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LINC02678 as a Novel Prognostic Marker Promotes Aggressive Non-small-cell Lung Cancer
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Non-small-cell lung carcinoma (NSCLC) is considered to be a fatal disease and characterized by a poor prognosis. Long non-coding RNAs (lncRNAs) have been reported to act as biomarkers and therapeutic targets in solid tumors. However, the expression of lncRNAs and their clinical relevance in NSCLC remain undetermined. The gene expression data profiled in The Cancer Genome Atlas and Gene Expression Omnibus (GSE81089) were employed to screen differentially expressed lncRNAs in NSCLC. LINC02678 was found to be upregulated in NSCLC and exhibited hypomethylation of the promoter region in NSCLC tissues. LINC02678 (also called RP11-336A10.5) was associated with poorer overall survival and relapse-free survival in NSCLC patients. In vitro models of gain- and loss-of-function demonstrated that LINC02678 promotes NSCLC progression by promoting NSCLC cell proliferation and cell cycle progression, as well as inducing NSCLC cell migration, invasion and epithelial-mesenchymal transition. LINC02678 was primarily located in the nucleus and could bind with the enhancer of zeste homolog 2 (EZH2). Moreover, we found that LINC02678 knockdown impaired the occupancy capacity of EZH2 and trimethylation of lysine 27 on histone 3 (H3K27me3) at the promoter region of cyclin dependent kinase inhibitor 1B (CDKN1B) and E-cadherin, as confirmed by ChIP-qPCR. A mouse transplantation model further demonstrated that LINC02678 could promote the tumorigenic and metastatic capacities of NSCLC cells. We identified LINC02678 as a tumor promoter in NSCLC, which enhanced the growth and metastasis of NSCLC cells by binding with EZH2, indicating that LINC02678 may serve as a potential biomarker for cancer diagnosis and treatment.
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INTRODUCTION

Lung cancer is the most common malignancy and the leading cause of cancer-related deaths worldwide. It causes more than 1.76 million associated deaths, 18.4% of all cancer deaths (Bray et al., 2018). Non-small cell lung cancer (NSCLC) is the main histological type of lung cancer (over 85%). The 5-year survival rate of NSCLC patients is 19% (Siegel et al., 2020). Once the cancer has spread, it is often shown a limited survival (Zheng et al., 2020). Therefore, it is urgent to seek effective biomarkers for the early diagnosis and individualized treatment of NSCLC.

During the last decade, whole genome sequencing has identified a large number of long non-coding RNAs (lncRNAs) that are involved in multiple biological processes such as cancer development, embryonic stem cell pluripotency and cell cycle regulation through transcriptional interference, induction of intracellular chromatin remodeling and histone modifications within cells (Rinn and Chang, 2012). LncRNAs have been reported to act as oncogenes or cancer-suppressors across solid tumors (Bhan et al., 2017). For instance, HOX transcript antisense intergenic RNA is a lncRNA essential for the growth of breast cancer cells and is closely associated with the migration and invasion of breast cancer cells (Gupta et al., 2010). Urothelial cancer associated 1 is a promising urine biomarker for non-invasive diagnosis of bladder carcinoma (Huang et al., 2016). Metastasis associated lung adenocarcinoma transcript 1 (MALAT1) is upregulated in several cancers, including lung, bladder, breast, prostate and ovarian cancers, and serves as a potential biomarker and therapeutic target (Arun et al., 2016). Furthermore, recent studies have shown that lncRNAs can interact with enhancer regions, leading to increased activity of neighboring genes (Ørom and Shiekhattar, 2011). The focus on these lncRNAs may inspire developing new cancer therapeutic targets.

In this study, we aimed to identify lncRNAs that are upregulated in NSCLC tissues and affecting the prognosis of NSCLC patients, based on The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) database. We observed that high level of LINC02678 (also called RP11-336A10.5) showed an association with poor survival of NSCLC patients. Based on in vitro experiments, we investigated and characterized the binding potential between LINC02678 and the enhancer zeste homolog 2 (EZH2) and its influence on the proliferation and migration ability of NSCLC cell lines. The effects of LINC02678 on tumorigenesis, cancer cell growth and metastasis were further investigated based on animal experiments. Our findings point to a role for LINC02678 as an oncogene in NSCLC and provide a theoretical basis for identifying and developing new diagnostic and therapeutic biomarkers.



MATERIALS AND METHODS


Bioinformatic Analysis

All bioinformatics analyses were completed using R v 3.6.3. One cohort was consisted of 199 human NSCLC samples and 19 normal samples from GEO.1 Other cohorts including transcriptome data of human LUAD, LUSC and normal samples were obtained from the TCGA2 database (Tomczak et al., 2015; Wang et al., 2016). According to the following criteria, differentially upregulated lncRNAs between NSCLC tissue samples and normal lung tissue samples based on TCGA and GEO datasets were selected: p-value <0.05 and fold change >1.5. In order to explore the impact of these up-regulated lncRNAs on survival of NSCLC patients, the Kaplan-Meier method was used to perform a survival analysis of OS and RFS using the “survival” package, and the log-rank test was applied to test the survival data. LncRNAs that had prognostic significance on both OS and RFS in LUAD and LUSC patients (p < 0.05) were retained, and all others were excluded. DNA methylation data for NSCLC tissues and normal tissues were retrieved from TCGA’s Illumina Infinium HumanMethylation450 Beadchip dataset, and the methylation levels of probes for LINC02678 in LUAD and LUSC was calculated as beta value and differential methylation was assessed and visualized by R.



Tumor Xenograft Implantation

For in vivo experiments, A549 cell lines stably transfected with negative control (NC) and shLINC02678-1 (shLINC02678) were first established. Four-to-five-week-old BALB/c mice were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. and raised at the Animal Center of the Second Affiliated Hospital of Harbin Medical University. For proliferation analysis (n = 5 mice/group), the cells were implanted into the right flank of the mice, and bioluminescence images were obtained at day 28 post-implantation. Tumor volumes were measured every three days. For metastasis analysis (n = 6 mice/group), the cells were injected into the tail vein of the mice. And bioluminescence images were obtained at day 60 post-implantation.



Cell Culture and Collection of NSCLC Samples

Human bronchial normal epithelial cell lines (HBE) and NSCLC cell lines (PC9, 95D, H292, A549, HCC827, H1299, and H1650) were cultured in RPMI-1640 or DMEM medium supplemented with 10% fetal bovine serum and maintained in an incubator set to 37°C and 5% CO2 conditions. Fresh frozen tumor and adjacent normal tissue samples were excised from eight NSCLC patients receiving pneumonectomy at the Affiliated Cancer Hospital of Harbin Medical University. Ethical clearance and approval were obtained from the Ethics Review Committee of Harbin Medical University.



Cell Transfection and Quantitative Real-Time PCR (RT-qPCR)

Cells were transfected with lentiviruses with overexpressed or knockdown sequences of LINC02678 purchased from GeneChem (Shanghai, China), and screened with puromycin. Knockdown of EZH2 was conducted by using small interfering RNA (siRNA; RiboBio, China). E.Z.N.A. Total RNA Kit I (R6834-01, Omega Bio-Tek, United States) was used to extract RNA from the cells and tissues. The expression level of RNA was determined by RT-qPCR with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene as the control. Primer sequences are presented in the Supplementary Table 4.



Cell Proliferation and Viability Assays

CCK-8 assays were conducted using CCK-8 kit (Dojindo, Japan) with absorbance detection at 450 nm. EdU incorporation assay was performed using Cell-Light TM EdU Apollo567 In Vitro Kit (Catalogue Number C10310–1, RiboBio, China) according to the manufacturer’s instructions, and images were captured by fluorescence microscopy. For colony formation assays, 1,000 cells were seeded into 6-well plates and cultured in complete medium for a fortnight. Colonies were then fixed in methanol and stained with 0.5% crystal violet.



Cell Cycle Analysis

Cells were treated with a Cell Cycle Staining Kit (70-CCS012, MultiSciences, China); the proportion of cells in different cell cycles was determined by the BD FACSCalibur flow cytometer.



Tumor Cell Migration and Invasion Assays

The wound-healing assay and Transwell assay for tumor cell migration and invasion were performed as previously described (Cui et al., 2020).



Western Blotting

Total protein from tissues or cells was extracted using radio-immunoprecipitation assay (RIPA) and was quantified by using the BCA Protein Assay Kit. Protein samples (30 μg) were separated by polyacrylamide electrophoresis, transferred onto polyvinylidene fluoride (PVDF) membranes and incubated with specific antibodies (listed in the Supplementary Table 4).



Subcellular Fractionation

The Cytoplasmic and Nuclear RNA Purification Kit (21000, Norgen Biotek, Canada) was used for subcellular fractionation of 95D and A549 cells to determine the subcellular localization of LINC02678. RT-qPCR was performed to quantify LINC02678 expression, and GAPDH and U1 genes were used as the reference for cytoplasmic and nuclear RNA, respectively.



Fluorescence in situ Hybridization

Fluorescence In Situ Hybridization Kit (10910, RiboBio Co., Ltd, China) was used to confirm the location of LINC02678 in the cells. According to the manufacturer’s instructions, cell suspensions were incubated on coverslips, followed by adding anti-LINC02678 and anti-U6 oligonucleotide probes into the suspensions for hybridization, and then DAPI staining was conducted. Finally, images were captured under a confocal laser scanning microscope (FV1200, Olympus, Japan).



RNA Immunoprecipitation (RIP) Assay

The RNA-Binding Protein Immunoprecipitation Kit (YXZX-006, Wuhan GeneCreate Biological Engineering Co., Ltd., China) and the anti-EZH2 antibody were used to detect the binding potential between EZH2 and LINC02678 according to the manufacturer’s instructions.



Chromatin Immunoprecipitation (ChIP)-PCR

Cells were collected and cleaved by sonication to generate DNA fragments. Antibodies and the SampleChIP® Enzymatic Chromatin IP Kit (9003S, CST, United States) were used for the ChIP experiments. The purified DNA was analyzed for enrichment efficiency by PCR.



Statistical Analysis

Data in this study were processed with GraphPad Prism 8.0.2. The means of normally distributed continuous data between two groups were analyzed by Student’s t-test. The differences in categorical variables among different groups were analyzed with χ2 tests. All data were determined in triplicate and are representative of at least two separate experiments. All data are shown as mean ± SEM. Differences were considered significant if p < 0.05. The survival distribution of the samples was assessed by the Kaplan-Meier method and analyzed using the log-rank test.



RESULTS


Identification of LINC02678 as a Potential Oncogenic Factor in NSCLC

In this study, we aimed to identify lncRNAs that play an oncogenic role in NSCLC. Compared to normal tissue, 1,346 lncRNAs were upregulated in GSE81089 dataset (Figure 1A and Supplementary Table 1), 3,048 lncRNAs were upregulated in TCGA-LUAD dataset (Figure 1B and Supplementary Table 2), and 2,710 lncRNAs were upregulated in TCGA-LUSC dataset (Figure 1C and Supplementary Table 3), of which 999 lncRNAs were shared among all these three datasets (Figure 1D). Among these 999 lncRNAs, LINC02678 appeared to be a unique prognostic factor for both overall survival (OS) and relapse-free survival (RFS) in lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC) patients by Kaplan-Meier analyses (Figure 1E).
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FIGURE 1. Identification of differentially expressed oncogenic lncRNAs in NSCLC. (A–C) Hierarchical clustering heat map of the upregulated lncRNAs of NSCLC samples compared with normal lung samples from TCGA (LUAD and LUSC) and GSE81089, with absolute fold changes >1.5 and p-value <0.05 as significant. (D) Venn diagram of the intersection of lncRNAs upregulated in TCGA (LUAD and LUSC) and GSE81089 databases. (E) Venn diagram of the intersection of OS and RFS in survival analysis of LUAD and LUSC patients expressing LINC02678 based on the TCGA database.


Promoter hypomethylation can mediate oncogene activation. We found that LINC02678 was highly expressed (Figure 2A) and exhibited promoter hypomethylation (Supplementary Figure 1A) in human NSCLC samples in TCGA datasets. We also found that LINC02678 had a higher expression in NSCLC tissues than in paired non-tumor lung tissues (Figure 2B); NSCLC cell lines had a higher transcript level of LINC02678 compared to the normal bronchial epithelial cell line HBE (Figure 2C). Survival distribution depicted by Kaplan-Meier method showed that patients with high LINC02678 expression had shorter OS and RFS than those with low LINC02678 expression (Figure 2D).
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FIGURE 2. LINC02678 acts as a differentially expressed tumor promotor lncRNA. (A) The expression level of LINC02678 in human LUAD, LUSC tissues and normal lung samples. (B) LINC02678 expression in the paired lung tissues measured by RT-qPCR. (C) LINC02678 expression in normal bronchial epithelial cell line HBE and NSCLC cell lines measured by RT-qPCR. (D) Kaplan-Meier analysis of OS and RFS of LINC02678 in LUAD and LUSC. (*p < 0.05; **p < 0.01; ***p < 0.001. Data were obtained from three independent experiments).




LINC02678 Promotes Proliferation and the G1/S Transition

To further explore the role of LINC02678 in NSCLC, 95D and A549 cells were used for loss-of-function assays while H292 and H1650 cells were used for gain-of-function assays considering the relative levels of LINC02678 in different NSCLC cell lines (Figure 2C).

Using lentiviral transfection, the cell line with over-expressed LINC02678 was efficiently established (Figure 3A). Sustainable cell proliferation is a hallmark of cancer progression (Hanahan and Weinberg, 2011). As demonstrated by the results of CCK-8 as well as the long-term colony formation and EdU incorporation assays, overexpression of LINC02678 significantly enhanced the proliferative capacity and viability of NSCLC cells compared to NC (Figures 3B–D). Furthermore, the proliferation of cancer cells was controlled by the cell cycle (Pack et al., 2019). Overexpression of LINC02678 significantly increased the proportion of S-phase cells compared to controls (Figure 3E), as well as upregulated the expression of the key cell cycle-related proteins cyclin-dependent kinase 4 (CDK4), cyclin-dependent kinase 6 (CDK6) and Cyclin D1 in H292/H1650 cells (Figure 3F). On the contrary, knockdown of LINC02678 slowed cell proliferation and increased the proportion of G0/G1-phase cells (Supplementary Figures 2A–F). These results suggested that LINC02678 could accelerate cell cycle progression, resulting in the uncontrolled proliferation of NSCLC cells.
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FIGURE 3. LINC02678 promotes proliferation and G1/S transition of NSCLC cells. (A) RT-qPCR analysis showed the expression of LINC02678 in H292 and H1650 cells transfected with negative control (NC) or overexpressed LINC02678 (LINC02678) lentivirus. (B) CCK-8 analysis showed the proliferative ability of H292 and H1650 cells in NC and LINC02678. (C,D) Colony formation and EdU analysis showed the proliferative ability of H292 and H1650 cells in NC and LINC02678 groups. (E) Flow cytometry analysis showed the proportion of H292 and H1650 cells in G0/G1, S and G2/M phases in NC and LINC02678 groups. (F) Western blotting analysis showed the expression of key cell cycle-related protein (CDK4, CDK6 and CyclinD1) in NC and LINC02678 groups. (*p < 0.05; **p < 0.01; ***p < 0.001. Data were obtained from three independent experiments).




LINC02678 Promotes Migration, Invasion and Induces Epithelial-Mesenchymal Transition (EMT) in NSCLC Cells

Metastasis has been largely attributed to tumor recurrence and mortality of NSCLC patients (Wood et al., 2014). The invasive and migratory capacity of tumor cells reflects the metastatic potential of cancer (Hanahan and Weinberg, 2011). Through wound healing and Transwell assays, we explored the effect of LINC02678 on the migratory and invasive capacity of NSCLC cells. As expected, overexpression of LINC02678 increased the migration and invasion of H292 and H1650 cells compared to the NC (Figures 4A,B), while LINC02678 knockdown exhibited the opposite results (Supplementary Figures 3A,B). Besides, EMT is one of the essential steps for initiating cancer metastasis, and E-cadherin, N-cadherin, and vimentin are considered as important EMT-related proteins (Serrano-Gomez et al., 2016). Overexpression of LINC02678 induced a decrease in the epithelial marker E-cadherin and an increase in the mesenchymal-associated proteins N-cadherin and vimentin, both at the transcriptional or translational level (Figure 4C), whereas knockdown of LINC02678 induced E-cadherin overexpression and decreased the expressions of N-cadherin and vimentin (Supplementary Figure 3C).
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FIGURE 4. Up-regulated LINC02678 expression promotes migration, invasion and EMT of NSCLC cells. (A,B) The effects of up-regulated LINC02678 expression on the migration and invasion of H292 and H1650 cells were evaluated by wound healing experiment and Transwell assay. (C) Evaluation of EMT-related markers was performed by RT-qPCR and western blotting. (*p < 0.05; **p < 0.01. Data were obtained from three independent experiments).




LINC02678 Binds With EZH2 and Modulates the Expression of CDKN1B and E-Cadherin

Consistent with other members of long non-coding RNAs, LINC02678 possesses no protein-coding capacity, as demonstrated by the Coding Potential Assessment Tool (CPAT)3 and the Coding Potential Calculator (CPC)4 (Figure 5A). To clarify the role of LINC02678 in NSCLC cells, subcellular localization assays of LINC02678 were performed through nuclear and cytoplasmic RNA fractionation analysis, RNA fluorescence in situ hybridization was conducted, which confirmed that LINC02678 was predominantly localized in the nucleus (Figures 5B,C).
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FIGURE 5. LINC02678 is a nuclear-localized transcript and knockdown of LINC02678 represses EZH2 expression and activity. (A) Protein-coding potential of LINC02678 analyzed through the CPAT database and the CPC database. (B) RT-qPCR analysis of the relative RNA expression levels after nuclear and cytoplasmic RNA separation. GAPDH was used as a cytoplasmic marker and U1 was used as a nuclear marker. (C) Representative FISH images of the subcellular location of LINC02678 in 95D and A549 cells (red). Nuclei were stained with DAPI (blue). U6 was used as a nuclear marker. (D) RIP and RT-qPCR analysis of endogenous EZH2 bound with LINC02678 in 95D and A549 cells. IgG was used as the control group. (E) Western blotting shows the protein expression of EZH2 and CDKN1B after knockdown or overexpression of LINC02678. (F) CHIP-qPCR analysis of EZH2 and H3K27me3 occupancy on the E-Cadherin (CDH1) and CDKN1B promoter region in A549 and 95D cells after transfected with NC, shLINCC02678-1 or shLINC02678-2. (*p < 0.05; **p < 0.01; ***p < 0.001. Data were obtained from three independent experiments).


Growing numbers of evidence has demonstrated that nuclear lncRNAs can regulate gene expression by binding with polycomb repressor complex 2 (PRC2), which is composed of EZH2 (Su et al., 2018). The binding potential between LINC02678 and EZH2 in 95D and A549 cells was confirmed by RIP experiments (Figure 5D). Furthermore, in vitro experiments showed that LINC02678 altered the expression of EZH2 downstream targets CDKN1B by regulating EZH2 expression and H3K27me3 mediated by EZH2 (Figure 5E). ChIP-qPCR analysis proved that LINC02678 knockdown decreased the occupancy capacity of EZH2 and H3K27me3 in the promoter regions of CDKN1B and E-cadherin (Figure 5F).



siEZH2 Reverses LINC02678 Overexpression-Induced Malignancy

EZH2 has been reported to be associated with the cell cycle, angiogenesis and the capacity of cancer cells to proliferate and migrate (Crea et al., 2012; Yoo and Hennighausen, 2012). To investigate whether EZH2 is required for cancer cell proliferation, migration and invasion that are mediated by LINC02678, NSCLC cells with over-expressed LINC02678 were transiently transfected with siRNA targeting EZH2 (Figure 6A). We observed that siEZH2 partially abrogated the proliferation (Figures 6B,C), migration and invasion (Figure 6D) of NSCLC cells induced by the overexpression of LINC02678.
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FIGURE 6. EZH2 is required for LINC02678-induced malignant phenotype. (A) RT-qPCR showed LINC02678 and EZH2 expression in H292 and H1650 cells transfected with NC, LINC02678 or LINC02678 + siEZH2. (B,C) CCK-8 and colony formation analysis showed the proliferation ability of H292 and H1650 cells after transfected with NC, LINC02678 or LINC02678 + siEZH2. (D) Transwell assays were used to estimate metastatic potential in H292 and H1650 cells transfected with NC, LINC02678 or LINC02678 + siEZH2. (*p < 0.05; **p < 0.01; ***p < 0.001. Data were obtained from three independent experiments).




LINC02678 Functions as a Potential Oncogenic Factor in vivo

Mouse transplantation tumor models were used to confirm the function of LINC02678 in tumor growth and metastasis. Aggressive A549 cells were selected to establish cell lines stably transfected with NC and LINC02678 knockdown (shLINC02678) virus for animal experiments. To verify our hypothesis that LINC02678 contributed to tumor growth in vivo, NC and shLINC02678 cells were subcutaneously injected into the right dorsal side of the BALB/c mice. Tumor burden in the nude mice was detected at day 28 post-implantation by D-fluorescein-based bioluminescence imaging (Figure 7A). The nude mice injected with shLINC02678 cells exhibited a reduced tumor burden, in comparison with those nude mice injected with NC cells (Figures 7B–E). For the metastasis assay, NC and shLINC02678 cells were injected into the BALB/c mice via the tail vein. The lung metastatic lesions and their bioluminescence images at day 60 after transplantation are shown in Figure 8A. The mice injected with shLINC02678 cells exhibited a significantly lower number of metastatic nodules on lung surface and lower luciferase activity, in comparison with those of the NC group (Figures 8B,C). Furthermore, strong positive immunohistochemical staining for E-cadherin while weak vimentin and EZH2 staining were observed in the shLINC02678 group (Figure 8D). Taken together, our data demonstrated that LINC02678 acts as a promoter of tumor progression in vivo by affecting the ability of cancer cells to proliferate and metastasize.
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FIGURE 7. Depletion of LINC02678 repressed tumor growth in vivo. (A) Representative bioluminescence images of nude mice bearing luciferase-labeled tumors via subcutaneous injection of NC and shLINC02678 groups. (B) Representative images of detached tumors from the NC and shLINC02678 groups. (C) Histogram of the final tumor weights from NC and shLINC02678 groups. (D) Tumor volumes from NC and shLINC02678 groups. (E) Representative images of the HE and immunohistochemical staining of EZH2 expression in nude mice xenograft tumor sections (magnification, × 100 and × 400). (*p < 0.05. Data were obtained from three independent experiments).
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FIGURE 8. Depletion of LINC02678 repressed tumor metastasis in vivo. (A) Representative bioluminescence images and lung images were monitored at 60 days after injection with luciferase-labeled cells from NC and shLINC02678 groups. (B) Scatter diagram of number of lung metastatic nodules from NC and shLINC02678 groups. (C) Histogram depiction of luciferase signal from NC and shLINC02678 groups. (D) Representative images of the HE and immunohistochemical staining of E-cadherin, vimentin and EZH2 in nude mice lung metastasis sections (magnification, × 100 and × 400). (**p < 0.01. Data were obtained from three independent experiments).




DISCUSSION

Despite the advances in early diagnosis and treatment for NSCLC, the overall survival rate of the patients with NSCLC remains less than 20% (Siegel et al., 2020). Therefore, it is urgent to explore new markers to guide clinical diagnosis and individualized treatment. In this study, a comprehensive identification and validation were conducted focusing on the upregulated lncRNAs through NSCLC by bioinformatic analysis of genome-wide expression data of LUAD and LUSC in TCGA and GEO. Given that several lncRNAs contribute neutrally or negatively to cancer cells and only a few lncRNAs were identified to regulate tumorigenesis and progression (Garraway and Lander, 2013; Marx, 2014; Pon and Marra, 2015), we conducted a survival analysis based on the screened lncRNAs and the clinical data of NSCLC patients. We found that LINC02678, a lncRNA located on chromosome 10p15.1, was over-expressed and hypomethylated in NSCLC, and it was associated with poor OS and RFS as well as the advanced TNM stages of NSCLC patients.

The sustained proliferation and stimulated invasion and migration are hallmarks of malignancy (Hanahan and Weinberg, 2011). Previous studies have demonstrated that migration, invasion and metastasis are key factors underlying the failure of NSCLC treatment (Wood et al., 2014). Through in vitro experiments, we first identified that LINC02678 was highly expressed in NSCLC tissues and regulated cell cycle progression, proliferation and viability of NSCLC cells. E-cadherin, N-cadherin and vimentin are well-recognized markers of EMT, a critical step in metastasis (Pastushenko and Blanpain, 2019). Therefore, we assessed the expression of these three marker proteins in NSCLC cells and confirmed that the overexpressed LINC02678 induced EMT in lung cancer cells, conferring greater aggressiveness to tumor cells. Consistent with these results, in vivo experimental animal models also demonstrated the effects of LINC02678 on promoting tumor growth and metastasis.

EZH2 represses gene transcription by catalyzing the trimethylation of lysine 27 of histone H3 (H3K27me3) (Di Croce and Helin, 2013; Grossniklaus and Paro, 2014). EZH2 is associated with the aggressiveness and advanced progression of several types of cancers (Kim and Roberts, 2016). EZH2 also participates in regulating the expression of CDK4/6-cyclin D, CDK2-cyclin E and CDKN1B, which is essential for the cell proliferation (Cao et al., 2012; Geng et al., 2015; Xu et al., 2019). Besides, EZH2 can inhibit the transcription of E-cadherin, thereby inducing EMT (Cao et al., 2008). Our study demonstrates that LINC02678 enhances the inhibitory effect of EZH2 on the downstream proteins CDKN1B and E-cadherin in NSCLC. Besides, EZH2 has been reported to activate signaling pathways associated with the maintenance of lung cancer stem cells, while inhibition of EZH2 could enhance the sensitivity of lung cancer toward chemotherapy (Hussain et al., 2009; Fillmore et al., 2015). However, whether LINC02678 is involved in the regulation of tumor cell stemness and therapeutic resistance through binding potential with EZH2 demands further investigation.

Here, we propose a working model of LINC02678 function in tumor progression in Figure 9. In summary, we identified the lncRNAs that are upregulated in NSCLC. LINC02678, as a novel lncRNA, inhibits the expression of CDKN1B and E-cadherin by binding with EZH2, and ultimately promotes the proliferation and metastasis of NSCLC. Our findings will provide new insights into the diagnostics and individualized treatment of NSCLC.
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FIGURE 9. The structural scheme and overall findings of this study. LINC02678 could interact with EZH2 to increase the expression level and activity of EZH2 mRNA and protein. Subsequently, activation of EZH2 epigenetically inhibited the expression of CDKN1B and E-cadherin in NSCLC cells, which promoted cell cycle progression and EMT, and ultimately the proliferation and metastasis of NSCLC cells.




DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethics Committee of Harbin Medical University. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by the Ethics Committee of Harbin Medical University.



AUTHOR CONTRIBUTIONS

LC, XL, YX, and DJ designed this research. YZ and DJ carried out most of the experiments, analyzed the data, drew the figures, and drafted this manuscript. MC, FT, WF, JH, and DJ helped with cell culture, western blotting experiments, RT-qPCR, CHIP, RIP and the CCK-8 assay. YCi, RG, and YCa provided the technical support for bioinformatics analysis. SZ and YL helped with the animal experiment. YX and YZ helped check the manuscript and figures. All authors read and approved the final manuscript.



FUNDING

This project is partially supported by the National Natural Science Foundation of China (81772474, 82072563 to LC and 81803023 to YX), Hai Yan Vital fund from Harbin Medical University Cancer Hospital (JJZD2020-14 to XL), China and Heilongjiang Postdoctoral Science Foundation Grant (2017M621307 and LBH-Z17182 to YX), the Top-Notch Youth Fund from Harbin Medical University Cancer Hospital (BJQN2019-07 to YX), and Start-up Grant of Heilongjiang Postdoctoral Science Foundation (LBH-Q20040 to MC).



ACKNOWLEDGMENTS

We thank TopEdit (www.topeditsci.com) for its linguistic assistance during the preparation of this manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.686975/full#supplementary-material


FOOTNOTES

1
http://www.ncbi.nlm.nih.gov/geo/

2
https://cancergenome.nih.gov/

3
http://lilab.research.bcm.EdU/cpat/

4
http://cpc.cbi.pku.EdU.cn/


REFERENCES

Arun, G., Diermeier, S., Akerman, M., Chang, K.-C., Wilkinson, J. E., Hearn, S., et al. (2016). Differentiation of mammary tumors and reduction in metastasis upon Malat1 lncRNA loss. Genes Dev. 30, 34–51. doi: 10.1101/gad.270959.115

Bhan, A., Soleimani, M., and Mandal, S. S. (2017). Long noncoding RNA and cancer: a new paradigm. Cancer Res. 77, 3965–3981. doi: 10.1158/0008-5472.can-16-2634

Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., and Jemal, A. (2018). Global cancer statistics 2018: globocan estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA: Cancer J. Clin. 68, 394–424. doi: 10.3322/caac.21492

Cao, Q., Yu, J., Dhanasekaran, S. M., Kim, J. H., Mani, R. S., Tomlins, S. A., et al. (2008). Repression of E-cadherin by the polycomb group protein EZH2 in cancer. Oncogene 27, 7274–7284. doi: 10.1038/onc.2008.333

Cao, W., Ribeiro, R. D. O., Liu, D., Saintigny, P., Xia, R., Xue, Y., et al. (2012). EZH2 promotes malignant behaviors via cell cycle dysregulation and its mRNA level associates with prognosis of patient with non-small cell lung cancer. PLoS One 7:e52984. doi: 10.1371/journal.pone.0052984

Crea, F., Fornaro, L., Bocci, G., Sun, L., Farrar, W. L., Falcone, A., et al. (2012). EZH2 inhibition: targeting the crossroad of tumor invasion and angiogenesis. Cancer Metastasis Rev. 31, 753–761. doi: 10.1007/s10555-012-9387-3

Cui, Y., Song, Y., Yan, S., Cao, M., Huang, J., Jia, D., et al. (2020). CUEDC1 inhibits epithelial-mesenchymal transition via the TβRI/Smad signaling pathway and suppresses tumor progression in non-small cell lung cancer. Aging 12, 20047–20068. doi: 10.18632/aging.103329

Di Croce, L., and Helin, K. (2013). Transcriptional regulation by Polycomb group proteins. Nat. Structural Mol. Biol. 20, 1147–1155. doi: 10.1038/nsmb.2669

Fillmore, C. M., Xu, C., Desai, P. T., Berry, J. M., Rowbotham, S. P., Lin, Y. J., et al. (2015). EZH2 inhibition sensitizes BRG1 and EGFR mutant lung tumours to TopoII inhibitors. Nature 520, 239–242. doi: 10.1038/nature14122

Garraway, L. A., and Lander, E. S. (2013). Lessons from the cancer genome. Cell 153, 17–37. doi: 10.1016/j.cell.2013.03.002

Geng, J., Li, X., Zhou, Z., Wu, C.-L., Dai, M., and Bai, X. (2015). EZH2 promotes tumor progression via regulating VEGF-A/AKT signaling in non-small cell lung cancer. Cancer Lett. 359, 275–287. doi: 10.1016/j.canlet.2015.01.031

Grossniklaus, U., and Paro, R. (2014). Transcriptional silencing by polycomb-group proteins. Cold Spring Harb. Perspect. Biol. 6:a019331. doi: 10.1101/cshperspect.a019331

Gupta, R. A., Shah, N., Wang, K. C., Kim, J., Horlings, H. M., Wong, D. J., et al. (2010). Long non-coding RNA HOTAIR reprograms chromatin state to promote cancer metastasis. Nature 464, 1071–1076. doi: 10.1038/nature08975

Hanahan, D., and Weinberg, R. A. (2011). Hallmarks of cancer: the next generation. Cell 144, 646–674. doi: 10.1016/j.cell.2011.02.013

Huang, M., Zhong, Z., Lv, M., Shu, J., Tian, Q., and Chen, J. (2016). Comprehensive analysis of differentially expressed profiles of lncRNAs and circRNAs with associated co-expression and ceRNA networks in bladder carcinoma. Oncotarget 7, 47186–47200. doi: 10.18632/oncotarget.9706

Hussain, M., Rao, M., Humphries, A. E., Hong, J. A., Liu, F., Yang, M., et al. (2009). Tobacco smoke induces polycomb-mediated repression of Dickkopf-1 in lung cancer cells. Cancer Res. 69, 3570–3578. doi: 10.1158/0008-5472.can-08-2807

Kim, K. H., and Roberts, C. W. (2016). Targeting EZH2 in cancer. Nat. Med. 22, 128–134. doi: 10.1038/nm.4036

Marx, V. (2014). Cancer genomes: discerning drivers from passengers. Nat. Methods 11, 375–379. doi: 10.1038/nmeth.2891

Ørom, U. A., and Shiekhattar, R. (2011). Long non-coding RNAs and enhancers. Curr. Opin. Genet. Dev. 21, 194–198.

Pack, L. R., Daigh, L. H., and Meyer, T. (2019). Putting the brakes on the cell cycle: mechanisms of cellular growth arrest. Curr. Opin. Cell Biol. 60, 106–113. doi: 10.1016/j.ceb.2019.05.005

Pastushenko, I., and Blanpain, C. (2019). EMT transition states during tumor progression and metastasis. Trends Cell Biol. 29, 212–226. doi: 10.1016/j.tcb.2018.12.001

Pon, J. R., and Marra, M. A. (2015). Driver and passenger mutations in cancer. Annu. Rev. Pathol. 10, 25–50. doi: 10.1146/annurev-pathol-012414-040312

Rinn, J. L., and Chang, H. Y. (2012). Genome regulation by long noncoding RNAs. Annu. Rev. Biochem. 81, 145–166.

Serrano-Gomez, S. J., Maziveyi, M., and Alahari, S. K. (2016). Regulation of epithelial-mesenchymal transition through epigenetic and post-translational modifications. Mol. Cancer 15:18.

Siegel, R. L., Miller, K. D., and Jemal, A. (2020). Cancer statistics, 2020. CA Cancer J. Clin. 70, 7–30.

Su, M., Xiao, Y., Tang, J., Wu, J., Ma, J., Tian, B., et al. (2018). Role of lncRNA and EZH2 interaction/regulatory network in lung cancer. J. Cancer 9, 4156–4165. doi: 10.7150/jca.27098

Tomczak, K., Czerwinska, P., and Wiznerowicz, M. (2015). The cancer genome atlas (TCGA): an immeasurable source of knowledge. Contemp Oncol. (Pozn) 19, A68–A77.

Wang, Z., Jensen, M. A., and Zenklusen, J. C. (2016). A practical guide to the cancer genome atlas (TCGA). Methods Mol. Biol. 1418, 111–141. doi: 10.1007/978-1-4939-3578-9_6

Wood, S. L., Pernemalm, M., Crosbie, P. A., and Whetton, A. D. (2014). The role of the tumor-microenvironment in lung cancer-metastasis and its relationship to potential therapeutic targets. Cancer Treatment Rev. 40, 558–566. doi: 10.1016/j.ctrv.2013.10.001

Xu, K., Zhang, Z., Qian, J., Wang, S., Yin, S., Xie, H., et al. (2019). LncRNA FOXD2-AS1 plays an oncogenic role in hepatocellular carcinoma through epigenetically silencing CDKN1B(p27) via EZH2. Exp. Cell Res. 380, 198–204. doi: 10.1016/j.yexcr.2019.04.016

Yoo, K. H., and Hennighausen, L. (2012). EZH2 methyltransferase and H3K27 methylation in breast cancer. Int. J. Biol. Sci. 8, 59–65. doi: 10.7150/ijbs.8.59

Zheng, X., Zhang, J., Fang, T., Wang, X., Wang, S., Ma, Z., et al. (2020). The long non-coding RNA PIK3CD-AS2 promotes lung adenocarcinoma progression via YBX1-mediated suppression of p53 pathway. Oncogenesis 9:34.

Conflict of Interest: The 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.

Copyright © 2021 Jia, Xing, Zhan, Cao, Tian, Fan, Huang, Cui, Gu, Cui, Liu, Zhang, Cai and Li. 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.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		LINC02678 as a Novel Prognostic Marker Promotes Aggressive Non-small-cell Lung Cancer



		INTRODUCTION



		MATERIALS AND METHODS



		Bioinformatic Analysis



		Tumor Xenograft Implantation



		Cell Culture and Collection of NSCLC Samples



		Cell Transfection and Quantitative Real-Time PCR (RT-qPCR)



		Cell Proliferation and Viability Assays



		Cell Cycle Analysis



		Tumor Cell Migration and Invasion Assays



		Western Blotting



		Subcellular Fractionation



		Fluorescence in situ Hybridization



		RNA Immunoprecipitation (RIP) Assay



		Chromatin Immunoprecipitation (ChIP)-PCR



		Statistical Analysis







		RESULTS



		Identification of LINC02678 as a Potential Oncogenic Factor in NSCLC



		LINC02678 Promotes Proliferation and the G1/S Transition



		LINC02678 Promotes Migration, Invasion and Induces Epithelial-Mesenchymal Transition (EMT) in NSCLC Cells



		LINC02678 Binds With EZH2 and Modulates the Expression of CDKN1B and E-Cadherin



		siEZH2 Reverses LINC02678 Overexpression-Induced Malignancy



		LINC02678 Functions as a Potential Oncogenic Factor in vivo







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

LINC02678 asa Novel
Prognostic Marker Promotes
Aggressive Non-small-cell Lung
Cancer








OPS/images/fcell-09-686975-g001.jpg
B Cancer Normal
|

GSE81089
C Cancer Normal D
GSE81089 LUAD
E
LUAD.RFS LUSC.OS
,4ﬁ N :\
LUAD.OS LUSC.RFS







OPS/images/fcell-09-686975-g002.jpg
>

LUAD

p=2.22E-42

©

~

LUSC

. p=6.45E-44

~

Log, (expression of LINC02678)

o
3

—Low-LINC02678
—~High-LINC02678

p=0.018

>

Log, (expression of LINC02678)

" 2 bt , soles
Cancer Normal Normal
(n=533)  (n=59) (n=502)  (n=49)

LUAD LUAD

- Low-LINC02678
—=High-LINC02678

p=0.006

0 2000 4000 6000

Time (days)

8000

Overall Survival rate (%)

0 2000 4000 6000

Time (days)

8000

Relapse Free Survival rate (%)

Overall Survival rate (%)

Relative LINC02678 expression

IS

w

>

Cc

NSCLC tissue samples

Cancer Normal

LUSC

—— Low-LINC02678
- High-LINC02678

p=0.004

2000 4000 6000

Time (days)

Relapse Free Survival rate (%)

Relative LINC02678 expression

=3
=3

3
=3

o
o

IS
o

I
o

0
>
s

NSCLC cell lines

p=0.012

%)
o
o

Q‘O

g

v
‘)QQ{{P @

R

LUSC
— Low-LINC02678
— High-LINC02678

o
g

S
o
z\

0 1000

2000 3000 4000

Time (days)

5000





OPS/images/fcell-09-686975-g003.jpg
H292

H1650

Number

700 1400 2100 2800

Relative LINC02678

Number
500 1000 1500 2000
h

H292 H1650 T H292 T H1650
S50 ek E 2 Sk g “ e NC g -~ NC
815 & © | = LINco2678 2 | = LINCO2678
€ 310 o £ 30 <3 <
O o5 o2 [=) o
7] 7] o o
g 800 5 g 20 NG =
S 15 o = =
ﬁ 1.0 = ﬁ 10 S S
05 % s s
0.0 o = o0+ ; . = : .
NC LINC02678 2 24 48 72 2 48 72
NC LINC02678 o Time (hours) o Time (hours)
m=NC
@ . LINC02678 D T = [‘I?\l coners
=150 ~ m
LINC02678 5 e LINC02678 2w
o = .
O 10 =
5 S
= 50 N b —
[ » ©
-n ™
E. & £
4 =4
Ha92 < H292
. Y : ~. s c 150 » 0
. . : deae® 3 o * o S
E ; . . ’. 5 o0 . §1oo 8 S
g y Tt o D T =
3 i @ ©
' KL < g o §
3
=z H1650 o H1650
NC LINC02678 =
t 80 i mNC
g @ == LINC02678 o .
) @D 6o A Al
3‘5_‘ g ke 06"6 0&?
Ee g S €S & E S kpa
z" —
g \ CDK4 [ wo wa| [ew == 34
&
T T vy T T T T T 7 = 0
o — — A
Channels (FL2R) * Chamneis P2y & 061 S - oam CDK6 [~ = == o = wib| 40
H292 e
Cyclin D1 [ &b e | [ o wm | 34
4 0 = m NC . : .
== LINC02678 B-actin |- - -I I.T' 42

Number

500 1000 1500 2000

60 80 100

40
Channels (FL2-A)

60 80

’ Channels (FL2-A)
H1650

100 120

[ N o
S S =3

Proportion of cells (%)

GO/G1 S
H1650

G2/Mm

H292 H1650





OPS/images/fcell-09-686975-g004.jpg
(@)

LINC02678 NC LINC02678 150 % mNC
B : - T . = LINC02678

Number of
cells/filed

B Migration

Migration Invasion
H292

»
a
S

sk

»
=1
S

Number of
ce!lslfi led

Invasion

o
S

Migration Invasion
H1650

NC LINC02678 NC LINC02678

mNC
= | INC02678

Percent wound closure (%)

H292 H1650
H292
Q> N

S 5 o&?;\ o“fé\
.=  mNC =  mNC IR
?  mLINC02678 9 mmLINC02678 S EFS LS kpa
o ]
§-2‘° * i § : E-cadherin |™ ®® & | | &% o 125
D, (O
‘2‘1 - N-cadherin [#= == e |- e 130
T = . . -
S . S B-actin |[w= = == | DG aw | 42
12 e{\‘\ e(\‘\ “\“\(\ [
P PR 2 H292 H1650

6; so 6






OPS/images/fcell-09-686975-g005.jpg
m o .
n (O] N
= © N L (a)] ~ o~
3 2 . D Awnv x 2 o« « )
TR i 11 4, f
= 7 o
10 o @ iy ®
(o)) 4 v -~ N~ x <t
<t @ T 28 ¥ w0
0 - % < gs 7 <
< i 2 3 ¢ gg
¥ rw ~ e
N N =z o S|
2 w £ 9 1n 2l
Y, o «@
8 8 2 3] T = O R
” uolssaidxa (tHa@o)
8.9Z0ONIT dAle|9Y I o 8 o (%) Indui jo abejwiag
L * L m < m = U M
£ * 3 o L7
n ¥ (®)
. 1
s S 7> o
g g b
[ F < O, N
2 e 2 — % N
10 ST - T ?
a 829C0ONIT < i, o
o ¢ 4 40 JuaWYDLIUS pjo4 ~ o < 3
® x QVO D I - o=
i o 2 5
- g = £lo
Avn« (&) <
%, o FT 5 W
g = B it o T (tHao)
uoissaidxa SN (°%) Indul jo abejiwiag
8.9Z0ONIT dAne|9Y = % S o ’ ’ )
9 Q 3 ~ o~
m ¢« 9y x 2 o~ <
$Ao \N\\v
— . %
o O\N\\
< %
L e, (=] o
\w\4v <
> o\v %)
o <
o Y ™ &\v M.u
O \v« > 0
o © o @ o <
I — =
o g 9
ACN a -3
2 o
b & B o B & u \v\v 2 2 © ©
£ ¢ 8 68 6 « « & N & (gLNXao)
L4 N
Anqeqoud Buipod o % 28 1 g (°%) Indui jo abe|iwiad
[) VAR - N
= % \v\v
0y %o 1
S %,
% _ % 1 a
o
»
B . = % 4
7}
3 % Ll
(@] kg [\ m c
o 2 N oz B
ACN & w x 9
QO\N\ w (-3 & P P °
@ 2 @& 9 % (gLN¥ao)

9N  8.9ZO0ONIT

Angeqoid Buipon (094) 3ndut jo aBe|IwIag

< (&) w T8





OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





OPS/images/fcell-09-686975-g006.jpg
m NC B

c c
2 #xx NS 2 s ng ™ LINCO2678 o H292 = H1650
® 220 ’_I @ 5 = LINCO2678+SIEZH2 £, \c € one
g S ., § = LINC02678 § =LINC02678
t’l‘.\ 290 l % ﬁ i - a 1 - LINC02678+siEZH2 a *] +LINC02678+siEZH2
*
< [] ==z . S, i Q.
15 s 2 2
¥ s g g
i 5 = =
= = s s
o e o 0
5 T LINC02678 ST **"LINC02678 EZH2 =% P = L =0 P = !
4 H292 4 H1650 © Time (hours) o Time (hours)

LINC02678+siEZH2

m NC
= LINC02678
= LINC02678+siEZH2

Number of colonies
s & 8 B
;
j *

H292

*

m NC
= | INC02678
™= | INC02678+siEZH2

Number of colonies
s & 8 B
*

H1650
H1650

H292

50 = NC
mm LINC02678

= LINC02678+siEZH2

LINC02678

Number of
cells/filed

Migration

Migration Invasion
H1650,,. ..

= NC
= | INC02678
== | INC02678+siEZH2

Invasion

Number of
cells/filed
- - nN N

- 8 8 8 8 8
%

%

E |:

H292 Migration Invasion





OPS/images/fcell-09-686975-g007.jpg
O

©
N~
©
N
o
S shLINC02678
3
K=
(]
D
1.5 = NC 51500+ —* *NC
G . = ShLINC02678 £ = = shLINC02678
-gj 1.0+ ;1000- .
.g g o
c S .
O 0.54 S 500
5 el
= 0.0- > 0
[

shLINC02678





OPS/images/fcell-09-686975-g008.jpg
shLINC02678

NC

SNEOATE

=

AR

o

S

*NC
= shLINC02678

@
o

* %

B
S

@
o

N
o

Hi

>

Number of nudoles

= NC
= ShLINC02678

* %

o

IS

N

0

Luciferase signal (10%)

Vimentin





OPS/images/fcell-09-686975-g009.jpg
LINC02678 { —> Promote
¢ —( Inhibit

E-cadherin

- -
1L 1

Cell cycle EMT

Proliferation Metastasis

o

(Ad)
‘h_‘i,f)ll






