

[image: image1]
lncRNA Profiles Enable Prognosis Prediction and Subtyping for Esophageal Squamous Cell Carcinoma












	 
	ORIGINAL RESEARCH
published: 28 May 2021
doi: 10.3389/fcell.2021.656554





[image: image]

lncRNA Profiles Enable Prognosis Prediction and Subtyping for Esophageal Squamous Cell Carcinoma

Shujun Zhang1†, Juan Li1†, Huiru Gao1, Yao Tong1, Peilong Li1, Yunshan Wang1, Lutao Du1,2,3* and Chuanxin Wang1,2,3*

1Department of Clinical Laboratory, The Second Hospital, Cheeloo College of Medicine, Shandong University, Jinan, China

2Shandong Engineering & Technology Research Center for Tumor Marker Detection, Jinan, China

3Shandong Provincial Clinical Medicine Research Center for Clinical Laboratory, Jinan, China

Edited by:
Xuekun Li, Zhejiang University, China

Reviewed by:
Zhao-Qian Teng, Institute of Zoology, Chinese Academy of Sciences, China
Feng Wang, Emory University, United States

*Correspondence: Lutao Du, lutaodu@sdu.edu.cn; Chuanxin Wang, cxwang@sdu.edu.cn

†These authors have contributed equally to this work and share first authorship

Specialty section: This article was submitted to Epigenomics and Epigenetics, a section of the journal Frontiers in Cell and Developmental Biology

Received: 21 January 2021
Accepted: 08 April 2021
Published: 28 May 2021

Citation: Zhang S, Li J, Gao H, Tong Y, Li P, Wang Y, Du L and Wang C (2021) lncRNA Profiles Enable Prognosis Prediction and Subtyping for Esophageal Squamous Cell Carcinoma. Front. Cell Dev. Biol. 9:656554. doi: 10.3389/fcell.2021.656554

Long non-coding RNAs (lncRNAs) have emerged as useful prognostic markers in many tumors. In this study, we investigated the potential application of lncRNA markers for the prognostic prediction of esophageal squamous cell carcinoma (ESCC). We identified ESCC-associated lncRNAs by comparing ESCC tissues with normal tissues. Subsequently, Kaplan–Meier (KM) method in combination with the univariate Cox proportional hazards regression (UniCox) method was used to screen prognostic lncRNAs. By combining the differential and prognostic lncRNAs, we developed a prognostic model using cox stepwise regression analysis. The obtained prognostic prediction model could effectively predict the 3- and 5-year prognosis and survival of ESCC patients by time-dependent receiver operating characteristic (ROC) curves (area under curve = 0.87 and 0.89, respectively). Besides, a lncRNA-based classification of ESCC was generated using k-mean clustering method and we obtained two clusters of ESCC patients with association with race and Barrett’s esophagus (BE) (both P < 0.001). Finally, we found that lncRNA AC007128.1 was upregulated in both ESCC cells and tissues and associated with poor prognosis of ESCC patients. Furthermore, AC007128.1 could promote epithelial-mesenchymal transition (EMT) of ESCC cells by increasing the activation of MAPK/ERK and MAPK/p38 signaling pathways. Collectively, our findings indicated the potentials of lncRNA markers in the prognosis, molecular subtyping, and EMT of ESCC.
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INTRODUCTION

Esophageal cancer is one of the most common cancers worldwide, and it ranks seventh and sixth in terms of overall incidence and mortality, respectively (Bray et al., 2018). There are two histologic subtypes including esophageal squamous cell carcinoma (ESCC) and esophageal adenocarcinoma (AC) (Short et al., 2017). ESCC occupies over 90% of all esophageal cancer patients and the long-term outcome of ESCC is still limited with 5-year survival rate of 20% (Pennathur et al., 2013; Siegel et al., 2020). In general, prognostic factors may be helpful for better individual risk stratification and clinical outcome prediction. Traditional prognostic factors mainly depend on clinical and pathologic features, such as the history of drinking and smoking, tumor stage, and lymph node metastasis and so on, which have an effect on the overall survival (OS) in ESCC. However, the clinical course of ESCC patients with the same characteristics might be significantly different (Liu et al., 2012). Discovering new prognostic factors that improve the clinical outcome prediction of patients has been an urgent clinical need in ESCC.

As endogenous RNA transcripts with more than 200 nucleotides, long non-coding RNAs (lncRNAs) lack protein-coding potentials (Djebali et al., 2012; Iyer et al., 2015; Quinn and Chang, 2016). They are now known to act as scaffolds to modulate interactions between proteins and genes, as decoys to bind proteins, and as enhancers to regulate transcription of target genes (Huarte, 2015; Schmitt and Chang, 2016; Yue et al., 2016; Zhang et al., 2018; Blank-Giwojna et al., 2019). The discrepant expressions of lncRNAs, which have been demonstrated in various types of malignancies, possess significant regulatory effects on oncogenesis and tumor progression, indicating their potential oncogenic and tumor-suppressive roles (Hu et al., 2014; Li et al., 2018b; Wang et al., 2018). Growing evidence has suggested that unique lncRNA expression profiles can provide important prognostic information for patients with cancer (Cheng, 2018). Till today, several differentially expressed lncRNAs have been proved to be relevant for ESCC prognosis (Xie et al., 2014; Chen et al., 2015; Hu et al., 2015; Wang et al., 2015). However, previously published studies mainly focused on single lncRNAs as prognostic biomarkers. Little or nothing is known about the multi-lncRNA-based signature associated with OS in ESCC.

Our previous study has shown that the serumal and/or urinary exosome lncRNA profiles can be applied to the diagnosis and prognostic prediction of bladder cancer, colorectal cancer, breast cancer, and lung cancer (Li et al., 2017, 2018a; Xie et al., 2018; Zhan et al., 2018; Zhang et al., 2019). In the present study, we used publicly available The Cancer Genome Atlas (TCGA) RNA-seq expression data and evaluated the potential effectiveness of lncRNA biomarkers for prognosis and subtyping of ESCC. We constructed a prognostic model with selected lncRNA markers and further obtained a lncRNA-based subtype of ESCC by k-means method. Besides, we validated the biological role of lncRNA AC007128.1 by cellular assays in ESCC progression.



MATERIALS AND METHODS


Study Design

In the present study, we were aimed at identifying lncRNA-based model for the prognostic prediction and subtyping of ESCC. Firstly, differential and prognostic lncRNA markers were identified from public TCGA ESCC RNA-seq datasets, and then the prognostic model was constructed by cox stepwise regression analysis. The model was evaluated with cross-validation and time-dependent receiver operating characteristic (ROC) methods and then compared with the clinical characteristics including stage, lymph node metastasis, and distant metastasis. With the lncRNA profiles, two lncRNA ESCC clusters were also constructed via the unsupervised clustering method, and the robustness of subtyping markers in two other datasets was verified. The potential function and mechanism of AC007128.1 were further investigated, which demonstrated high expression in ESCC cells and tissues and could promote cell migration and invasion by MAPK pathway.



Patients Source

Tissue RNA-seq data were obtained from TCGA and Gene Expression Omnibus (GEO) (TCGA-ESCA and GSE53625). Complete clinical and histopathological information are available at TCGA and GEO websites as follows: https://tcga-data.nci.nih.gov/tcga/ and https://www.ncbi.nlm.nih.gov/geo/. The characteristics of ESCC patients are summarized in Supplementary Table 1.



Unsupervised Discovery of lncRNA-Based Subtypes

The training dataset (n = 111) was used to discover ESCC subtypes. To narrow down markers and obtain meaningful clustering by lncRNA information, the list was firstly ranked by variance, and the top 1,000 lncRNAs with the larger variance were selected. Secondly, different clustering methods, including hierarchical clustering (HC) (single, complete, average, centroid, and ward) and non-hierarchical clustering (NHC), were compared. Finally, the k-means was chosen to cluster for ESCC. Differentially expressed lncRNA markers were obtained among the new clusters by using the limma package, and the top 50 differential lncRNAs were selected. These 50 marker sets were finally used as the signature to predict ESCC subtypes. Validation was performed on the two predefined validation datasets (n = 51 and 179).



Cell Lines and Cell Culture

Three human ESCC cell lines (KYSE150, EC109, and TE-1) and two normal esophageal epithelial cell lines (Het-1A and HEEC) were bought from the Chinese Academy of Medical Sciences (CAMS), China. KYSE150 and TE-1 cells were cultured in Roswell Park Memorial Institute 1640 (RPMI-1640) medium supplemented with 10% fetal bovine serum (FBS) (Australia Origin, Gibco, Carlsbad, CA, United States) at 37°C in a humidified atmosphere containing 5% CO2. EC109, Het-1A, and HEEC cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% FBS at 37°C in a humidified atmosphere containing 5% CO2.



Small Interfering RNAs, Short Hairpin RNAs, Plasmids and Lentivirus Transduction

Small interfering RNAs (siRNAs) or plasmids were transfected into ESCC cells using Lipofectamine 2000 (Invitrogen, United States) following the manufacturer’s instructions. The supernatant of the lentivirus-infected cells was substituted with a complete culture medium after 24 h. The stable cell lines were constructed using puromycin. PcDNA3.1-AC007128.1 and pcDNA3.1 empty vector (BoShang, Jinan, China) were extracted using the Endo-Free Plasmid Mini Kit (Omega Bio-Tek, United States). Sequences for short hairpin RNAs (shRNAs) and siRNAs are listed in Supplementary Table 2.



Cell Viability Assay

Cell viability was examed using the Cell Counting Kit-8 (CCK-8) assay (Dojindo Labs). The optical density was assessed with a microplate reader (Bio-Rad, Hercules, CA, United States) at a wavelength of 450 nm.



Transwell Invasion and Migration Assays

The transwell invasion assay was done using the transwell (Corning, NY, United States) and matrigel (BD Biosciences, San Jose, CA, United States). Briefly, inserts with 8-μm pores were coated with 8 μL of matrigel. Cells (∼7.5 × 104) with 200 μL of serum-free medium were added into the upper compartment of the chamber. Subsequently, 600 μL of RPMI-1640 medium or DMEM containing 20% FBS was added into the lower chamber of the chamber as a chemo-attractant. After 36 h of incubation at 37°C in a humidified atmosphere containing 5% CO2, cells that migrated through the matrigel were fixed with methanol, stained with 0.1% crystal violet, and photographed using a microscope (Zeiss, Axio Observer). The cell number in five randomly selected fields from the central and peripheral regions of the filter was counted. The migration assay was conducted similarly without matrigel coating.



Wound Healing Assay

Wound healing assay was conducted in six-well plates. When cells reached a confluence of 90–100%, a wound was made with a 200-μL pipette tip. Spreading cells between parallel lines were measured by an inverted microscope (Zeiss, Axio Observer) and photographed after 0 and 24 h.



RNA Isolation and Real-Time PCR

Total RNA was obtained from cultured cells with RNA fast 2000 Reagent (Fastagen, Shanghai, China) and quantified with a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States). Purified RNA was reversely transcribed into cDNA using oligo-dT and random primers with the PrimeScriptTM RT reagent Kit (TaKara, Dalian, China). Real-time PCR was performed on a CFX-96 real-time PCR System (Bio-Rad, Shanghai, China) using TB GreenTM Premix Ex TaqTM (TaKara, Dalian China). Glyceraldehyde phosphate dehydrogenase (GAPDH) was employed as a housekeeping gene. The relative expressions of the target genes were calculated using the 2–ΔΔCT method and subsequent log2 transformed. Primer sequences are displayed in Supplementary Table 3.



Western Blotting Analysis

Total cell lysates were obtained by using the Western/IP lysis buffer (Beyotime, Haimen, China). Equal amounts of proteins were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS–PAGE) and then transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, United States). Membranes were immunoblotted with primary antibodies (Supplementary Table 4), followed by incubation with peroxidase-conjugated affinipure goat anti-mouse IgG or peroxidase-conjugated affinipure goat anti-rabbit IgG (Supplementary Table 4). Immunoreactive bands were visualized using the enhanced chemiluminescence system (Bio-Rad Laboratories). GAPDH was adopted as a loading control.



RNA-seq Library Construction

For RNA-seq experiments with shCtrl and shAC007128.1 in KYSE150 cells, total RNA was isolated from cells with the RNeasy mini kit (Qiagen, Germany). Paired-end libraries were constructed using the TruSeqTM RNA Sample Preparation Kit (Illumina, United States) according to TruSeqTM RNA Sample Preparation Guide. Briefly, the mRNA containing poly-A were purified using poly-T oligo-attached magnetic beads.

After purification, the mRNA was cleaved into small fragments using divalent cations at 94°C for 8 min. The cleaved RNA fragments were amplified into first-strand cDNA using reverse transcriptase and random primers. Second-strand cDNA then was synthesized by DNA polymerase I and RNase H. Next, these cDNA fragments went through an end-repair process, the addition of a single “A” base, and then ligation of the adapters. The products were purified and enriched with PCR to create the final cDNA library. Purified libraries were quantified by Qubit® 2.0 Fluorometer (Life Technologies, United States) and validated by Agilent 2100 bioanalyzer (Agilent Technologies, United States) to confirm the insert size and calculate the molar concentration. Clusters were generated by cBot with the library diluted to 10 pM and then sequenced on the Illumina NovaSeq 6000 (Illumina, United States).

The library was constructed and sequenced at Shanghai Sinomics Corporation.



RNA Sequencing Analysis

Raw reads were preprocessed by filtering out rRNA reads, sequencing adapters, short-fragment reads, and other low-quality reads. Tophat v2.0.9 (Trapnell et al., 2009) was used to map the cleaned reads to the human hg38 reference genome with two mismatches. After mapping, Cufflinks v2.1.1 (Trapnell et al., 2012) was used to generate FPKM values for known gene models. Differentially expressed genes (DEGs) were identified using Cuffdiff (Trapnell et al., 2012). The p-value significance threshold in multiple tests was set by the false discovery rate (FDR) (Storey and Tibshirani, 2003). The fold changes (FCs) were also estimated according to the FPKM in each sample. The DEGs were selected using the filter criteria as follows: FDR ≤ 0.05 and FC ≥ 2.



Statistical Analysis

A Cox regression model was applied to build the combined prognosis score (cp-score). Survival analysis was performed by KM curves and log-rank tests with a high-risk and low-risk group assignment relative to the median of cp-score. The time-dependent ROC curve was adopted to compare the performance of cp-score, TNM stage, lymph node metastasis, distant metastasis, and the combination of all factors. The effects of potential risk factors upon the survival time were assessed by multivariate Cox regression analysis. A P-value < 0.05 was considered statistically significant. Analysis for functional data were presented as mean ± SEM. The comparison between two groups was conducted by the Student’s t-test. All statistical analyses were performed using R software (version 3.6.0.), SPSS 17.0 (IBM, SPSS, Chicago, IL, United States) and GraphPad Prism 5.0 (GraphPad Software, LaJolla, CA, United States).




RESULTS


Identification of Differential and Prognostic LncRNAs for ESCC

Based on the RNA-seq data from TCGA database, we extracted lncRNA expression profiles and compared them between 111 ESCC tumor samples and 11 normal samples with DEseq2 package (Love et al., 2014), defined the best cutoff of 2.482 with the mean of absolute log2FC plus standard deviation of absolute log2FC, and found 422 lncRNAs with an FDR less than 0.05, including 257 up-regulated and 165 down-regulated lncRNAs (Figure 1A). The heatmap and principal component analysis (PCA) disclosed that ESCC patients and controls could be differentiated by the lncRNA expression profile (Figures 1B,C). These selected differential lncRNAs were considered as candidate prognostic markers for ESCC patients.
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FIGURE 1. Identification of 13 lncRNAs as candidate prognostic markers for ESCC. (A) Volcano plot exhibited differentially expressed lncRNAs. (B) Heatmap analysis showed that ESCC patients could be distinguished by dysregulated lncRNAs. (C) PCA showed successful segregation between tumor and normal tissues. (D) The intersection of differentially expressed and prognostic lncRNAs by DEseq2, log-rank, and cox analysis. (E–G) Exploratory KM analysis (log-rank test) of the OS probability (with 95% confidence intervals) in ESCC patients [(E) TNM stage; (F) lymph node metastasis; and (G) distant metastasis].


To select the prognostic lncRNAs, we analyzed 111 ESCC patients from TCGA with a follow-up of more than 1 month. The KM and univariate Cox proportional hazards regression (UniCox) methods were implemented to reduce the dimensionality. We obtained 413 overlapping lncRNAs based on the two algorithms, which were significantly correlated with the ESCC patients’ OS (Figure 1D). Based on the differential and prognostic lncRNAs, 13 lncRNAs were considered as candidate prognostic biomarkers for ESCC patients (Figure 1D).

Meanwhile, we examined the relationship between clinicopathological features and patients’ survival time. Patients with late-stage tumors or lymph node metastasis or distant metastasis had a shorter OS than those with early-stage tumors or without lymph node metastasis or distant metastasis (P = 0.00098, 0.02, and 0.00093 respectively, by log-rank test) (Figures 1E–G). However, gender, age, race, alcohol, Barrett’s esophagus (BE), and T stage were not correlated with the OS (Supplementary Figures 1A–E). Furthermore, UniCox showed the same results as the log-rank analysis (Table 1). Overall, these results suggested advanced stage, lymph node metastasis, and distant metastasis were related to poor prognosis of patients.


TABLE 1. Univariate and multivariable Cox regression analysis with covariates including cp-score, gender, age, race, alcohol, BE, stage, and T stage, lymph invasion and metastasis for overall survival.
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LncRNA-Based Prognostic Prediction Model for ESCC

To construct the prognostic model, the 13 candidate lncRNAs were subjected to cox stepwise regression analysis, and 11 out of 13 lncRNAs were selected to build an optimum prognostic model, with a c-index of 0.73 indicating good discrimination (Figure 2A). Supplementary Table 5 lists the characteristics of 11 prognostic lncRNAs including permutation P-values, hazard ratios, and coefficients and so on. Figure 4E and Supplementary Figures 2A–J illustrate the KM curves for these lncRNAs. We introduced a cp-score for the prognostic prediction of ESCC according to Luo et al. (2020). The cp-score was obtained according to the coefficients from cox regression and separated the patients into high-risk and low-risk groups. KM curves were performed by using the dichotomized cp-score. The result showed that the low-risk group had significantly better survival time compared with the high-risk group (P < 0.0001) (Figure 2B). Figures 2C–E show the distribution of the risk score, OS status and the corresponding expression profiles of 11 lncRNAs, which were ranked according to the cp-score value. The mortality of high-risk patients was higher than low-risk patients.
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FIGURE 2. A prognostic model of ESCC survival based on 11 differential and prognostic lncRNAs. (A) Forest plot illustrated the HR and 95% CI of the 11 lncRNAs by the multivariate Cox regression. HR, hazard ratio; CI, confidence interval. (B) OS curves of ESCC patients with the low and high risk groups according to the cp-score in TCGA cohort. (C–E) The distribution of 11-lncRNA risk score (C), OS status (D), and corresponding lncRNA expression profiles (E). The intersection of horizontal and vertical dotted lines represents the risk score of the person ranked in the middle. (F) Time-dependent ROC and corresponding AUCs for 3-year survival predicted by cp-score, TNM stage, lymph node metastasis, distant metastasis, and the combination of all these factors. (G) ROC and corresponding AUCs for 5-year OS predicted by cp-score, TNM stage, lymph node metastasis, distant metastasis, and the combination of all these factors. (H) LncRNA analysis of cp-score of patients with stage I/II and stage III/IV disease. (I) cp-score in patients with and without lymph node metastasis. (J) cp-score in patients with and without distant metastasis.


Furthermore, we used a time-dependent ROC curve (Heagerty et al., 2000) to characterize the prognostic potential of the cp-score, pathological stage, lymph node metastasis, distant metastasis, and the combination of all above factors. The prognostic prediction model could effectively predict the 3- and 5-year prognosis and survival of ESCC patients by time-dependent ROC curves with area under curve 0.87 and 0.89, respectively (Figures 2F–G). Compared with pathological stage, lymph node metastasis, and distant metastasis, the cp-score both showed a better ability to predict prognosis in the 3- and 5-year (Figures 2F–G). Besides, the combination of cp-score and clinicopathologic characteristics significantly improved the performance to predict the 5-year prognosis [AUC-ROC:1.00] (Figure 2G) compared with the cp-score or clinicopathologic features alone, including TNM stage, lymph node metastasis, and distant metastasis.

Next, we assessed the association between cp-score and the TNM stage, T stage, the presence of lymph node metastasis, and distant metastasis of ESCC. Patients with stage I/II disease had lower cp-scores than those with stage III/IV disease (P = 0.03; Figure 2H). Similarly, the cp-scores of patients with lymph node and distant metastasis were significantly higher compared with those without lymph node and distant metastasis (P = 0.014 and 0.0036; Figures 2I,J). The cp-scores of patients with T3/4 tumors were moderately higher compared with those with T1/2 tumors (P = 0.18; Supplementary Figure 2K). These results demonstrated that the cp-score was correlated with the tumor stage and might be used to predict the TNM stage, lymph node, and distant metastasis. Multivariate Cox regression analysis indicated that the cp-score was an independent prognostic factor for ESCC (Table 1).



lncRNA-Based Subtyping of ESCC

We used unsupervised clustering to generate lncRNA-based subtypes of ESCC. Figure 3A illustrates the schematic diagram for sample clustering. Firstly, we compared different clustering methods, including HC (single, complete, average, centroid, and ward) and NHC methods (k-means). Ward showed better results among HC methods (Supplementary Figures 3A–E). The quality of the single clustering solutions could be assessed with average silhouette width as a measure for clustering quality, so we compare the clustering ability between ward and k-means methods by silhouette plot. The results showed ward method had a lower silhouette width (0.17) than k-means (0.2), which indicated that the clustering quality of ward method was inferior to that of k-means (Supplementary Figures 3G,H). We finally chose the k-means to cluster for ESCC. Using the 111 ESCC patients as a training dataset, we obtained two clusters with 50 lncRNAs that were different expression between the two clusters and clinical data were indicated by the annotation bars above the heatmap (Figure 3B). Silhouette analysis of the clusters showed a good clustering quality with average width 0.54 (Figure 3C). We also validated the clusters from residual 57 TCGA ESCC tumor samples with a follow-up of less than 1 month, which showed a strong positive silhouette width (average = 0.61) (Figures 3D,E). Furthermore, we also observed the robustness of 50 lncRNAs in another independent dataset from GEO (GSE53625) (Figures 3F,G). Taken together, these results indicated that k-means fitted the respective cluster for ESCC. Among these lncRNAs, four were also found in the differential gene list, while none were found in the prognostic marker list (Supplementary Figure 3I).


[image: image]

FIGURE 3. AC007128.1 is up-regulated and linked to poor prognosis in ESCC. (A) Comparison of seven lncRNA expressions in ESCC and normal cell lines. Het-1A and HEEC represent normal cell lines, and others represent tumor cell lines. (B–D) Relative expression of AC007128.1 in ESCC tissues was analyzed by using GEPIA: http://gepia.cancer-pku.cn (B), our lab (C), and GEO datasets (D). (E) KM survival analysis of ESCC patients with high or low AC007128.1 expression (defined by the median) in TCGA. Statistical analysis was performed using the two-sided log-rank test.


To explore the clinical significance of the two subtypes, we systematically tested the associations between the subtype and clinical characteristics, including TNM stage, distant metastasis, lymph invasion, grade, BE, location, tobacco, alcohol, age, sex, race, and survival outcomes (Supplementary Table 6, Figures 3H,I, and Supplementary Figures 3J,K). There was no survival difference between cluster 1 and cluster 2 in all three datasets (Supplementary Figures 3J,K, both P > 0.05, log-rank test). Cluster 1 were frequently observed to correlate with the white race and those with BE which was considered as a precancerous lesion (Figures 3H,I, both P < 0.05, chi-square test). These differences in race and BE with unsupervised lncRNA signatures might implicate the discrepancy of the intrinsic biological processes in each cluster group.



AC007128.1 Is Highly Expressed in ESCC With Poor Prognosis

To explore possible connections between lncRNAs and carcinogenesis and ESCC development, we evaluated the expressions of seven out of 11 prognostic lncRNA markers in ESCC cell lines and normal esophageal epithelial cell lines by RT-qPCR because the expressions of the other four lncRNAs were too low to detect. Of the seven lncRNAs, we found that AC007128.1 had a higher expression in three established ESCC cell lines (KYSE150, TE-1, and EC109) compared with normal cell lines (Het-1A and HEEC), and the expression of AC007128.1 was the highest among the seven lncRNAs (Figure 4A). We also detected the level of AC007128.1 in the nuclear and cytoplasmic fractions of KYSE150 and EC109 cells and found that AC007128.1 is mainly enriched in the nucleus (Supplementary Figures 4A,B). We also found a higher expression of AC007128.1 in human ESCC samples from three independent datasets (Figures 4B–D). Meanwhile, increased AC007128.1 expression was related with a shorter OS in TCGA ESCC samples (Figure 4E), which was consistent with a previous study (Liu et al., 2019). These data demonstrated that the expression of AC007128.1 was upregulated in both ESCC tissues and cells, and associated with poor prognosis in ESCC. Therefore, we focused on AC007128.1 for further research.
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FIGURE 4. lncRNA subtyping analysis in 341 ESCC patients. (A) Schematic diagram for ESCC sample clustering. (B) k-means clustering of lncRNA markers identified two subtypes in the training cohort. The annotation bars above the heatmap indicate the clinical and molecular features. Patients without related information were colored in white. (C) Silhouette analysis of the clusters in the training data. (D,E) Subtypes of validation using the 50 markers in other 51 TCGA ESCC samples. (F,G) Predicted subtypes/clusters of validation using the 50 markers in 179 independent GEO ESCC samples (GSE53625). (H) The proportion of patients with Asian to White or Black ESCC in two clusters (chi-square test, ***P < 0.001). (I) The proportion of patients with and without BE in two clusters (chi-square test, ***P < 0.001). BE, Barrett’s esophagus.


We further analyzed the correlation between the AC007128.1 expression and the clinicopathologic characteristics of the ESCC patients. The expression of AC007128.1 was associated with the TNM stage (P = 0.039), gender (P = 0.01), and age (P = 0.046) in TCGA dataset (Supplementary Table 7). The AC007128.1 expression was associated with grade (P = 0.013) in GSE53625 (Supplementary Table 8). There was no statistical association between the AC007128.1 expression and other clinical characteristics in the two datasets. Based on these data, we postulated a role for AC007128.1 in ESCC pathology.



Identification of AC007128.1 as a Regulator of ESCC Cell Migration and Invasion

To explore the biological effects of AC007128.1 in the tumorigenesis and development of ESCC, three specific siRNAs targeted to AC007128.1 were used to reduce its expression in two ESCC cell lines, KYSE150 and EC109. We showed that si-AC007128.1-2 exhibited a better silencing efficiency (Figure 5A). CCK-8 assay revealed that depletion of AC007128.1 did not affect the proliferation of KYSE150 and EC109 cells (P > 0.05; Supplementary Figures 4C,D). Next, we assessed the effect of AC007128.1 depletion on cell migration and invasion in ESCC. We found that AC007128.1 depletion dramatically inhibited cell migration, invasion, and wound closure in both KYSE150 and EC109 cell lines (Figures 5B–H). We also observed the same inhibitory effects on the migration and invasion in TE-1 cells (Supplementary Figures 4E–G). Transwell assay (Figures 5I–M) and wound healing assay (Figures 5N–P) indicated that over-expression of AC007128.1 in EC109 and TE-1 cells dramatically promoted cell migration and invasion. However, it had no significant effect on cell growth (Supplementary Figures 4H,I). Collectively, these results suggested that AC007128.1 promoted migration and invasion in ESCC cell lines.
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FIGURE 5. Effects of AC007128.1 expression on ESCC cell aggressiveness. (A,I) qPCR analysis of AC007128.1 expression in si-AC007128.1-1, si-AC007128.1-2, si-AC007128.1-3, and pcDNA-AC007128.1-treated ESCC cells. (B–E) Representative micrographs of the transwell assay showing the migration and invasiveness of AC007128.1-depleted cells. (F–H) Representative micrographs of the wound healing assay showing the motilities of AC007128.1-depleted cells. (J–M) Representative micrographs of the transwell assay showing the migration and invasiveness of AC007128.1-overexpressing cells. (N–P) Representative micrographs of the wound healing assay showing the motilities of AC007128.1-overexpressing cells. Data represent mean ± SEM from three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 by Student’s t-test as compared with the corresponding control.


Epithelial-mesenchymal transition (EMT) plays an important role in tumorous migration and invasion (Yang and Weinberg, 2008; De Craene and Berx, 2013; Lamouille et al., 2014; Pang et al., 2018; Dongre and Weinberg, 2019). We further detected the expressions of EMT markers, including the epithelial marker E-cadherin and the mesenchymal markers, Vimentin, β-catenin, and Snail in AC007128.1-depleted cells. Figure 6A show that depletion of AC007128.1 resulted in a significantly increased expression of E-cadherin at the protein level, while it led to dramatically decreased expressions of Vimentin, β-catenin, and Snail at the protein level. These results indicated that AC007128.1 might promote EMT, thus affecting cell migration and invasion in ESCC.
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FIGURE 6. AC007128.1 activates MAPK/ERK and MAPK/p38 signaling pathways. (A) AC007128.1 depletion resulted in the increased expression of epithelial marker and decreased expressions of mesenchymal markers. (B) qPCR analysis of AC007128.1 expression in shAC007128.1- and shCtrl-treated ESCC cells. (C) PCA showed successful segregation between shAC007128.1 and shNC groups. (D) Heatmap analysis showed that shAC007128.1 cells could be distinguished by dysregulated lncRNAs. (E) Volcano plot exhibited differentially expressed lncRNAs. (F) KEGG analysis indicated the down-regulated signaling pathway by repressed genes in AC007128.1-depleted cells. (G) GSEA showed the repressed signaling pathway in AC007128.1-depleted cells. (H) GSEA indicated that AC007128.1 depletion might inhibit the MAPK signaling pathway. (I) Depletion of AC007128.1 obviously decreased the expressions of p-ERK1/2 and p-p38. *P < 0.05 and **P < 0.01 by Student’s t-test as compared with the corresponding control.




AC007128.1 Activated MAPK/ERK and MAPK/p38 Signaling Pathways

To explore the molecular mechanism, through which AC007128.1 promoted migration and invasion of ESCC, we constructed an shRNA specific to human AC007128.1, which was used to successfully reduce the expression of AC007128.1 at the mRNA level (Figure 6B), and further performed RNA-sequencing in KYSE150 cells. Global reprogramming of the ESCC transcriptome was detected in AC007128.1-depleted cells (Figure 6C), in which more than 2,500 genes were differentially expressed compared with the shCtrl group (Figure 6D), including 856 upregulated genes and 1,688 downregulated genes (Figure 6E). The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of the repressed genes showed that these down-regulated genes were mainly enriched in the following pathways including mitogen-activated protein kinase MAPK signaling pathway, cAMP signaling pathway, HIF-1α signaling pathway, Ras signaling pathway, and cytokine-cytokine receptor interaction, which were known to be important in cancer (Figure 6F). Moreover, gene set enrichment analysis (GSEA) for all genes revealed that some signaling pathways were depressed, such as MAPK signaling pathway, cell adhesion molecules, IL-17 signaling pathway, TNF signaling pathway, and cytokine-cytokine receptor interaction (Figure 6G). The results of KEGG and GSEA indicated that AC007128.1 might contribute to EMT via these signaling pathways in ESCC.

MAPK signaling pathway was identified as inhibited pathway in both KEGG and GSEA analysis when AC007128.1 was depleted in KYSE150 cells (Figures 6F–H). Previous studies has been implicated that the MAPK signaling pathway take part in regulating EMT of different cancers, including ESCC (Huang et al., 2004; Hu et al., 2017; Hawsawi et al., 2018; Chen et al., 2019; Peng et al., 2019), Therefore, we hypothesized that AC007128.1 might affect cell EMT by deregulating the MAPK signaling pathway. To test this hypothesis, we explored the effect of AC007128.1 on the activity of MAPK signaling. As expected, we found that depletion of AC007128.1 decreased the expressions of phosphorylated ERK1/2 (p-ERK1/2) and phosphorylated p38 (p-p38) in KYSE150 (Figure 6I). It has been shown that ERK1/2 (Wong et al., 2012; Wang et al., 2020; Zhang F. et al., 2020) and p38 (Wang et al., 2012; Ma et al., 2016) pathways are critical in EMT regulation for ESCC. Therefore, we inferred from the above-mentioned results that AC007128.1 affected cell EMT via deregulating MAPK signaling pathway.




DISCUSSION

In recent years, more and more novel lncRNAs have been identified and the roles of lncRNAs in cancer development have been increasingly studied (Yang et al., 2014; Bhan et al., 2017; Peng et al., 2017). In our previous study, we have shown the effectiveness of lncRNA signatures in diagnosis, prognostic prediction, and drug-resistance in four common cancers, namely breast cancer, colorectal cancer, bladder cancer, and lung cancer (Li et al., 2017, 2018a; Xie et al., 2018; Zhan et al., 2018; Zhang et al., 2019). Here, we identified an 11-lncRNA model that was associated with tumor OS in ESCC patients, constructed a lncRNA-based molecular subtype of ESCC, and found that lncRNA AC007128.1 might mediate ESCC EMT through mitogen-activated protein kinases/extracellular signal-regulated kinase (MAPK/ERK) and MAPK/p38 signaling pathways.

In the present study, we developed a prognostic prediction model using 11 selected lncRNA markers from TCGA ESCC RNA-seq dataset and found that this model could effectively distinguish ESCC patients with different prognoses. Moreover, multivariable analysis confirmed that this model was considered as an independent prognostic risk factor. The discrimination potential of the cp-score was superior to other prognostic risk factors (TNM stage, lymph node metastasis, and distant metastasis). We also compared the prognostic ability of this model with those of having been reported prognostic biomarkers for ESCC. The results demonstrated that the 11-lncRNA signature had a higher fidelity than other signatures (Li et al., 2014; Mao et al., 2018; Zhang L. et al., 2020). The combination of cp-score and clinical characteristics improved the 5-year survival prediction, which could identify patients needing more aggressive treatment and surveillance. We also found that the cp-score was correlated with the staging, as well as the lymphatic and distant metastases of ESCC. These results suggested that this model was also useful for detecting staging, lymphatic, and distant metastasis of ESCC. Although the 11-lncRNA model showed potential prognostic biomarkers for esophageal carcinoma, one limitation should be taken into consideration: the present study is short of other independent datasets to show its fidelity as prognostic biomarkers for esophageal carcinoma, and the distribution of clinical features in TCGA dataset might be distinct from those of other datasets, making it unsuitable for other subjects. Therefore, our results should be further validated in other clinical samples in the future.

Molecular subtyping is considered as a favorable source of disease stratification (Guinney et al., 2015; Sjodahl et al., 2017), while similar lncRNA-based subtyping is still lacking. With a k-means clustering analysis (Kakushadze and Yu, 2017), we could divide 111 ESCC patients from TCGA into two molecular subgroups based on 50 lncRNA markers, and its performance was again confirmed in internal and external datasets. The lncRNA-based subtyping showed good clustering capability and could be treated as a potential tool for ESCC molecular subtyping. We further studied the correlation between the lncRNA-based subtyping and clinical factors, including TNM stage, distant metastasis, lymph invasion, grade, BE, tumor site, alcohol, tobacco, age, sex, race, and survival outcomes. We found a relation between lncRNA-based clusters and race, alcohol, BE, and TNM stage in TCGA dataset, which might imply that these clinical variables partially affected the different transcriptions of lncRNAs. However, the study on subtyping was limited by clinical samples that all samples were collected from available public data. Further verification with multi-center clinical samples is still necessary to adequately assess the performance of the lncRNA-based subtype.

We presumed that lncRNA markers in the prognostic model might play important roles in the carcinogenesis and development of ESCC. Therefore, elucidating the underlying mechanism might provide potentially therapeutic targets of ESCC. In this study, we found lncRNA AC007128.1, which was significantly up-regulated in ESCC tissues from three independent datasets, and correlated with OS of ESCC in TCGA, However, there is one limitation to the validation of lncRNA expression: we didn’t detect the expression level of AC007128.1 by RT-qPCR or other method in new ESCC tissue samples due to limited corresponding samples. In view of this limitation, we attempted to prove the reliability of AC007128.1 by detecting the expression in ESCC cell lines and performing functional experiment in vitro. The results showed that AC007128.1 was upregulated in ESCC cell lines compared with normal esophageal epithelial cell lines and its depletion could suppress migration and invasion of ESCC cells in vitro. EMT is an important biological event during human cancer progression (De Craene and Berx, 2013; Pastushenko et al., 2018; Pastushenko and Blanpain, 2019). Reduced AC007128.1 could increase the expressions of epithelial markers and decreased the expressions of mesenchymal markers. Taken together, these results indicated that AC007128.1 might be closely related to cancer progression and play a tumor progressive role in ESCC.

It is urgently necessary to elucidate the molecular mechanisms underlying ESCC progression. We found that the deletion of AC007128.1 decreased the activation of MAPK/ERK and MAPK/p38 signaling pathways, but the exact mechanism by which AC007128.1 acts on the MAPK signaling pathway requires further study. Several published studies have also shown that the MAPK signaling pathway is activated in the process of tumorigenesis, metastasis, and angiogenesis of multiple human malignancies, including ESCC (Burotto et al., 2014; Hu et al., 2017). We speculated that AC007128.1 might promote migration and invasion of ESCC by increasing the activation of MAPK/ERK and MAPK/p38 signaling pathways.

Collectively, we identified lncRNA markers for prognostic prediction and subtyping of ESCC using lncRNA expression profiles. We also demonstrated a significant up-regulation of AC007128.1 in ESCC tumor tissues and cell lines and found its association with poor survival in ESCC patients. The mechanistic analysis demonstrated that AC007128.1 might promote cancer cell EMT by aberrantly activating the MAPK signaling pathway. These findings provided the possibility that overexpressed AC007128.1 was an important molecule participating in the aberrant activation of the MAPK signaling pathway and could serve as a therapeutic target for ESCC.
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REFERENCES

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

Blank-Giwojna, A., Postepska-Igielska, A., and Grummt, I. (2019). lncRNA KHPS1 activates a poised enhancer by triplex-dependent recruitment of epigenomic regulators. Cell Rep. 26, 2904–2915.e4.

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

Burotto, M., Chiou, V. L., Lee, J. M., and Kohn, E. C. (2014). The MAPK pathway across different malignancies: a new perspective. Cancer 120, 3446–3456. doi: 10.1002/cncr.28864

Chen, L., Tian, X. D., Gong, W. C., Sun, B., Li, G. T., Liu, D. M., et al. (2019). Periostin mediates epithelial-mesenchymal transition through the MAPK_ERK pathway in hepatoblastoma. Cancer Biol. Med. 16, 89–100. doi: 10.20892/j.issn.2095-3941.2018.0077

Chen, X. J., Kong, J. Y., Ma, Z. K., Gao, S. G., and Feng, X. S. (2015). Up regulation of the long non-coding RNA NEAT1 promotes esophageal squamous cell carcinoma cell progression and correlates with poor prognosis. Am. J. Cancer Res. 5, 2808–2815.

Cheng, P. (2018). A prognostic 3-long noncoding RNA signature for patients with gastric cancer. J. Cell Biochem. 119, 9261–9269. doi: 10.1002/jcb.27195

De Craene, B., and Berx, G. (2013). Regulatory networks defining EMT during cancer initiation and progression. Nat. Rev. Cancer 13, 97–110. doi: 10.1038/nrc3447

Djebali, S., Davis, C. A., Merkel, A., Dobin, A., Lassmann, T., Mortazavi, A., et al. (2012). Landscape of transcription in human cells. Nature 489, 101–108.

Dongre, A., and Weinberg, R. A. (2019). New insights into the mechanisms of epithelial-mesenchymal transition and implications for cancer. Nat. Rev. Mol. Cell Biol. 20, 69–84. doi: 10.1038/s41580-018-0080-4

Guinney, J., Dienstmann, R., Wang, X., Reyniès, A. D., Schlicker, A., Soneson, C., et al. (2015). The consensus molecular subtypes of colorectal cancer. Nat. Med. 21, 1350–1356.

Hawsawi, O., Henderson, V., Burton, L. J., Dougan, J., Nagappan, P., and Marah, V. O. (2018). High mobility group A2 (HMGA2) promotes EMT via MAPK pathway in prostate cancer. Biochem. Biophys. Res. Commun. 504, 196–202. doi: 10.1016/j.bbrc.2018.08.155

Heagerty, P. J., Lumley, T., and Pepe, M. S. (2000). Time-dependent ROC curves for censored survival data and a diagnostic marker. Biometrics 56, 337–344. doi: 10.1111/j.0006-341x.2000.00337.x

Hu, L., Wu, Y., Tan, D., Meng, H., Wang, K., Bai, Y., et al. (2015). Up-regulation of long noncoding RNA MALAT1 contributes to proliferation and metastasis in esophageal squamous cell carcinoma. J. Exp. Clin. Cancer Res. 34:7. doi: 10.1186/s13046-015-0123-z

Hu, X., Feng, Y., Zhang, D., Zhao, S. D., Hu, Z., Greshock, J., et al. (2014). A functional genomic approach identifies FAL1 as an oncogenic long noncoding RNA that associates with BMI1 and represses p21 expression in cancer. Cancer Cell 26, 344–357. doi: 10.1016/j.ccr.2014.07.009

Hu, X. L., Zhai, Y. F., Kong, P. Z., Cui, H. Y., Yan, T., Yang, J., et al. (2017). FAT1 prevents epithelial mesenchymal transition (EMT) via MAPK_ERK signaling pathway in esophageal squamous cell cancer. Cancer Lett. 397, 83–93. doi: 10.1016/j.canlet.2017.03.033

Huang, C., Jacobson, K., and Schaller, M. D. (2004). MAP kinases and cell migration. J. Cell Sci. 117, 4619–4628. doi: 10.1242/jcs.01481

Huarte, M. (2015). The emerging role of lncRNAs in cancer. Nat. Med. 21, 1253–1261. doi: 10.1038/nm.3981

Iyer, M. K., Niknafs, Y. S., Malik, R., Singhal, U., Sahu, A., Hosono, Y., et al. (2015). The landscape of long noncoding RNAs in the human transcriptome. Nat. Genet. 47, 199–208.

Kakushadze, Z., and Yu, W. (2017). ∗K-means and cluster models for cancer signatures. Biomol. Detect. Quantif. 13, 7–31. doi: 10.1016/j.bdq.2017.07.001

Lamouille, S., Xu, J., and Derynck, R. (2014). Molecular mechanisms of epithelial-mesenchymal transition. Nat. Rev. Mol. Cell Biol. 15, 178–196.

Li, J., Chen, Z., Tian, L., Zhou, C., He, M. Y., Gao, Y., et al. (2014). LncRNA profile study reveals a three-lncRNA signature associated with the survival of patients with oesophageal squamous cell carcinoma. Gut 63, 1700–1710. doi: 10.1136/gutjnl-2013-305806

Li, P., Zhang, X., Wang, L., Du, L., Yang, Y., Liu, T., et al. (2017). lncRNA HOTAIR contributes to 5FU resistance through suppressing miR-218 and activating NF-kappaB/TS signaling in colorectal Cancer. Mol. Ther. Nucleic Acids 8, 356–369. doi: 10.1016/j.omtn.2017.07.007

Li, J., Peng, W., Du, L., Yang, Q., Wang, C., and Mo, Y. Y. (2018a). The oncogenic potentials and diagnostic significance of long non-coding RNA LINC00310 in breast cancer. J. Cell Mol. Med. 22, 4486–4495. doi: 10.1111/jcmm.13750

Li, Z., Zhang, J., Liu, X., Li, S., Wang, Q., Di, C., et al. (2018b). The LINC01138 drives malignancies via activating arginine methyltransferase 5 in hepatocellular carcinoma. Nat. Commun. 9:1572.

Liu, H., Zhang, Q., Lou, Q., Zhang, X., Cui, Y., Wang, P., et al. (2019). Differential analysis of lncRNA, miRNA and mRNA expression profiles and the prognostic value of lncRNA in esophageal Cancer. Pathol. Oncol. Res. 26, 1029–1039. doi: 10.1007/s12253-019-00655-8

Liu, J., Xie, X., Zhou, C., Peng, S., Rao, D., and Fu, J. (2012). Which factors are associated with actual 5-year survival of oesophageal squamous cell carcinoma? Eur. J. Cardiothorac. Surg. 41, e7–e11.

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550.

Luo, H. Y., Zhao, Q., Wei, W., Zheng, L. H., Yi, S. H., Li, G., et al. (2020). Circulating tumor DNA methylation profiles enable early diagnosis, prognosis prediction, and screening for colorectal cancer. Sci. Transl. Med. 12:eaax7533. doi: 10.1126/scitranslmed.aax7533

Ma, M., Zhao, L.-M., Yang, X.-X., Shan, Y.-N., Cui, W.-X., Chen, L., et al. (2016). p-Hydroxylcinnamaldehyde induces the differentiation of oesophageal carcinoma cells via the cAMP-RhoA-MAPK signalling pathway. Sci. Rep. 6:31315.

Mao, Y., Fu, Z., Zhang, Y., Dong, L., Zhang, Y., Zhang, Q., et al. (2018). A seven-lncRNA signature predicts overall survival in esophageal squamous cell carcinoma. Sci. Rep. 8:8823.

Pang, A., Carbini, M., Moreira, A. L., and Maki, R. G. (2018). Carcinosarcomas and related Cancers: tumors caught in the act of epithelial-mesenchymal transition. J. Clin. Oncol. 36, 210–216. doi: 10.1200/jco.2017.74.9523

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

Pastushenko, I., Brisebarre, A., Sifrim, A., Fioramonti, M., Revenco, T., Boumahdi, S., et al. (2018). Identification of the tumour transition states occurring during EMT. Nature 556, 463–468. doi: 10.1038/s41586-018-0040-3

Peng, B., He, R., Xu, Q. H., Yang, Y. F., Hu, Q., Hou, H. P., et al. (2019). Ginsenoside 20(S)-protopanaxadiol inhibits triple-negative breast cancer metastasis in vivo by targeting EGFR-mediated MAPK pathway. Pharmacol. Res. 142, 1–13. doi: 10.1016/j.phrs.2019.02.003

Peng, W. X., Koirala, P., and Mo, Y. Y. (2017). LncRNA-mediated regulation of cell signaling in cancer. Oncogene 36, 5661–5667. doi: 10.1038/onc.2017.184

Pennathur, A., Gibson, M. K., Jobe, B. A., and Luketich, J. D. (2013). Oesophageal carcinoma. Lancet 381, 400–412.

Quinn, J. J., and Chang, H. Y. (2016). Unique features of long non-coding RNA biogenesis and function. Nat. Rev. Genet. 17, 47–62. doi: 10.1038/nrg.2015.10

Schmitt, A. M., and Chang, H. Y. (2016). Long noncoding RNAs in Cancer pathways. Cancer Cell 29, 452–463. doi: 10.1016/j.ccell.2016.03.010

Short, M. W., Burgers, K. G., and Fry, V. T. (2017). Esophageal cancer. Am. Fam. Phys. 95, 22–28.

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

Sjodahl, G., Eriksson, P., Liedberg, F., and Hoglund, M. (2017). Molecular classification of urothelial carcinoma: global mRNA classification versus tumour-cell phenotype classification. J. Pathol. 242, 113–125. doi: 10.1002/path.4886

Storey, J. D., and Tibshirani, R. (2003). Statistical significance for genomewide studies. Proc. Natl. Acad. Sci. U S A. 100, 9440–9445. doi: 10.1073/pnas.1530509100

Trapnell, C., Pachter, L., and Salzberg, S. L. (2009). TopHat: discovering splice junctions with RNA-Seq. Bioinformatics 25, 1105–1111. doi: 10.1093/bioinformatics/btp120

Trapnell, C., Roberts, A., Goff, L., Pertea, G., Kim, D., Kelley, D. R., et al. (2012). Differential gene and transcript expression analysis of RNA-seq experiments with TopHat and cufflinks. Nat. Protoc. 7, 562–578. doi: 10.1038/nprot.2012.016

Wang, X., Lu, N., Niu, B., Chen, X., Xie, J., and Cheng, N. (2012). Overexpression of Aurora-A enhances invasion and matrix metalloproteinase-2 expression in esophageal squamous cell carcinoma cells. Mol. Cancer Res. 10, 588–596. doi: 10.1158/1541-7786.mcr-11-0416

Wang, X., Zhao, Y., Fei, X., Lu, Q., Li, Y., Yuan, Y., et al. (2020). LEF1/Id3/HRAS axis promotes the tumorigenesis and progression of esophageal squamous cell carcinoma. Int. J. Biol. Sci. 16, 2392–2404. doi: 10.7150/ijbs.47035

Wang, Y., Gu, J., Lin, X., Yan, W., Yang, W., and Wu, G. (2018). lncRNA BANCR promotes EMT in PTC via the Raf/MEK/ERK signaling pathway. Oncol. Lett. 15, 5865–5870.

Wang, Y. L., Bai, Y., Yao, W. J., Guo, K., and Wang, Z. M. (2015). Expression of long non-coding RNA ZEB1-AS1 in esophageal squamous cell carcinoma and its correlation with tumor progression and patient survival. Int. J. Clin. Exp. Pathol. 8, 11871–11876.

Wong, V. C. L., Chen, H., Ko, J. M. Y., Chan, K. W., Chan, Y. P., Law, S., et al. (2012). Tumor suppressor dual-specificity phosphatase 6 (DUSP6) impairs cell invasion and epithelial-mesenchymal transition (EMT)-associated phenotype. Int. J. Cancer 130, 83–95. doi: 10.1002/ijc.25970

Xie, H. W., Wu, Q. Q., Zhu, B., Chen, F. J., Ji, L., Li, S. Q., et al. (2014). Long noncoding RNA SPRY4-IT1 is upregulated in esophageal squamous cell carcinoma and associated with poor prognosis. Tumour Biol. 35, 7743–7754. doi: 10.1007/s13277-014-2013-y

Xie, Y., Zhang, Y., Du, L., Jiang, X., Yan, S., Duan, W., et al. (2018). Circulating long noncoding RNA act as potential novel biomarkers for diagnosis and prognosis of non-small cell lung cancer. Mol. Oncol. 12, 648–658. doi: 10.1002/1878-0261.12188

Yang, G., Lu, X., and Yuan, L. (2014). LncRNA: a link between RNA and cancer. Biochim. Biophys. Acta 1839, 1097–1109. doi: 10.1016/j.bbagrm.2014.08.012

Yang, J., and Weinberg, R. A. (2008). Epithelial-mesenchymal transition: at the crossroads of development and tumor metastasis. Dev. Cell 14, 818–829. doi: 10.1016/j.devcel.2008.05.009

Yue, B., Qiu, S., Zhao, S., Liu, C., Zhang, D., Yu, F., et al. (2016). LncRNA-ATB mediated E-cadherin repression promotes the progression of colon cancer and predicts poor prognosis. J. Gastroenterol. Hepatol. 31, 595–603. doi: 10.1111/jgh.13206

Zhan, Y., Du, L., Wang, L., Jiang, X., Zhang, S., Li, J., et al. (2018). Expression signatures of exosomal long non-coding RNAs in urine serve as novel non-invasive biomarkers for diagnosis and recurrence prediction of bladder cancer. Mol. Cancer 17:142.

Zhang, F., Zhang, Y., Da, J., Jia, Z., Wu, H., and Gu, K. (2020). Downregulation of SPARC expression decreases cell migration and invasion involving epithelial-mesenchymal transition through the p-FAK/p-ERK pathway in esophageal squamous cell carcinoma. J. Cancer 11, 414–420. doi: 10.7150/jca.31427

Zhang, G., Li, S., Lu, J., Ge, Y., Wang, Q., Ma, G., et al. (2018). LncRNA MT1JP functions as a ceRNA in regulating FBXW7 through competitively binding to miR-92a-3p in gastric cancer. Mol. Cancer 17:87.

Zhang, L., Li, P., Liu, E., Xing, C., Zhu, D., Zhang, J., et al. (2020). Prognostic value of a five-lncRNA signature in esophageal squamous cell carcinoma. Cancer Cell Int. 20:386.

Zhang, S., Du, L., Wang, L., Jiang, X., Zhan, Y., Li, J., et al. (2019). Evaluation of serum exosomal LncRNA-based biomarker panel for diagnosis and recurrence prediction of bladder cancer. J. Cell Mol. Med. 23, 1396–1405. doi: 10.1111/jcmm.14042


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 Zhang, Li, Gao, Tong, Li, Wang, Du and Wang. 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/fcell-09-656554-g004.jpg
Clustering:
Top 1000 IncRNAs HC (single, complete,

Get the best Clusterin

with high variance SRR clustering method with ke
S)

across samples and NHC (k-me

Determine optimized
cluster numbers by
silhouette plot analysis

ial IncRNAs
by limma with
clustering numbers

Clinical
relevance

Cluster
Eveat
9

-
e i
e II‘ Wl
il

j: | ave width

j: njlave width

i 'W"

,"""‘Ii,?'v'. LA

Location
Towr
midde
upper

Alcohol_history

j: nj|ave width

Average silhouette width : 0.54

H

Relative fraction

o
N
h

o
o
T

Cluster 1

Cluster 1 Cluster 2

Cluster 2

Cluster 1: 36 | 0.56 = Cluster 1: 67 | 0.22
|
e —
=~
e
=~
e ——
B
e —

e —

—_—

_———

—_— custer1: 48] 081

——

]

—SSsSs

—SSss

e ——

e ——

e ———

e ——

e ———

_—
B o2 s on e Cluster2: 112 | 016
- J e —

e ——

=

e —

e —

-—_—

————————————

e

——

e

i Cluster2: 3 | 0.57

—

T T T 1T I ) ! ! T T T 1
04 06 08 10 00 02 04 08 08 1000 02 04 06
Silhouette width ] . Silhouette width Silhouette width

Ausrgesiiotete widhs 0.6Y Average silhouette width : 0.19
Bl Asian B White W Black or african american | B BEyes HH BEno
Kkk *kk
1.0
= 0.8
e
2
=
S
£ 0.6+
&
4
-5 0.4
<
=
S
& 0.2
0.0-





OPS/images/fcell-09-656554-g005.jpg
EC109

Scratch healing rate (%)

siAC007128.1-2

@

Migration

E Bl siCul B siCtrd
S 15 W SACO071281-1 12 ™ SiAC007128.1-2
; ’ Wl SiAC007128.1-2
z W SiAC007128.13 B
E Zo.s1
£
: 2
£ Soa
*i-‘ é Fkk S
£
= 0.0-
E Migration Invation
5
§ KYSE150 EC109
KYSE150 EC109
E F siCtrl siAC007128.1: G siCtrl siAC007128.1-2
siCtrl siAC007128.1-2 R
127 =W $iAC007128.1-2
< =

g = <

F0.8-

®

@

&

0.4 - -

< *kk

= & S

0.0-

Invation

Migration Invation

Vector pcDNA-AC007128.1
| J
= g
100 5 HEm Vector 2
B siCtrl » <
) 45004 ™ pcDNA-AC007128.1 5
B $iAC007128.1-2 £ B
80+ & =
2 3500 =
60 . =
Q TR RO S
- . = 2500 wiex S
J = i e
‘ S 100 | £ |
< S
20+ o 10 =R
0- = 00 -
KYSE150 EC109 -7 EC109 TE-1
Vector M K BN Vector
R B pcDNA-AC007128.1
a | El Vector 3.0 ok
LS B cDNA-AC007128.1
= 257 £
5 =
o0 '_gz.o
- = : 915
! £
E - =1.0
D
= ; . Hos
2 0.0
§ ’ Migration Invation
=
Migration Invation
EC109 0 TE-1 P
Vector pcDNA-AC007128.1 Vector pcDNA-AC007128.1
100- M Vector
;\? M pcDNA-AC007128.1
N o *
= = g 80
L
gl) 60+ *
=
2 40
=
= = £ 20
3 3
wn
EC109 TE-1






OPS/images/fcell-09-656554-g002.jpg
A Hazard ratio

w

o Strata < cp-score=high =~ cp-score=low
AC007128:1 &= (god s —— 0165
> 1.004
Ac0023982 N=111) 953 g5y ———M————1 0007 3
® (0.45-0.88) 8 o075+
8
AC246680:1 1) qod e —— 001t S 0507
s
144 . S 025+
JR— W e —— i oo : p < 0.0001
12}
0.00-
AL35B417.1 N=111) 03 %70 ——— 003" 0 20 40 60 80
Time in months
. 060 : z
ACH08861.1 W) gefhey  ——l—— o014 Hordber at ik
< ”
TMEMIZDAST  (NeIT) (geddday) — 0062 § cp-score=high |- 55 18 ) 0 0
& cp-score=low | 56 18 10 2 1
AC106799.3 [LC IO ———— 010 0 20 40 60 80
Time in months
- 079 ] )
PBETS =10 (0637000) == 2 _ Number of censoring
2 2
T e i R TR A
c
0
AC106799:1 1) 0Ty ————— o1m o 20 P 0 8
Time in months
# Events: 45, Global p-vaue (Log-Rari): 3.63616-05
AIC: 345.43; Concordance Index: 073

06 08 1 12 1416182

F =
C e T -
.
© — |
: = -
o : 'd =
8 i '
1z ] °f
%< i -
© E ’J' 2
i z
™ z
o - @ -
T T T T T T R
0 20 40 60 80 100
D% Patients (increasing risk socre)
[
£ o _| : -
c® ¢ Dead — cpscare war
o | n 4 —— lymph invasion .
é © ® Alive d —— TNM stage 0.74
[0) ~— distant metastasis  0.63
£ g _ S0 —— Combine all 0.88
= T T T T T T
g R A 0.0 0.2 0.4 0.6 08 1.0
g 1-Specificity
o -
0]

Patients (increasing risk socre)

o
E I 1 °
AC010776.2 = E,Ig,h
AC106799.3
AC106799.1 0.5 ]
AL356417.1 3
AC002398.2 3
AC108861.1 g
FRGCA 27
AC246680.1 05
AC007128.1
TMEM132D.AS1 -
AL133467.4 - N

0.6

Sensitivity

— cp-score 0.89

o —— Iymph invasion 0.66

# — TNM stage 0.73

—— distant metastasis (.58

2 A —— Combine all 1.00
T T T T T T
0.0 0.2 0.4 0.6 0.8 10

1-Specificity

. . 20 .. .
15 .
15 e Lymph B yes 53 Metastasis B3 mo 3 mt
TNMES £ v ymphinvasion 8 yes B3 no
o Wilcoxon, p =0.0036
10 Wicocon, p=0.03 Witcoxon, p = 0.014, "
2 . g ? v e
8 g10 H
8 Y g . S
5 . R 5
i*a .
- 5 %ﬁ
el - PP .
v R m— 1
S i el o t
0 S 3 o s

i ™ yes. o pirs i





OPS/images/fcell-09-656554-g003.jpg
AC007128.1

=

B =
TCGA and GTEx
3 HetlA -
o 6 @@ HEEC !
gn EE TE-1 o | L.-
=7 =3 EC109 o i
= — '3
= @l KYSEI50 = R
2 S | W
: : £
] O
o <
q; < ]
.; —
<
°
- v |
o
> > > & > > >
RS > O & .
CQS\ "‘J%‘e "S"Q C\Q‘o \A;) QQ C\Q‘c "
[ww]
L SO S » = B
T T
&$\ Tumor Normal
(n=182) (n=286)
D
Our lab data i GSES3695
p =0.005 ® Wilcoxon, p <2.2e-16
8
2
)
S
(330 Sﬁ) 6
' 4
Normal Tumor Tumor
(n=15) (n=15) (n=179)
E 100 < AC007128.1=high =+ AC007128.1=low
5,075
=
®
Ke)
o
:Qo.so
2
>
5
& 0.25
0.00

20

40 60 80
Time in months





OPS/images/fcell-09-656554-g001.jpg
1 1
1 1
1 1

40, . i i © DOWN
o i i © Nor

i i . oup
i i

=30 ! !

é‘ 1 1

k-1 P i

= ® ;

i i i

a ! !

S 20 ! d

o0 1

2 !

1 1
i

20 rl
Dim1 (17.3%)
=k stage=iiigiv
100 e
075+
050+
025~ —
AC007128.1 p =0.00098
AC002398.2
AC246680.1 0001
AC010776.2 0 20 40 60 80
ACI31532.1 Time in months.
AL356417.1 ;
ACI08861.1 Number at risk
TMEMI32D-AST
AC055736.1 8 stagesigii{ 52 20 9 2 1
AC106799.3 B
ALI33467.4 @ stage=iigiv 42 9 1 0 0
FRGCA
AC106799.1 4 20 40 60 80
Time in months
Number of censoring
= 24—
5
2
N | 1 111 |
SR | 1811 .
4 20 40 60 80
Time in months.
F W
Strata 5 ymoh_imvasionsno 5y imasionsyes G Strata - metastasis=m0 metastasis=m1
100
1004
2z | Zz 075+
£ 075 3
H H
g 0501 L 0501
5
3 02s- 3 %7 p=0.00093
000+ o0 . - . .
0 20 40 60 Y 0 20 40 60 80
Time in months Time in months
Number at risk Number at risk
@ ymoh_invasion=no | 65 21 9 1 1 3 m——————T 3 27 10 2 1
I 2
B \ymon_invasion=yes | 37 7 1 0 0 B metastasis=mt | T 1 0 0 0
o 20 ) 0 80 [ 20 0 £ 80
Time in months. Time in months
Number of censoring Number of censoring
2 T 2
N 10 o e SN 11 Il
2 H
0 LLLEE. 8 I 1 1 ol L | ! !
0 20 60 80 0 20 0 60 80

40 a
Time in months Time in months





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		lncRNA Profiles Enable Prognosis Prediction and Subtyping for Esophageal Squamous Cell Carcinoma



		INTRODUCTION



		MATERIALS AND METHODS



		Study Design



		Patients Source



		Unsupervised Discovery of lncRNA-Based Subtypes



		Cell Lines and Cell Culture



		Small Interfering RNAs, Short Hairpin RNAs, Plasmids and Lentivirus Transduction



		Cell Viability Assay



		Transwell Invasion and Migration Assays



		Wound Healing Assay



		RNA Isolation and Real-Time PCR



		Western Blotting Analysis



		RNA-seq Library Construction



		RNA Sequencing Analysis



		Statistical Analysis







		RESULTS



		Identification of Differential and Prognostic LncRNAs for ESCC



		LncRNA-Based Prognostic Prediction Model for ESCC



		lncRNA-Based Subtyping of ESCC



		AC007128.1 Is Highly Expressed in ESCC With Poor Prognosis



		Identification of AC007128.1 as a Regulator of ESCC Cell Migration and Invasion



		AC007128.1 Activated MAPK/ERK and MAPK/p38 Signaling Pathways







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fcell-09-656554-t001.jpg
Factor

Univariate coef

Multivariate coef

Exp SE z P Exp SE z P
(coef) (coef) (coef) (coef)

cp-score: L vs. H —2.226 0.108 0.451 —4.936 0.000 —1.683 0.186 0.564 —2.986 0.003
Gender: M vs. F 0.369 1.446 0.525 0.702 0.483

Age: >=60 vs. <60 —0.265 0.767 0.291 —0.91 0.363

Race: White vs. Asian 0.322 1.38 0.74 0.435 0.663

Alcohol_history: Yes vs. No —0.281 0.765 0.295 —0.953 0.34

BE: Yes vs. No 0.095 1.1 0.332 0.285 0.775

Stage: lll/IV vs. /1l 1.129 3.094 0.359 3.146 0.002 0.478 1.613 0.535 0.893 0.372
T stage: T3/4 vs. T1/2 0.254652 1.290013 0.328613 0.774931 0.43838

Lymph invasion: Yes vs. No 0.718 2.05 0.314 2.288 0.022 —0.096 0.908 0.481 -0.2 0.842
Metastasis: M1 vs. MO 1.345 3.838 0.437 3.076 0.002 0.47 1.6 0.521 0.901 0.367

Coef: The regression coefficients;, Exp(coef): the exponentiated coefficients, also known as hazard ratios. SE(coef): The standard error of hazard ratios; BE:
Barrett’s esophagus. The significant differences (P-value < 0.05) were highlighted with the bold values.
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