemination (53, 54).

Therefore, we speculate that neuroendocrine cancer cells transformed by EMT process acquire stem-like and mesenchymal properties to upregulate tissue stiffness by increasing ECM deposition facilitating motility and permeation in vessels. This powerful feedforward loop raises numerous possibilities for drug development and warrants further investigation into the mechanisms specific to different PNENs.

Taken together, the molecular and ultrastructural events described here may justify the progressive changes in phenotype and clinical spectra of PNENs. The dysregulated expression of BMP1, BMP7, CALD1, KRT14, CAV2, IL1RN, and adherent junctions proteins (CDH1, CDH2, DSC2), promotes the primordial detachment between the distal cancer cells, depriving the central cancer cells of the blood supply leading to comedonecrosis in AC and LCNEC and “geographic” in SCLC. EGFR and ERBB3 were also upregulated in PNECs and downregulated in PNETs promoting the cancer cell proliferation, justifying the progressive increase of Ki67 antigen detected within the nucleus during interphase, and increased mitosis index after the protein relocation to the surface of the chromosomes. In this context, the Ki-67 protein increases during all active phases of the cell cycle (G1, S, G2, and mitosis) from TC to SCLC.

Evidently, these molecular biomarkers may justify the differences between the clinicopathologic features and survival analysis of SCLC/LCNEC and carcinoid tumors. In fact, a Cox multivariate analysis showed that when the mathematical model was controlled by histology, patients that presented low expression of COL3A1, DSC2, EGFR, and TCF4, as co-dependent factors, and low expression of PLEK2, as an independent factor, lead to a significantly low risk of death and better survival in PNENs patients.

In summary, the results presented herein provide important molecular evidence that EMT-related genes are involved in cancer cell proliferative signals, desmosomes disassembly, and cell motility that support PNENs sequential steps for invasion and metastasis in localized surgically resected primary tumor. Specifically, our study indicates that PNENs overexpressing EMT-mechanical molecular barriers, genes lack functional immune suppressive barrier and present increased patient mortality risk due to metastasis and thus potentially offer insight into novel therapeutic targets. Overall, these EMT genes may represent partially an EMT ‘remodeling’ program to drive metastatic establishment.



Data Availability Statement

The original contributions presented in the study are publicly available. This data can be found here: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE181381.



Ethics Statement

The study was approved in accordance with the ethical standards of the responsible committee on human experimentation local (Research Ethics Committee of University of São Paulo Medical School - CAAE:17436113.9.0000.0068; opinion number: 1.0077.100) and with the 1964 Helsinki declaration. A waiver of the requirement for informed consent was obtained from committee, and to identity of the subjects under this retrospective analysis was omitted and anonymized. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



Author Contributions

Conception and design: VLC and TP. Writing, review, and editing: VLC, TP, CB, and JM-R. Data analysis and interpretation: VLC, TP, and CB. Statistical analysis: CF, VLC, and TP. Provision of study materials or patients: MB, AA, ES, EO, VS, and TT. Administrative support: VLC. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by Sao Paulo Research Foundation (FAPESP; 2018/20403-6, 2019/12151-0) and the National Council for Scientific and Technological Development (CNPq; 483005/2012-6). The SP263 antibody was granted as courtesy by Roche Diagnostics (Roche-Ventana, Tucson, USA).



Acknowledgments

We are grateful to Ms. Esmeralda Miristeni Eher and Ms. Sandra de Morais Fernezlian for their expertise on immunohistochemical protocols. Funding/Support: This work was supported by Sao Paulo Research Foundation (FAPESP; 2018/20403-6, 2019/12151-0) and the National Council for Scientific and Technological Development (CNPq; 483005/2012-6). The SP263 antibody was granted as courtesy by Roche Diagnostics (Roche-Ventana, Tucson, USA).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.645623/full#supplementary-material

Supplementary Figure 1 | Box plot of the associations between EMT gene expression and Clinical stage – Early (I/II) vs Advanced (III/IV) in a log scale. The top and bottom of the box plot represents the 25th and 75th percentile range. The line across the box shows the median of gene expression and the top and bottom bars show the maximum and minimum values, outliers were showed. The association between EMT gene expression and Clinical stage was calculated by Fisher’s exact test. (A) BMP1mRNA (P=0.042); (B) BMP7mRNA (P=0.008); (C) CDH1mRNA (P=0.002); (D) COL3A1mRNA (P=0.002); (E) EGFR mRNA (P=0.008); (F) ERBB3mRNA (P=0.001); (G) PLEK2mRNA (P=0.003) and (H) TCF4mRNA (P=0.003).

Supplementary Figure 2 | Box plot of the associations between EMT gene expression and smoking status (smoker vs non-smoker) in a log scale. The top and bottom of the box plot represents the 25th and 75th percentile range. The line across the box shows the median of gene expression and the top and bottom bars show the maximum and minimum values, outliers were showed. The association between EMT gene expression and smoking status was calculated by Fisher’s exact test. (A) BMP7mRNA (P=0.027); (B) COL3A1mRNA (P=0.009); (C) EGFRmRNA (P=0.027); (D) PLEK2mRNA (P=0.001) and (E) SNAI2mRNA (P=0.039).

Supplementary Figure 3 | Box plot of the associations between EMT gene expression and lymph node metastasis (absence vs presence) in a log scale. The top and bottom of the box plot represents the 25th and 75th percentile range. The line across the box shows the median of gene expression and the top and bottom bars show the maximum and minimum values, outliers were showed. The association between EMT gene expression and lymph node metastasis was calculated by Fisher’s exact test. (A) BMP7 mRNA (P=0.005); (B) CALD1mRNA (P=0.020); (C) CDH1mRNA (P=0.001); (D) COL3A1mRNA (P=0.020); (E) EGFRmRNA (P=0.005); (F) ERBB3mRNA (P=0.000); (G) PLEK2mRNA (P=0.024) and (H) TCF4mRNA (P=0.001).

Supplementary Figure 4 | Box plot of the associations between EMT gene expression and distant metastasis (absence vs presence) in a log scale. The top and bottom of the box plot represents the 25th and 75th percentile range. The line across the box shows the median of gene expression and the top and bottom bars show the maximum and minimum values, outliers were showed. The association between EMT gene expression and distant metastasis was calculated by Fisher’s exact test. (A) COL3A1mRNA (P=0.013) and (B) COL5A2mRNA (P=0.038).
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2http://www.Heatmapper.ca/expression/



References

1. Rindi, G, Klimstra, DS, Abedi-Ardekani, B, Asa, SL, Bosman, FT, Brambilla, E, et al. A Common Classification Framework for Neuroendocrine Neoplasms: An International Agency for Research on Cancer (IARC) and World Health Organization (WHO) Expert Consensus Proposal. Mod Pathol (2018) 31:1770–86. doi: 10.1038/s41379-018-0110-y

2. Derks, JL, Leblay, N, Thunnissen, E, van Suylen, RJ, den Bakker, M, Groen, HJM, et al. Molecular Subtypes of Pulmonary Large-Cell Neuroendocrine Carcinoma Predict Chemotherapy Treatment Outcome. Clin Cancer Res (2018) 24:33–42. doi: 10.1158/1078-0432.CCR-17-1921

3. Derks, JL, van Suylen, RJ, Thunnissen, E, den Bakker, MA, Groen, HJ, Smit, EF, et al. Chemotherapy for Pulmonary Large Cell Neuroendocrine Carcinomas: Does the Regimen Matter? Eur Respir J (2017) 49:1601838. doi: 10.1183/13993003.01838-2016

4. Dasari, A, Mehta, K, Byers, LA, Sorbye, H, and Yao, JC. Comparative Study of Lung and Extrapulmonary Poorly Differentiated Neuroendocrine Carcinomas: A SEER Database Analysis of 162,983 Cases. Cancer (2018) 124:807–15. doi: 10.1002/cncr.31124

5. Wang, J, Ye, L, Cai, H, and Jin, M. Comparative Study of Large Cell Neuroendocrine Carcinoma and Small Cell Lung Carcinoma in High-Grade Neuroendocrine Tumors of the Lung: A Large Population-Based Study. J Cancer (2019) 10:4226–36. doi: 10.7150/jca.33367

6. Cives, M, Rizzo, F, Simone, V, Bisceglia, F, Stucci, S, Seeber, A, et al. Reviewing the Osteotropism in Neuroendocrine Tumors: The Role of Epithelial-Mesenchymal Transition. Neuroendocrinology (2015) 103:321–34. doi: 10.1159/000438902

7. Van Loon, K, Zhang, L, Keiser, J, Carrasco, C, Glass, K, Ramirez, MT, et al. Bone Metastases and Skeletal-Related Events From Neuroendocrine Tumors. Endocr Connect (2015) 4:9–17. doi: 10.1530/EC-14-0119

8. Cives, M, Quaresmini, D, Rizzo, FM, Felici, C, D’Oronzo, S, Simone, V, et al. Osteotropism of Neuroendocrine Tumors: Role of the CXCL12/CXCR4 Pathway in Promoting EMT In Vitro. Oncotarget (2017) 8:22534–49. doi: 10.18632/oncotarget.15122

9. May, MS, Kinslow, CJ, Adams, C, Saqi, A, Shu, CA, Chaudhary, KR, et al. Outcomes for Localized Treatment of Large Cell Neuroendocrine Carcinoma of the Lung in the United States. Transl Lung Cancer Res (2021) 10:71–9. doi: 10.21037/tlcr-20-374

10. Yao, Y, Zhou, Y, Yang, Z, Huang, H, and Shen, H. Adjuvant Chemotherapy Following Surgical Resection Improves Survival in Patients With Early Stage Small Cell Lung Cancer. Oncol Res (2019) 27:203–10. doi: 10.3727/096504018X15202953107093

11. Pearse, AG. The Cytochemistry and Ultrastructure of Polypeptide Hormone-Producing Cells of the APUD Series and the Embryologic, Physiologic and Pathologic Implications of the Concept. J Histochem Cytochem (1969) 17:303–13. doi: 10.1177/17.5.303

12. Gould, VE, Memoli, VA, and Dardi, LE. Multidirectional Differentiation in Human Epithelial Cancers. J Submicrscopic Cytol (1981) 13:97–115.

13. Lloyd, RV. Overview of Neuroendocrine Cells and Tumors. Endocr Pathol (1996) 7:323–8. doi: 10.1007/BF02739840

14. Kursunel, MA, Taskiran, EZ, Tavukcuoglu, E, Yanik, H, Demirag, F, Karaosmanoglu, B, et al. Small Cell Lung Cancer Stem Cells Display Mesenchymal Properties and Exploit Immune Checkpoint Pathways in Activated Cytotoxic T Lymphocytes. Cancer Immunol Immunother (2021). doi: 10.1007/s00262-021-02998-1

15. George, J, Lim, JS, Jang, SJ, Cun, Y, Ozretić, L, Kong, G, et al. Comprehensive Genomic Profiles of Small Cell Lung Cancer. Nature (2015) 524:47–53. doi: 10.1038/nature14664

16. Lee, JK, Lee, J, Kim, S, Kim, S, Youk, J, Park, S, et al. Clonal History and Genetic Predictors of Transformation Into Small-Cell Carcinomas From Lung Adenocarcinomas. J Clin Oncol (2017) 35:3065–74. doi: 10.1200/JCO.2016.71.9096

17. Rekhtman, N, Pietanza, MC, Hellmann, MD, Naidoo, J, Arora, A, Won, H, et al. Next-Generation Sequencing of Pulmonary Large Cell Neuroendocrine Carcinoma Reveals Small Cell Carcinoma-Like and Non-Small Cell Carcinoma-Like Subsets. Clin Cancer Res (2016) 22:3618–29. doi: 10.1158/1078-0432.CCR-15-2946

18. Peifer, M, Fernández-Cuesta, L, Sos, ML, George, J, Seidel, D, Kasper, LH, et al. Integrative Genome Analyses Identify Key Somatic Driver Mutations of Small-Cell Lung Cancer. Nat Genet (2012) 44:1104–10. doi: 10.1038/ng.2396

19. Baine, MK, and Rekhtman, N. Multiple Faces of Pulmonary Large Cell Neuroendocrine Carcinoma: Update With a Focus on Practical Approach to Diagnosis. Transl Lung Cancer Res (2020) 9:860–78. doi: 10.21037/tlcr.2020.02.13

20. Le Loarer, F, Watson, S, Pierron, G, de Montpreville, VT, Ballet, S, Firmin, N, et al. SMARCA4 Inactivation Defines a Group of Undifferentiated Thoracic Malignancies Transcriptionally Related to BAF-Deficient Sarcomas. Nat Genet (2015) 47:1200–5. doi: 10.1038/ng.3399

21. Makise, N, Yoshida, A, Komiyama, M, Nakatani, F, Yonemori, K, Kawai, A, et al. Dedifferentiated Liposarcoma With Epithelioid/Epithelial Features. Am J Surg Pathol (2017) 41:1523–31. doi: 10.1097/PAS.0000000000000910

22. Sauter, JL, Graham, RP, Larsen, BT, Jenkins, SM, Roden, AC, and Boland, JM. SMARCA4-Deficient Thoracic Sarcoma: A Distinctive Clinicopathological Entity With Undifferentiated Rhabdoid Morphology and Aggressive Behavior. Mod Pathol (2017) 30:1422–32. doi: 10.1038/modpathol.2017.61

23. Rekhtman, N, Montecalvo, J, Chang, JC, Alex, D, Ptashkin, RN, Ai, N, et al. Smarca4-Deficient Thoracic Sarcomatoid Tumors Represent Primarily Smoking-Related Undifferentiated Carcinomas Rather Than Primary Thoracic Sarcomas. J Thorac Oncol (2020) 15:231–47. doi: 10.1016/j.jtho.2019.10.023

24. Goldstraw, P, Chansky, K, Crowley, J, Rami-Porta, R, Asamura, H, Eberhardt, WE, et al. The IASLC Lung Cancer Staging Project: Proposals for Revision of the TNM Stage Groupings in the Forthcoming (Eighth) Edition of the TNM Classification for Lung Cancer. J Thorac Oncol (2016) 11:39–51. doi: 10.1016/j.jtho.2015.09.009

25. Zhou, Y, Zhou, B, Pache, L, Chang, M, Khodabakhshi, AH, Tanaseichuk, O, et al. Metascape Provides a Biologist-Oriented Resource for the Analysis of Systems-Level Datasets. Nat Commun (2019) 10:1523. doi: 10.1038/s41467-019-09234-6

26. Szklarczyk, D, Gable, AL, Lyon, D, Junge, A, Wyder, S, Huerta-Cepas, J, et al. STRING V11: Protein-Protein Association Networks With Increased Coverage, Supporting Functional Discovery in Genome-Wide Experimental Datasets. Nucleic Acids Res (2019) 47:D607–D13. doi: 10.1093/nar/gky1131

27. Livak, KJ, and Schmittgen, TD. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods (2001) 25:402–8. doi: 10.1006/meth.2001.1262

28. Balancin, ML, Teodoro, WR, Baldavira, CM, Prieto, TG, Farhat, C, Velosa, AP, et al. Different Histological Patterns of Type-V Collagen Levels Confer a Matrices-Privileged Tissue Microenvironment for Invasion in Malignant Tumors With Prognostic Value. Pathol Res Pract (2020) 216:153277. doi: 10.1016/j.prp.2020.153277

29. Balancin, ML, Teodoro, WR, Farhat, C, de Miranda, TJ, Assato, AK, de Souza,, et al. An Integrative Histopathologic Clustering Model Based on Immuno-Matrix Elements to Predict the Risk of Death in Malignant Mesothelioma. Cancer Med (2020b) 9:4836–49. doi: 10.1002/cam4.3111

30. Lenotti, E, Alberti, A, Spada, F, Amoroso, V, Maisonneuve, P, Grisanti, S, et al. Outcome of Patients With Metastatic Lung Neuroendocrine Tumors Submitted to First Line Monotherapy With Somatostatin Analogs. Front Endocrinol (Lausanne) (2021) 12:669484. doi: 10.3389/fendo.2021.669484

31. Ferrara, MG, Stefani, A, Simbolo, M, Pilotto, S, Martini, M, Lococo, F, et al. Large Cell Neuro-Endocrine Carcinoma of the Lung: Current Treatment Options and Potential Future Opportunities. Front Oncol (2021) 11:650293. doi: 10.3389/fonc.2021.650293

32. Riess, JW, Jahchan, NS, Das, M, Zach Koontz, M, Kunz, PL, Wakelee, HA, et al. A Phase Iia Study Repositioning Desipramine in Small Cell Lung Cancer and Other High-Grade Neuroendocrine Tumors. Cancer Treat Res Commun (2020) 23:100174. doi: 10.1016/j.ctarc.2020.100174

33. Hanahan, D, and Weinberg, RA. Hallmarks of Cancer: The Next Generation. Cell (2011) 144:646–74. doi: 10.1016/j.cell.2011.02.013

34. Thiery, JP, and Sleeman,,JP. Complex Networks Orchestrate Epithelial-Mesenchymal Transitions. Nat Rev Mol Cell Biol (2006) 7:131–42. doi: 10.1038/nrm1835

35. Chang, H, Liu, Y, Xue, M, Liu, H, Du, S, Zhang, L, et al. Synergistic Action of Master Transcription Factors Controls Epithelial-to-Mesenchymal Transition. Nucleic Acids Res (2016) 44:2514–27. doi: 10.1093/nar/gkw126

36. Salon, C, Moro, D, Lantuejoul, S, Brichon, PY, Drabkin, H, Brambilla, C, et al. E-Cadherin-Beta-Catenin Adhesion Complex in Neuroendocrine Tumors of the Lung: A Suggested Role Upon Local Invasion and Metastasis. Hum Pathol (2004) 35:1148–55. doi: 10.1016/j.humpath.2004.04.015

37. Pelosi, G, Scarpa, A, Puppa, G, Veronesi, G, Spaggiari, L, Pasini, F, et al. Alteration of the E-Cadherin/Beta-Catenin Cell Adhesion System is Common in Pulmonary Neuroendocrine Tumors and is an Independent Predictor of Lymph Node Metastasis in Atypical Carcinoids. Cancer (2005) 103:1154–64. doi: 10.1002/cncr.20901

38. Mitrophanov, AY, and Groisman, EA. Positive Feedback in Cellular Control Systems. Bioessays (2008) 30:542–55. doi: 10.1002/bies.20769

39. Cui, T, Chen, Y, Yang, L, Knosel, T, Huber, O, Pacyna-Gengelbach, M, et al. The P53 Target Gene Desmocollin 3 Acts as a Novel Tumor Suppressor Through Inhibiting EGFR/ERK Pathway in Human Lung Cancer. Carcinogenesis (2012) 33:2326–33. doi: 10.1093/carcin/bgs273

40. Cui, T, Chen, Y, Yang, L, Knosel, T, Zoller, K, Huber, O, et al. DSC3 Expression is Regulated by P53, and Methylation of DSC3 DNA is a Prognostic Marker in Human Colorectal Cancer. Br J Cancer (2011) 104:1013–9. doi: 10.1038/bjc.2011.28

41. Rezze, GG, Fregnani, JH, Duprat, J, and Landman, G. Cell Adhesion and Communication Proteins are Differentially Expressed in Melanoma Progression Model. Hum Pathol (2011) 42:409–18. doi: 10.1016/j.humpath.2010.09.004

42. Salerno, EP, Bedognetti, D, Mauldin, IS, Deacon, DH, Shea, SM, Pinczewski, J, et al. Human Melanomas and Ovarian Cancers Overexpressing Mechanical Barrier Molecule Genes Lack Immune Signatures and Have Increased Patient Mortality Risk. Oncoimmunology (2016) 5:e1240857. doi: 10.1080/2162402X.2016.1240857

43. Shechter, R, London, A, and Schwartz, M. Orchestrated Leukocyte Recruitment to Immune-Privileged Sites: Absolute Barriers Versus Educational Gates. Nat Rev Immunol (2013) 13:206–18. doi: 10.1038/nri3391

44. Topalian, SL, Hodi, FS, Brahmer, JR, Gettinger, SN, Smith, DC, McDermott, DF, et al. Safety, Activity, and Immune Correlates of Anti-PD-1 Antibody in Cancer. N Eng J Med (2012) 366:2443–54. doi: 10.1056/NEJMoa1200690

45. Spitz, F, and Furlong, EE. Transcription Factors: From Enhancer Binding to Developmental Control. Nat Rev Genet (2012) 13:613–26. doi: 10.1038/nrg3207

46. Lorch, JH, Klessner, J, Park, JK, Getsios, S, Wu, YL, Stack, MS, et al. Epidermal Growth Factor Receptor Inhibition Promotes Desmosome Assembly and Strengthens Intercellular Adhesion in Squamous Cell Carcinoma Cells. J Biol Chem (2004) 279:37191–200. doi: 10.1074/jbc.M405123200

47. Satoh, K, Yachida, S, Sugimoto, M, Oshima, M, Nakagawa, T, Akamoto, S, et al. Global Metabolic Reprogramming of Colorectal Cancer Occurs at Adenoma Stage and is Induced by MYC. Proc Natl Acad Sci USA (2017) 114:E7697–706. doi: 10.1073/pnas.1710366114

48. Guo, Q, Ke, X, Liu, Z, Gao, W-L, Fang, S-X, Chen, C, et al. Evaluation of the Prognostic Value of STEAP1 in Lung Adenocarcinoma and Insights Into its Potential Molecular Pathways via Bioinformatic Analysis. Front Genet (2020) 11:242. doi: 10.3389/fgene.2020.00242

49. Otsuki, Y, Saya, H, and Arima, Y. Prospects for New Lung Cancer Treatments That Target EMT Signaling. Dev Dynam (2018) 247:462–72. doi: 10.1002/dvdy.24596

50. Movva, S, Wen, W, Chen, W, Millis, SZ, Gatalica, Z, Reddy, S, et al. Multi-Platform Profiling of Over 2000 Sarcomas: Identification of Biomarkers and Novel Therapeutic Targets. Oncotarget (2015) 6:12234–47. doi: 10.18632/oncotarget.3498

51. Yang, S, and Plotnikov, SV. Mechanosensitive Regulation of Fibrosis. Cells (2021) 10:994. doi: 10.3390/cells10050994

52. Engler, AJ, Sen, S, Sweeney, HL, and Discher, DE. Matrix Elasticity Directs Stem Cell Lineage Specification. Cell (2006) 126:677–89. doi: 10.1016/j.cell.2006.06.044

53. Kai, F, Drain, AP, and Weaver, VM. The Extracellular Matrix Modulates the Metastatic Journey. Dev Cell (2019) 49:332–46. doi: 10.1016/j.devcel.2019.03.026

54. Oudin, MJ, and Weaver, VM. Physical and Chemical Gradients in the Tumor Microenvironment Regulate Tumor Cell Invasion, Migration, and Metastasis. Cold Spring Harb Symp Quant Biol (2016) 81:189–205. doi: 10.1101/sqb.2016.81.030817




Conflict of Interest: The author VCL was employed by the company Rede D’Or São Luiz S.A.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Prieto, Baldavira, Machado-Rugolo, Farhat, Olivieri, de Sá, da Silva, Balancin, Ab´Saber, Takagaki, Cordeiro de Lima and Capelozzi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-11-645623-g001.jpg





OEBPS/Images/fonc-11-645623-g006.jpg
] scLencnee v Tene
Suvwatre 1920
Fotowap (o)

Lenee ene) o
o cnsen
[—— ey






OEBPS/Images/fonc-11-645623-g003.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Pulmonary Neuroendocrine Neoplasms Overexpressing Epithelial-Mesenchymal Transition Mechanical Barriers Genes Lack Immune-Suppressive Response and Present an Increased Risk of Metastasis

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Patients and Samples

          

            		

              Discovery Cohort

            



          



          



          		

            Evaluation of Biological Function of EMT-Related Gene Expressions

          



          		

            Epithelial-Mesenchymal Transition (EMT) Transcription Factors Identification

          



          		

            Programmed Cell Death Ligand 1 (PD-L1) Detection

          



          		

            PD-L1 Tumor Proportion Score (TPS) Determination

          



          		

            Data Management and Statistical Analysis

          



        



        



        		

          Results

        

          		

            Functional Enrichment Analysis of EMT-Related Genes in PNENs

          



          		

            Association Between EMT Gene Expression and Histological Subtypes

          



          		

            EMT-Like Changes by Transmission Electron Microscopy (TEM)

          



          		

            Association Between PD-L1 Signal and Clinicopathological Features

          



          		

            Association Between EMT Gene Expression and Clinical Characteristics of PNENs Patients

          



          		

            Survival Analysis

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          Footnotes

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|
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Variables Neuroendocrine tumor cells PD-L1  P-value*
Expression (mean)

Gender
Male 0.71 0.30
Female 1.33

Age, median (years)
<58 0.34 0.01
> 58 1.80

Smoking Status
Yes 0.55 0.80
No 0.77

Histological subtypes
CcT 1.02 0.05
LCNEC 283

Clinical Stage®
-l 0.80 0.03
- 0.001

Lymph node Metastasis
Yes 0.5 0.02
No 197

CT, carcinoid tumors; LCNEC, large cell neuroendocrine carcinoma; PD-L1, programmed
death-ligand 1.

'8th Edition International Association for the Study of Lung Cancer (24).

*Bolded values refers to a statistical significance of p-value (P<0.05).
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Clinicopathological Characteristics
Age, median (yrs): <58 vs =58
Gender
Male
Smoking status
Yes
T Stage (Tumor invasion)
T
T2
T3
T4 (reference)
Lymph Node Status (N)*
No
N;
N2
N3 (reference)
M stage (Distant Metastasis)"
Absence
Clinical stage
Early (/1)
Advanced (lll/IV) (reference)
Histological subtypes
SCLC

+

Carcinoid tumors (AC/TC)
LCNEC (reference)
PD-L1 protein expression (mean)

<1.021

> 1.021 (reference)
EMT gene expression (median)
CDH1 mRNA

<2.82 (N=8)

> 2.82 (N=15) (reference)
COL3A17 mRNA

<297 (N=11)

> 2.97 (N=13) (reference)
DSC2 mRNA

<2.18 (N=18)

> 2.18 (N=3) (reference)
EGFR mRNA

<3.09 (N=12)

> 3.09 (N=11) (reference)
PLEK2 mRNA

<2.02 (N=9)

> 2.02 (N=14) (reference)
TCF4 mRNA

<2.58 (N=9)

> 2.58 (N=14) (reference)

Univariate Analysis

HR (95% CI)

0.60 (0.25-1.41)
1.69 (0.71-4.00)
4.78 (1.38-16.50)

0.16 (0.04-0.66)
0.51 (0.16-1.63)
0.46 (0.05-3.80)

0.12 (0.03-0.47)
0.43 (0.10-1.83)
0.99 (0.26-3.78)

0.32 (0.12-0.84)

0.16 (0.06-0.43)

1.62 (0.63-4.12)
0.11 (0.03-0.45)

1.35 (0.31-5.84)

0.06 (0.008-0.53)

0.17 (0.04-0.65)

0.16 (0.04-0.59)

0.25 (0.07-0.83)

0.14 (0.03-0.68)

0.13 (0.03-0.65)

HR

0.52

0.52

1.56

AT
0.65
0.76

-2.10
0.83
0.00

=142

-1.81

0.48
-2.12

0.30

-2.71

-1.72

-1.79

-1.36

-1.92

-1.97

P-value

0.24
0.23
0.01
0.01
0.26
0.47
0.08
0.00
0.25
0.99
0.00

0.02

0.00

0.31
0.00

0.00

0.68

0.01

0.00

0.00

0.02

0.01

0.01

Multivariate Analysis

HR (95% CI)

3.75 (0.54-25.91)
0.03 (0.001-0.91)

0.99 (0.97-1.02)

1.05 (0.82-1.34)

1.07 (0.88-1.31)

0.82 (0.69-0.98)

1.09 (0.86-1.38)

P-value*

0.17
0.04

0.01

0.81

0.66

0.46

0.02

0.44

Univariate and multivariate analysis employed a Cox proportional hazards model. Chi-square 24.16, P=0.001.
HR, hazard ratio (B coefficient); Cl, confidence interval; PD-L1, Programmed death-ligand: EMT, epithelial-to-mesenchymal transition.

*8th Edition International Association for the Study of Lung Cancer (24).
*Bolded values refers to a statistical significance of p-value (P<0.05).

One case lacked follow-up information about survival.
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Characteristics

Number of Patients (N=65)

°Age, years
Median (range)
<58
>58
Sex
“Male
Female
°Smoking status
Yes
No
Histological subtype
SCLC
LCNEC
AC
TC
“TNM staget
14
v
“Distant metastasis
MO
M1
Follow-up (months)

58 (19-80)
34 (52.3%)
30 (46.2%)

30 (46.2%)
34 (52.3%)

38 (58.5%)
20 (30.8%)

23 (35.4%)
13 (20.0%)
10 (15.4%)
19 (29.2%)
32 (49.2%)
29 (44.6%)

32 (49.2%)
14 (21.5%)
36 (0-100)

PNENS, pulmonary neuroendocrine neoplasms; TC, typical carcinoid; AC, atypical
carcinoid; LCNEC, large cell neuroendocrine carcinoma; SCLC, small cell lung carcinoma.
“Some cases lacked follow-up information: gender (1); age (1); smoking status (7); TNM

stage (4); Distant metastasis (19).





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-11-645623-g002.jpg





OEBPS/Images/fonc-11-645623-g005.jpg
% AC i) SCLC






OEBPS/Images/fonc-11-645623-g004.jpg
Typlcal Carc\nold Sma\l Cell Carclnoma






OEBPS/Images/fonc.2021.645623_cover.jpg
, frontiers
in Oncology

Pulmonary Neuroendocrine
Neoplasms Overexpressing
Epithelial-Mesenchymal Transition
Mechanical Barriers Genes
Lack Immune-Suppressive
Response and Present an
Increased Risk of Metastasis





OEBPS/Images/table1.jpg
EMT mRNA expression High-grade neuroendocrine tumors Carcinoid tumors Control P-value

SCLC LCNEC AC TC Lung normal tissue
BMP7 13.39 4.28 0.41 0.78 214 0.003
COL3A1 9.46 5.05 0.59 1.18 297 0.006
COL5A2 15.54 324 0.64 0.65 2.58 0.005
DSC2 1.10 1.63 0.10 0.54 218 0.005
EGFR 9.26 6.90 0.10 0.78 3.09 0.036
ILIRN 0.49 0.49 0.07 0.04 257 0.009
KRT14 12,77 76.11 10.55 232 2.00 0.010
PLEK2 11.87 397 0.25 1.13 2.02 0.002
SNAI2 4.35 217 0.38 1.09 2.18 0.005
STEAP1 272 267 0.67 1.34 240 0.010
TCF4 7.74 3.86 0.33 0.65 2.58 0.004

PNENSs, pulmonary neuroendocrine neoplasms; TC, typical carcinoid: AC, atypical carcinoid: LCNEC, large cell neuroendocrine carcinoma; SCLC, small cell lung carcinoma.





