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			More than 98% of the human genome does not encode proteins, and the vast majority of the noncoding regions have not been well studied. Some of these regions contain enhancers and functional non-coding RNAs. Previous research suggested that enhancer transcripts could be potent independent indicators of enhancer activity, and some enhancer lncRNAs (elncRNAs) have been proven to play critical roles in gene regulation. Here, we identified enhancer–promoter interactions from high-throughput chromosome conformation capture (Hi-C) data. We found that elncRNAs were highly enriched surrounding chromatin loop anchors. Additionally, the interaction frequency of elncRNA-associated enhancer–promoter pairs was significantly higher than the interaction frequency of other enhancer–promoter pairs, suggesting that elncRNAs may reinforce the interactions between enhancers and promoters. We also found that elncRNA expression levels were positively correlated with the interaction frequency of enhancer–promoter pairs. The promoters interacting with elncRNA-associated enhancers were rich in RNA polymerase II and YY1 transcription factor binding sites. We clustered enhancer–promoter pairs into different groups to reflect the different ways in which elncRNAs could influence enhancer–promoter pairs. Interestingly, G-quadruplexes were found to potentially mediate some enhancer–promoter interaction pairs, and the interaction frequency of these pairs was significantly higher than that of other enhancer–promoter pairs. We also found that the G-quadruplexes on enhancers were highly related to the expression of elncRNAs. G-quadruplexes located in the promoters of elncRNAs led to high expression of elncRNAs, whereas G-quadruplexes located in the gene bodies of elncRNAs generally resulted in low expression of elncRNAs.
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Introduction

			It has been widely accepted that a large proportion of the human genome is transcribed, but that less than 2% of the transcripts are subsequently translated into proteins (Katayama et al., 2005; Djebali et al., 2012; Sallam et al., 2018). Long non-coding RNAs (lncRNAs), transcripts longer than 200 nucleotides, have attracted increasing attention because of their functional relevance in various biological processes (Iyer et al., 2015; Liu et al., 2017; Kopp and Mendell, 2018). Because lncRNAs are expressed at relatively low levels and are weakly conserved during evolution, they are difficult to annotate and were historically regarded as junk DNA (Uszczynska-Ratajczak et al., 2018). However, convincing evidence has recently emerged that at least some lncRNAs play critical roles in disease (Wapinski and Chang, 2011; Shi et al., 2013; Yan et al., 2015; Wan et al., 2016; Zhang et al., 2017), organism development (Grote et al., 2013; Fatica and Bozzoni, 2014; Sun et al., 2017), and aging (Bianchessi et al., 2015; Yang et al., 2016a; Neppl et al., 2017). Iyer et al. identified 58,648 lncRNA genes in the human genome, of which 1% harbored ultraconserved elements and 7% overlapped with disease-associated SNPs (Iyer et al., 2015). Using a CRISPR interference platform, hundreds of lncRNAs were proven to be required for robust cellular growth for different cell types (Liu et al., 2017). Some lncRNAs can regulate the expression of neighboring (cis) or distal (trans) genes (Yu et al., 2018). In cis means that lncRNAs regulate target genes by the act of transcription (Tehrani et al., 2018). LncRNAs, such as bxd lncRNA (Hao et al., 2017), can regulate downstream promoters in cis through transcriptional interference (Lin et al., 2018). In addition to acting in cis, some lncRNAs translocate from their sites of synthesis and regulate distal target genes in trans (Kopp and Mendell, 2018). For instance, Firre lncRNA localizes at five distinct trans-chromosomal loci through interacting with the nuclear-matrix factor hnRNPU (Hacisuleyman et al., 2014; Yang et al., 2015). Moreover, the Xist lncRNA participates in silencing transcription in trans by interacting with SHARP (McHugh et al., 2015).

			Based on their genomic organization, lncRNAs can be categorized into different subtypes, including intragenic lncRNAs, intergenic lncRNAs, and enhancer lncRNAs (elncRNAs) (Devaux et al., 2015; St Laurent et al., 2015). Enhancers are genomic regions that are bound by transcription factors (TFs) and are capable of interacting with promoters to augment gene expression. Generally, enhancer regions are marked by histone 3 lysine 4 monomethylation (H3K4me1) and histone 3 lysine 27 acetylation (H3K27ac). The binding of the general transcriptional co-activator CBP to enhancers may recruit RNA polymerase II (RNA POLII) and produce enhancer transcripts (Kim et al., 2010). Pioneering research has proven that enhancer RNAs are involved in specific enhancer–promoter looping initiated by ER-α binding (Li et al., 2013). In addition to affecting enhancer–promoter loops, some elncRNAs regulate gene expression by recruiting TFs to the promoters of target genes. LEENE, an elncRNA that enhances eNOS expression, can facilitate the recruitment of RNA POLII to the eNOS promoter to enhance eNOS nascent RNA transcription (Miao et al., 2018). Arc eRNA, an elncRNA that is expressed from the enhancer for Activity-regulated cytoskeletal protein (Arc), can facilitate NELF release from the target promoter (Schaukowitch et al., 2014). Moreover, a muscle-specific elncRNA, DRReRNA, regulates the transcription of myogenin in trans by mediating the recruitment of cohesin proteins (Tsai et al., 2018). In principle, nascent RNAs can remain at their sites of synthesis. One of the well-studied mechanisms for retaining nascent RNA is through the formation of an R-loop, which is a double-stranded RNA:DNA hybrid opposite a displaced single strand of DNA (Li and Fu, 2019). R-loops, which are associated with transcription activities under physiological conditions (Skourti-Stathaki et al., 2011; Stork et al., 2016), predominantly form on promoters and enhancers associated with GC-skewed sequences (Ginno et al., 2012; Chen et al., 2017; Li and Fu 2019). These findings suggested that elncRNAs might stay where they are synthesized but exert long-distance regulatory effects on target genes.

			Previous studies provided great advances in our understanding of the functions of elncRNAs. However, some studies roughly coupled enhancers to their closest genes, which has been proven to be an imprecise method for identifying the target genes of enhancers. DNA is highly compacted in the nucleus, resulting in a complicated three-dimensional genome conformation. Currently, the developed powerful Hi-C technology has been used to profile the three-dimensional chromatin structure in diverse organisms and cells (Lieberman-Aiden et al., 2009; Rao et al., 2014; Mifsud et al., 2015). As enhancers and their target promoters frequently contact each other despite being separated by thousands or millions of base pairs in genomic distance (Ay et al., 2014), several methods have been proposed to identify enhancers and their target genes using Hi-C (Whalen et al., 2016; Ron et al., 2017). Mifsud et al. proposed that transcriptionally active genes normally interact with regulatory elements and inactive genes frequently interact with genomic regions that are rich in repressive markers (Mifsud et al., 2015). Beagrie et al. found an abundance of three-way contacts among highly transcribed regions (Beagrie et al., 2017). Moreover, specific enhancer transcripts have been proven to be involved in maintaining the formation of loop structures (Lai et al., 2013; Li et al., 2013; Hsieh et al., 2014; Yang et al., 2016b). However, it remains a challenge to decipher the function and mechanism of elncRNAs in the genome-wide range.

			In this study, we comprehensively characterized elncRNAs by analyzing the human chromatin structure. Using Hi-C data, chromatin loops and enhancer–promoter interactions were identified in the GM12878 cell line. Our study was intended to resolve the following issues: 1) whether chromatin loops are associated with elncRNAs in the genome-wide range; 2) whether enhancer–promoter interactions are influenced by elncRNAs in the genome-wide range; and 3) the relationship between elncRNAs and transcription factor binding sites (TFBSs). We found that chromatin loops and enhancer–promoter interactions were highly associated with elncRNAs. By analyzing the relationship between elncRNAs and TFBSs, we found that elncRNAs are capable of affecting TFBSs on both local enhancers and target promoters. Our findings suggest that elncRNAs influence enhancer–promoter interactions in different ways.

			


Materials and Methods

			

Identification of Genomic Elements

			The protein-coding and lncRNA genes in the human genome were downloaded from the GENCODE (Harrow et al., 2012) and NONCODE (Fang et al., 2018) databases, respectively. A total of 19,901 protein-coding genes and 96,308 lncRNA genes were identified. In accordance with previous research (He et al., 2014), promoters were defined as regions located 2 kilo-base pairs (kb) upstream and 0.5 kb downstream of transcription start sites (TSSs) annotated in GENCODE (Harrow et al., 2012).

			Genomic regions of enhancers in the GM12878 cell line were derived from a previous study (Yip et al., 2012). Enhancers located in promoters and gene bodies of protein-coding genes were excluded. After filtering, a total of 35,939 enhancers in the GM12878 cell line were retained.

			


Global Nuclear Run-On Sequencing Data and RNA Sequencing Data

			The global nuclear run-on sequencing (GRO-seq) data of the GM12878 cell line were generated by Core et al. (GEO accession number: GSE60456) (Core et al., 2014). GRO-seq captures 5′-capped RNAs from active transcriptional regulatory elements with high accuracy (Danko et al., 2015). The obtained GRO-seq reads were mapped to the human reference genome (GRCh37/hg19) using Bowtie2 (Langmead and Salzberg, 2012). We used dREG, a computational tool for identifying transcriptional regulatory DNA sequences using GRO-seq data, to call peaks (Danko et al., 2015).

			The paired-end RNA-seq data of the GM12878 cell line (GEO accession number: GSE90223) were generated by Thomas Gingeras’ group of the ENCODE Consortium (Consortium, 2012). RNA-seq reads were mapped to the human reference genome (GRCh37/hg19) by tophat (Trapnell et al., 2012). We used cufflinks to generate the transcriptome assembly (Trapnell et al., 2010) and cuffdiff to test for differential expression (false discovery rate (FDR) <0.05; fold change >1.5) (Trapnell et al., 2013). As reported previously, numerous lncRNAs are expressed at much lower levels than protein-coding genes (Derrien et al., 2012); therefore, we used a threshold of 0.21 fragments per kilobase of transcript per million fragments mapped (FPKM) to define expressed lncRNAs, in accordance with previous studies (Hart et al., 2013; Bonnal et al., 2015).

			


Identification of elncRNAs

			It has been proven that active transcriptional regulatory elements can be identified from GRO-seq data by dREG (Danko et al., 2015; Wang et al., 2019). In addition, GRO-seq reads have been shown to be highly accumulated around active enhancer regions (±1 kb) (Danko et al., 2015; Hu et al., 2017; Wang et al., 2019). Therefore, we designated the enhancers that fall within 1 kb of the GRO-seq peaks that were called by dREG as active enhancers (Figure 1). The lncRNAs that overlapped with the active enhancers were defined as elncRNAs (Figure 1), consistent with the method described in a previous study (Pefanis et al., 2015). As a result, 5.02% of the lncRNAs were defined as elncRNAs in the GM12878 cell line.
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			Figure 1 | Definition of active enhancers and elncRNAs. Enhancers were predicted by ChromHMM and Segway according to the histone modifications surrounding them. The enhancers that fall within 1 kb of the GRO-seq peaks were defined as active enhancers. LncRNA genes overlapping with active enhancers were defined as elncRNAs.


		






Identification of Enhancer–Promoter Interaction Pairs

			Hi-C reads and Hi-C interaction matrixes of the GM12878 cell line generated by Rao et al. were downloaded from the GEO repository under accession number GSE63525 (Rao et al., 2014). Using the chromatin interactions from Hi-C data, the frequency of all enhancer–promoter interactions in the GM12878 cell line was calculated. For example, for an enhancer–promoter interaction pair, the interaction frequency was represented by the count of reads that were located in both gene promoter regions and enhancer regions. To calculate statistical confidence estimates for the interaction pairs, we used the method, fit-HiC, as proposed by Duan et al. (2010). Only enhancer–promoter interaction pairs with FDR <0.001 were retained.

			We designated pairs that consisted of elncRNA-associated enhancers and their target promoters as elncRNA-associated enhancer–promoter interaction pairs. Other enhancer–promoter interaction pairs were defined as non-elncRNA pairs.

			


Selection of Structuring Factors

			Previous studies have proven that some specific elncRNAs regulate the expression of their target genes by recruiting TFs to the promoter regions of the target genes (Schaukowitch et al., 2014; Miao et al., 2018; Tsai et al., 2018). To find the links between the TFBSs on enhancer–promoter pairs and elncRNAs, we selected eight proteins that potentially influenced enhancer–promoter interactions. CTCF, RAD21, and SMC3 have been well studied in terms of their ability to influence chromatin structure (Rao et al., 2014; Hong and Kim, 2017). RNA POLII can arrange spatial organization and mediate some loop structures which are smaller than CTCF loops (Tang et al., 2015). Weintraub et al. found that YY1 is a structural regulator of enhancer–promoter interactions and facilitates gene expression (Weintraub et al., 2017). In addition to these well-studied structuring factors, we also used ReMap, an integrative ChIP-seq analysis of regulatory regions, to find candidate proteins that can potentially mediate chromatin interaction. ReMap was used to annotate all of the filtered chromatin interactions (FDR < 0.001), and the most enriched TFs in intersection (p < 1 × 10-500) were selected as candidate proteins (Cheneby et al., 2018). After excluding TFs that were not available in a public database or not expressed in the GM12878 cell line, we selected HDGF, GATAD2B and GABPA from the most enriched TFs as structuring factors. Previous study suggested that G-quadruplexes, stable four-stranded non-canonical DNA structures, potentially facilitate enhancer–promoter interactions (Hegyi, 2015; Hou et al., 2019). Therefore, we also selected G-quadruplex sequences, which were derived from the work of Chambers et al. (2015) and can form G-quadruplexes in vitro, as a structuring factor.

			Although we have selected many structuring factors, a large amount of chromatin interactions are mediated by other TFs. Therefore, we used the ENCODE ChIP-seq data for 137 TFs in the GM12878 cell line, which were merged by ReMap, as an integrated factor. All of the raw data of the structuring factors are shown in Table 1.

			




		
			
				
					
							
							Table 1 | The structuring factor data analyzed in this study.

						
					

					
							
							Structuring factors

						
							
							GEO number

						
							
							Reference

						
					

					
							
							CTCF

						
							
							GSM935611

						
							
							(Consortium 2012, Pope et al. 2014)

						
					

					
							
							RAD21

						
							
							GSM935332

						
							
							(Consortium 2012, Pope et al. 2014)

						
					

					
							
							SMC3

						
							
							GSM935376

						
							
							(Consortium 2012, Pope et al. 2014)

						
					

					
							
							RNA POLII

						
							
							GSM803355

						
							
							(Consortium 2012, Pope et al. 2014, Gertz et al. 2013)

						
					

					
							
							YY1

						
							
							GSM803406

						
							
							(Consortium 2012, Pope et al. 2014)

						
					

					
							
							HDGF

						
							
							GSE91531

						
							
							(Consortium 2012)

						
					

					
							
							GATAD2B

						
							
							GSE105881

						
							
							(Consortium 2012)

						
					

					
							
							GABPA

						
							
							GSE96120

						
							
							(Consortium 2012)

						
					

					
							
							G-quadruplex sequence

						
							
							GSE63874

						
							
							(Chambers et al. 2015)

						
					

					
							
							ReMap TFs

						
							
							
							(Cheneby et al. 2018)

						
					

				
			

		







ChIP-seq Data Analysis

			All of the ChIP-seq data were generated by the ENCODE Consortium (Consortium, 2012) and can be retrieved from the GEO database using their accession number (Table 1). To identify ChIP-seq peak regions, we performed peak calling using MACS with the default parameters (Zhang et al., 2008).

			


Normalized ChIP-seq Peak Values on Enhancer–Promoter Pairs

			We mapped all selected structuring factors (Table 1) onto the identified enhancer–promoter pairs. We defined enhancers/promoters as being associated with a specific structuring factor if they overlapped with a peak region of the selected structuring factor data. For G-quadruplex sequences, the G4-seq values provided by Chambers et al. (2015) were used to characterize the signal values of G-quadruplexes on enhancers/promoters. The peak counts on enhancers/promoters were used to define the signal values of the merged TFs on enhancers/promoters. For other structuring factors, the peak values, which were calculated by MACS (Zhang et al., 2008), were used to define the signal values of the structuring factor of these enhancers/promoters. If multiple peaks of the certain structuring factor overlapped with one enhancer/promoter, the signal value of the structuring factor of the enhancer/promoter equals the maximum peak value.

			Because most enhancer–promoter pairs are associated with several structuring factors and the ChIP-seq data of different structuring factors were from different experiments, the signal values on each enhancer–promoter pair were normalized. We used Z-score normalization to standardize different structuring factor signal values of enhancers/promoters.

				[image: ]	

			Here, Zij is the normalized signal value of the specified structuring factors (i) on a specified enhancer/promoter (j); the specified structuring factor (i) belongs to the structuring factors (X) in Table 1; the specified enhancer/promoter (j) belongs to previously identified enhancer–promoter pairs (Y); xij represents the raw signal value of the specified structuring factors (i) on specified enhancer/promoter (j); µi equals the average signal value of the specified structuring factor (i) of all enhancers/promoters (Y); and δi indicates the standard deviation of the specified structuring factor (i) in all enhancers/promoters (Y).

			


Clustering Enhancer–Promoter Pairs

			We performed hierarchical clustering on elncRNA-associated enhancer–promoter pairs and other enhancer–promoter pairs in accordance with their normalized structuring factor signal values. The Clustering software (https://web.stanford.edu/group/sherlocklab/cluster.html) was used to cluster interaction pairs. The Pearson correlation was set as the distance measurement as described previously (Lan et al., 2012). Using all of the normalized signal values, the elncRNA-associated enhancer–promoter pairs and other enhancer–promoter pairs were clustered into 10 and 6 groups, respectively.

			



Results

			

ElncRNAs Are Highly Enriched in Chromatin Loop Anchors

			A total of 9,449 high-confidence chromatin loops were identified in the GM12878 cell line. Each loop consisted of two interacting anchor points, which were defined as chromatin loop anchors. We calculated the relative density of elncRNAs and other lncRNAs across the entire chromatin loops (Figure 2A). We observed high accumulation of both elncRNAs and other lncRNAs at chromatin loop anchors, with the profiles found to gradually decline towards the central regions of chromatin loops (Student’s t-test, p = 1.08 × 10-203 and 5.77 × 10-133, respectively). Furthermore, the relative density of elncRNAs surrounding chromatin loop anchors was significantly higher than that of other lncRNAs (Student’s t-test, p = 3.16 × 10-197). The relative density of elncRNAs in the central regions of chromatin loops was slightly but significantly lower than that of other lncRNAs (Student’s t-test, p = 9.42 × 10-27). We next calculated the enrichment of loop anchors with elncRNAs (Figure 2B). The high enrichment of loop anchors with elncRNAs indicated that loop anchors tend to localize at sites where elncRNAs are produced, suggesting a potential role of elncRNAs in chromatin loops. Consistent with our observations, it has been reported that AS1eRNA, which is produced by the enhancer downstream of DHRS4-AS1, is involved in the formation of a loop between DHRS4-AS1 and its enhancer (Yang et al., 2016b). In this case, the enhancer and DHRS4-AS1 function as the loop anchors.
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			Figure 2 | Relationship between elncRNAs and chromatin loops in the GM12878 cell line. (A) The distribution of elncRNAs and other lncRNAs across chromatin loops. The y-axis indicates the relative density of lncRNAs. Relative density was calculated from the ratio of the lncRNA counts per 10 kb to the total number of lncRNAs. The red line and blue line indicate elncRNA and other lncRNAs, respectively. (B) Enrichment of loop anchors with elncRNAs and other lncRNAs in the GM12878 cell line. The fold-enrichment was calculated by comparing the average counts of loop anchors overlapping per lncRNA to the average counts of loop anchors overlapping per random selected region. (C) The boxplot of Hi-C interaction reads between loop anchors. (D–G) The distribution of YY1 and the merged TF ChIP-seq peak counts surrounding loop anchors. The red lines and blue lines indicate elncRNA-containing loop anchors and other loop anchors, respectively. The distribution of YY1 (D) and the merged TF (E) ChIP-seq peak counts surrounding loop anchors. (F–G) The distribution of YY1 and the merged TF (G) ChIP-seq peak counts surrounding loop anchors.

		




			Moreover, the chromatin loop anchors containing elncRNAs displayed significantly higher loop anchor interactions (Figure 2C, Student’s t-test, p = 1.47 × 10-22), suggesting that elncRNAs at loop anchors potentially reinforce the interactions of loop anchors, which may help to maintain chromatin loop structures. The distribution of the architectural proteins including CTCF, SMC3, and RAD21 around loop anchors is shown in Supplementary Figure 1. Surprisingly, the ChIP-seq peak counts of these architectural proteins showed no significant differences between elncRNA-containing loop anchors and other loop anchors (Supplementary Figures 1A–C, Student’s t-test, p > 0.001), indicating that the high interaction strength of elncRNA-containing loop anchors does not arise from these architectural proteins. We found that YY1 ChIP-seq peak counts around elncRNA-containing loop anchors were significantly higher than those around other loop anchors (Figure 2D, Student’s t-test, p = 1.62 × 10-27). Using CLIP-seq, YY1 was found to be capable of interacting with nascent enhancer RNA at the active enhancer regions where it is bound to DNA (Sigova et al., 2015). In addition, YY1 was shown to promote DNA interactions and chromatin looping (Weintraub et al., 2017). These findings suggested that elncRNAs on loop anchors can function to ”trap” YY1, thereby increasing the strength of interaction between loop anchors (Figures 2C, D). We used ReMap to merge ChIP-seq data of 137 TFs in the GM12878 cell line (Cheneby et al., 2018). The distribution of these TF ChIP-seq peaks around loop anchors is shown in Figure 2E. Likewise, we found that the merged TF ChIP-seq peak counts around elncRNA-containing loop anchors were significantly higher than those around other loops (Figure 2E, Student’s t-test, p = 1.94 × 10-71). These results suggested that the highly abundant TFBSs on elncRNA-containing loop anchors promoted the transcription of elncRNAs. As feedback regulatory elements, elncRNAs on loop anchors can facilitate the loop anchor interactions by recruiting TFs such as YY1.

			We used Hi-C interaction pairs to select the loop anchors that interact with elncRNA genes (FDR <0.001); these anchors were defined as elncRNA-target loop anchors. Interestingly, the elncRNA-target loop anchors were also rich in YY1 ChIP-seq peaks and the merged TF ChIP-seq peaks (Figures 2F, G, Student’s t-test, p = 2.57 × 10-24 and 2.59 × 10-63 for YY1 and all TF ChIP-seq, respectively). These results suggested that elncRNAs not only influenced loop anchors locally but also potentially affected the target loop anchors through higher-order chromatin structures.

			


ElncRNAs Are Associated With the Interactions Between Enhancers and Promoters

			The average interaction frequency (49.32) of elncRNA-associated enhancer–promoter pairs was significantly higher than that (39.28) of other enhancer–promoter pairs (Figure 3A, Student’s t-test, p = 1.11 × 10-33). Moreover, the expression levels of the target genes of elncRNA-associated enhancers (average FPKM = 58.97) were significantly higher than those of other enhancers (Figure 3B, average FPKM = 26.61, Student’s t-test, p = 3.77 × 10-27), suggesting that the stable interactions of elncRNA-associated enhancer–promoter pairs lead to high expression levels of the target genes.
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			Figure 3 | ElncRNAs are associated with enhancer–promoter interactions. (A) Interaction frequency of elncRNA-associated enhancer–promoter pairs and other enhancer–promoter pairs. (B) Expression levels of target genes of different enhancers. (C) Interaction frequency of differently expressed elncRNA-associated enhancer–promoter interactions. (D) Expression levels of target genes of elncRNA-associated enhancers.

		




			The elncRNAs were divided into two equal groups with high and low expression levels using the FPKM values; the 50% with the lower FPKM were defined as low expressed elncRNAs, and the 50% with the higher FPKM were defined as high expressed elncRNAs. The interaction frequency (52.88) of high expressed elncRNA-associated enhancer–promoter pairs was significantly higher than that of low expressed elncRNA-associated pairs (48.14, Figure 3C, Student’s t-test, p = 7.34 × 10-17). The expression levels of the target genes of high expressed elncRNA-associated enhancers (average FPKM = 64.47) were also significantly higher than those of low expressed elncRNA-associated enhancers (Figure 3D, average FPKM = 55.79, Student’s t-test, p = 4.19 × 10-12).

			


ElncRNAs Are Involved in Enhancer–Promoter Interactions in Different Ways

			Using the signal values of structuring factors on enhancer–promoter pairs, we clustered elncRNA-associated enhancer–promoter pairs into 10 groups (Figure 4A). In comparison, non-elncRNA enhancer–promoter pairs can be clustered into 6 groups (Figure 4B). Although previous research proved that CTCF and cohesin proteins are involved in enhancer–promoter interactions (Li et al., 2015; Tang et al., 2015; Rao et al., 2017), we found that only a small proportion of elncRNA-associated enhancer–promoter interactions (cluster 1 and cluster 10, 20.99%) depended on these architectural proteins. In contrast, most non-elncRNA enhancer–promoter pairs (cluster 1, cluster 2 and cluster 6, 55.92%) were significantly rich in CTCF and cohesin proteins (Figure 4, Student’s t-test, p = 8.95 × 10-146, 1.21 × 10-120, and 1.94 × 10-102 for CTCF, RAD21, and SMC3, respectively).
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			Figure 4 | Clustering enhancer–promoter pairs. Heatmap of structuring factor signals on enhancer–promoter pairs. (A) ElncRNA-associated enhancer–promoter pairs were clustered into 10 groups using hierarchical clustering according to the various structuring factor signal values. (B) Non-elncRNA enhancer–promoter pairs were clustered into 6 groups using hierarchical clustering.

		



			To produce elncRNAs, it is reasonable that RNA POLII and YY1 were highly accumulated around elncRNA-associated enhancers. ElncRNA-associated enhancers in clusters 2 and 3 have much higher RNA POLII and YY1 signal values than other enhancers (Figure 4A), suggesting that these enhancer–promoter interaction pairs are highly related to RNA POLII and YY1 binding. Intriguingly, the enhancers of non-elncRNA pairs in cluster 3 (Figure 4B) also have some RNA POLII signal values, which may contribute to these non-elncRNA enhancer–promoter interactions.

			We found that HDGF preferentially localizes at elncRNA-associated enhancers in cluster 4 (Figure 4A). HDGF is involved in protein–protein, protein–RNA, and protein–DNA interactions (Zhao et al., 2011; Bao et al., 2014). Our results suggested that elncRNA potentially attracts HDGF to local enhancers and HDGF facilitates enhancer–promoter interactions through protein–protein or protein–DNA interactions. GATAD2B binding sites were abundant on elncRNA-associated enhancers in cluster 5 (Figure 4A). Jing et al., (2008) proposed that GATA factors are tightly linked to the chromatin interactions. Our results showed that some enhancer–promoter interaction pairs were associated with GATA factors. GABPA binding sites tend to distribute around elncRNA-associated enhancers in cluster 6. In line with our observations, the binding of GABPA was reported to be capable of mediating long-range chromatin interactions and upregulating transcription (See et al., 2019).

			In addition to the TFs discussed above, a large number of elncRNA-associated enhancer–promoter interaction pairs were influenced by other TFs. Compared with non-elncRNA enhancers, most elncRNA-associated enhancers contain enriched TF ChIP-seq peaks, especially in cluster 7. The enhancers and promoters in cluster 7 were brought together by the enriched TFs (Figure 4A). Additionally, G-quadruplex sequences were also associated with some enhancer–promoter interaction pairs (Figure 4A). In line with our findings, recent research suggested that G-quadruplexes on enhancers and promoters might facilitate enhancer–promoter interactions (Hegyi, 2015; Hou et al., 2019).

			Together, these results show that elncRNAs regulate the enhancer–promoter interactions in different ways. Only a fraction (22.9%) of elncRNA enhancer–promoter pairs contained architectural protein binding sites including CTCF, SMC3 and RAD21. Most elncRNA enhancers contained RNA POLII, which can mediate chromatin interactions and is highly related to elncRNA transcription. YY1, HDGF, GATAD2B, and GABPA were also enriched in parts of elncRNA-associated enhancers. These structuring factors potentially facilitate some elncRNA-associated enhancer–promoter interactions. In addition to the TFs, G-quadruplex sequences, which were highly associated with chromatin structures, were found to be enriched in cluster 8 of elncRNA-associated pairs.

			To investigate whether the cluster results were influenced by the number or the choice of structuring factors, we used different numbers of structuring factors to cluster enhancer–promoter interaction pairs (Supplementary Figures 2A, B). We retained CTCF, RAD21, SMC3, RNA POLII, the merged TFs, and G-quadruplex sequences as the 6 structuring factors. Using these factors, the elncRNA-associated enhancer-promoter pairs can be clustered into 6 groups (Supplementary Figure 2A). Because YY1, HDGF, GATAD2B, and GABPA were removed, the pairs in clusters 3–6 of Figure 4A, which had enhancers enriched in these TFs, were clustered into different groups according to their structuring factor signal values (Supplementary Figure 2A). However, 90.82% of the pairs in the other clusters of Figure 4A clustered back into the same groups, in which the enhancers were rich in the architectural protein, RNA POLII, the merged TFs, and G-quadruplex sequences, regardless of whether 6 or 10 structuring factors were used (Figure 4A and Supplementary Figure 2A). We further added six more structuring factors—NRF1, HSF1, NRSF, MAX, MAZ, and CHD1—to our structuring factor candidates (a total of 16 structuring factors). These TFs are known to be involved in the regulation of chromatin structure (Garriga-Canut et al., 2006; Smolle et al., 2012; Domcke et al., 2015; Sadeghifar et al., 2015; Zhang et al., 2016; Fujimoto et al., 2017). The elncRNA-associated enhancer-promoter pairs were clustered into 11 groups in accordance with the 16 structuring factor signals (Supplementary Figure 2B). We found that 82.22% of the elncRNA-associated enhancer-promoter pairs have the same clustering results regardless of whether 10 or 16 structuring factors were used (Figure 4A and Supplementary Figure 2B). The enhancers in cluster 11 of Supplementary Figure 2B were rich in the CHD1 ChIP-seq peaks, but only 1.59% of the elncRNA enhancer-promoter pairs were clustered into cluster 11. Furthermore, the signal values of NRF1, HSF1, NRSF, MAX, and MAZ on elncRNA-associated pairs were quite low and dispersed, indicating that these proteins were only marginally involved in the elncRNA-associated enhancer-promoter interaction pairs. Therefore, only the most commonly used structuring factors (the 10 structuring factors in Table 1) were retained.

			We calculated the interaction frequency of elncRNA-associated enhancers in the different clusters (Figure 5A). Interestingly, elncRNA-associated enhancer–promoter pairs in cluster 8, which were highly associated with G-quadruplex sequences, displayed the highest interaction frequency, suggesting that the enhancer–promoter pairs mediated by G-quadruplexes were quite stable. In addition, elncRNA-associated enhancer–promoter pairs in cluster 7 (Figure 5A) also displayed significantly higher interaction frequency than other elncRNA-associated enhancer–promoter pairs (Student’s t-test, p = 2.56 × 10-14), suggesting a critical role of TFs in enhancer–promoter interactions. However, the elncRNA-associated enhancer–promoter pairs in cluster 6, which were rich in HDGF binding sites, displayed significantly lower interaction frequency (Student’s t-test, p = 4.97 × 10-8) than other elncRNA-associated enhancer–promoter pairs. It has been reported that the N-terminal PWWP domain of HDGF is required for DNA binding (Yang and Everett, 2007), but PWWP-DNA interactions could be weak and/or unstable (Morchikh et al., 2013). We suspected that the low interaction frequency of enhancer–promoter pairs mediated by HDGF may be explained by the unstable binding of HDGF.
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			Figure 5 | Comparison of the enhancer–promoter pairs in different clusters. (A) Boxplot of interaction frequency of different clusters. (B) Gene expression analyses of different clusters. The average expression levels were indicated above the heatmaps. The heatmaps represent the expression levels of elncRNAs and their target genes in different clusters. The genes were sorted according to their expression levels.

		



			Even though elncRNA-associated enhancer–promoter interaction frequency (cluster 8) was the highest, the elncRNAs in cluster 8 were expressed significantly lower than other elncRNAs (Figure 5B, Student’s t-test, p = 9.77 × 10-44). We suspected that the formation of G-quadruplexes in this cluster serve as a compensation for the low expressed elncRNAs. And the elncRNA-associated enhancer-target genes in cluster 4 and cluster 6 express significantly lower than other enhancer-target genes (Student’s t-test, p = 4.49 × 10-22 and 1.90 × 10-58 for cluster 4 and cluster 6, respectively), because enhancer–promoter interaction pairs in cluster 4 and cluster 6 were mainly mediated by HDGF and GABPA. HDGF has been reported to function as a transcriptional repressor (Yang and Everett, 2007), suggesting that elncRNAs promote HDGF binding on enhancers which further influence the expression of these enhancer-target genes. GABPA was found to be overrepresented in methylated regions (Hogart et al., 2012). We hypothesized that these interactions mediated by GABPA may be influenced by DNA methylation, which leads to the low expression of these target genes in cluster 6.

			We also found that some protein binding sites displayed a strong bias towards the target promoters of elncRNA-associated enhancers, indicating that elncRNA can potentially influence target genes (in trans). We showed the ChIP-seq peaks of all merged TFs, YY1, and RNA POLII around the target genes of enhancers in the GM12878 cell line, respectively (Figures 6A–C). Compared with the target genes of other enhancers, the target genes of elncRNA-associated enhancers were significantly rich in TFBSs, especially for YY1 and RNA POLII (Figures 6A–C, Student’s t-test, p = 1.01 × 10-36, 1.03 × 10-27, and 4.42 × 10-29 for all TFs, YY1, and RNA POLII, respectively), suggesting that elncRNAs can influence some proteins, especially for YY1 and RNA POLII, on the target promoters (in trans) (Figures 6A–C).
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			Figure 6 | Distribution of ChIP-seq peaks around target genes of elncRNA-associated enhancers and other enhancers, respectively. The red lines and blue lines indicate target genes of elncRNA-associated enhancers and other enhancers, respectively. (A) Top panel: the distribution of ChIP-seq peak counts around target genes of elncRNA-associated enhancers and other enhancers. Bottom panel: Heatmap of all TF ChIP-seq peaks around TSSs; each row represents a target gene of enhancers. (B) Top panel: Distribution of YY1 ChIP-seq peak counts around target genes of elncRNA-associated enhancers and other enhancers. Bottom panel: Heatmap of YY1 ChIP-seq reads around TSSs. (C) Top panel: the distribution of RNA POLII peak counts around target genes of elncRNA-associated enhancers and other enhancers. Bottom panel: Heatmap of RNA POLII ChIP-seq reads around TSSs.

		



			


G-Quadruplexes Are Associated With the Expression of elncRNAs

			It has been reported that G-quadruplexes show hallmarks of dynamic epigenetic features in chromatin primarily found in regulatory, nucleosome-depleted regions and correlate with high expressed genes (Hansel-Hertsch et al., 2016). Because some enhancers can be transcribed to produce elncRNAs, G-quadruplexes on enhancers may also be related to the transcription of enhancers. We suspected that G-quadruplexes on enhancers can facilitate enhancer transcription events. The distribution of G-quadruplex sequences around the enhancers is shown in Figure 7A. G-quadruplex sequence counts around elncRNA-associated enhancers were significantly higher than those around other enhancers (Student’s t-test, p = 1.28 × 10-70). Moreover, G-quadruplex sequence counts around TSSs of high expressed elncRNAs were significantly higher than those of low expressed elncRNAs (Figure 7B, Student’s t-test, p = 4.33 × 10-39).

			We clustered the elncRNAs into two groups (Figure 7C). In group 1, G-quadruplex sequences were preferentially localized in promoters of elncRNAs rather than gene body regions. In group 2, G-quadruplex sequences were more likely to be distributed along elncRNA gene body regions. The expression levels of elncRNAs in group 1 were significantly higher than those in group 2 (Figure 7D, Student’s t-test, p = 7.13 × 10-29). Because G-quadruplexes on the gene body may stall elongation of RNAPOLII, high enrichment of G-quadruplex sequences on gene bodies will lead to the low expressed level of elncRNAs. However, G-quadruplex sequences on promoters are highly related to chromatin accessibility, and G-quadruplexes can recruit transcription factors to promoters, which can further promote the expression levels of elncRNAs. We inferred that high abundant G-quadruplex sequences in elncRNA promoters facilitated the steady expression of elncRNA.

			



Discussion

			There is a broad consensus that enhancers can generate non-coding transcripts (Li et al., 2016). Nevertheless, whether these non-coding transcripts are functional or merely a byproduct remains poorly understood. Some studies proved that some specific enhancer RNAs play critical roles in biological processes (Lai et al., 2013; Li et al., 2013; Melo et al., 2013; Schaukowitch et al., 2014; Yang et al., 2016a; Tsai et al., 2018; Miao et al., 2018). However, deciphering the function and mechanism of elncRNAs in the genome-wide range remains a challenge. In this study, we characterized elncRNAs in human chromatin structures. Using both GRO-seq and RNA-seq data, we identified active enhancers and elncRNAs of the GM12878 cell line (Figure 1). ElncRNAs were significantly enriched in chromatin loop anchors (Figure 2A). It is well accepted that loop extrusion should depend on either cohesin slides or ATP-driven motors including transcription and DNA replication (Davidson et al., 2016; Busslinger et al., 2017; Ganji et al., 2018; Vian et al., 2018). We found that chromatin loop anchors are prone to being localized around genomic regions where elncRNAs are expressed (Figures 2A, B). Our findings suggested that the transcription of elncRNAs is involved in the formation of chromatin loop structures. Moreover, chromatin loops with anchors containing elncRNAs are more stable than those lacking elncRNAs (Figure 2C). The chromatin loop anchors always contain abundant architectural protein binding sites regardless of whether there are elncRNAs on them (Supplementary Figure 1). However, the YY1 and RNA POL II ChIP-seq signal values of elncRNA-containing loop anchors were significantly higher than those of other loop anchors. It has been reported that YY1 can be recruited by elncRNAs to active enhancer regions (Sigova et al., 2015) and YY1 can mediate chromatin interactions (Weintraub et al., 2017). Our results suggested that the high enrichment of RNA POLII and TFBSs, especially for YY1 binding sites, promotes the stable interactions between elncRNA-containing anchors (Figures 2D–G).

			We also found that elncRNAs were potentially involved in maintaining enhancer–promoter interactions in the genome-wide range. The interaction frequency of elncRNA-associated enhancer–promoter pairs was significantly higher than that of other enhancer–promoter pairs (Figure 3A). Furthermore, the frequent enhancer–promoter interactions led to significantly higher expression levels of these genes (Figure 3B). Additionally, the interaction frequency (52.88) of high expressed elncRNA-associated enhancer–promoter pairs was significantly higher than that of low expressed elncRNA-associated pairs (48.14, Figure 3C, Student’s t-test, p = 7.34 × 10-17). The expression levels of genes interacting with high expressed elncRNA associated enhancers (average FPKM = 64.47) were also significantly higher than those of genes (average FPKM = 55.79) interacting with other enhancers (Figure 3B, Student’s t-test, p = 4.19 × 10-12). Our results suggested that the high expression levels of target genes of elncRNA-associated enhancers might arise from the high enrichment of TFBSs including YY1 on the target promoters (Figures 6A, B). As discussed above, YY1 can be recruited by elncRNAs and mediate enhancer–promoter interactions. We inferred that the close association between YY1 and elncRNAs can facilitate the interaction of elncRNA-associated enhancers and their target promoters.

			Although our results showed that elncRNAs were highly associated with the high interaction frequency of enhancer-promoter pairs, it remains unclear whether all of these elncRNAs are functional. Because only a few elncRNAs have been proven to be functional with experimental support, further experimental research and more convincing evidence are still needed. In addition, whether elncRNAs have specific distinguishing features compared with other long non-coding transcripts needs further investigation. The causal relationship between enhancer transcripts and enhancer-promoter interactions also requires further study.

			To further evaluate the role of elncRNAs in enhancer–promoter interactions, we clustered enhancer–promoter pairs into different groups based on the structuring factor signal values (Figures 4A, B). The enhancers in elncRNA-associated pairs contained abundant TFBSs. However, the enhancers in non-elncRNA pairs were primarily rich in CTCF and cohesin proteins. Although previous research proved that CTCF and cohesin proteins are important for enhancer–promoter interactions (Li et al., 2015; Tang et al., 2015; Rao et al., 2017), we found that only a small portion of elncRNA-associated enhancer–promoter interactions (cluster 1 and cluster 10, 20.99%) were rich in these architectural proteins (Figure 4A). In contrast, more than 55.92% non-elncRNA enhancer–promoter interaction pairs (cluster 1, cluster 2, and cluster 6) are rich in the architectural protein binding sites (Figures 4A, B, Student’s t-test, p = 8.95 × 10-146, 1.21 × 10-120, and 1.94 × 10-102 for CTCF, RAD21, and SMC3, respectively). It was found that elncRNA-associated enhancers in cluster 2 have much higher RNA POLII signal values than other enhancers (Figure 4A). Interestingly, the enhancers in cluster 3 of non-elncRNA pairs also contained RNA POLII. We hypothesized that the RNA POLII on the non-elncRNA enhancers was caused by frequent interaction between active genes and these enhancers. Unlike elncRNA-associated pairs, a part of non-elncRNA pairs have almost no structuring factor signal values (cluster 5 in non-elncRNA pairs). In this context, it is possible that these pairs are mainly located in heterochromatin, leading to the lack of TF binding. Compared with other enhancers, elncRNA-associated enhancers contain various TFBSs, suggesting that elncRNAs are involved in enhancer–promoter interactions in different ways. Most elncRNA-associated enhancers contained abundant TF ChIP-seq peaks, which can promote the activity of enhancers and facilitate enhancer–promoter interactions. RNA POLII and YY1, which are able to mediate chromatin interactions and are highly related to elncRNA transcription, were enriched in parts of elncRNA-associated enhancers. HDGF, GATAD2B, and GABPA also potentially facilitate some enhancer–promoter interactions. In addition, these proteins have been proven to be associated with chromatin interactions by protein-protein interactions or DNA-protein interactions (Jing et al., 2008; Hogart et al., 2012; Bao et al., 2014). G-quadruplexes, the non-canonical secondary structures formed in guanine-rich nucleic acid sequences, are highly associated with gene regulation. We found that G-quadruplex sequences were enriched in cluster 8 of elncRNA-associated pairs. In addition to the identified differences, we also found some similarities. For example, we found that both elncRNA-associated pairs and non-elncRNA pairs include some interaction pairs consisting of the enhancers that lack all of the structuring factors (cluster 9 in elncRNA-associated pairs and cluster 4 in non-elncRNA pairs). However, the target promoters in these pairs contain abundant TFBSs, such as YY1, HDGF, and GATAD2B. The interactions of these pairs may be facilitated by the enriched TFs on the promoters. Our study mainly revealed the association between elncRNAs and the enrichment of TFs on elncRNA-associated pairs. Even though it has been widely accepted that lncRNAs can attract proteins by their specific secondary structure, the causal relationship between elncRNAs and TFs still requires further experimental validation. In addition, the internal mechanism by which different elncRNAs attract different TFs remains unknown.

			G-quadruplex sequences, which can form G-quadruplexes in vitro, were significantly accumulated around elncRNA-associated enhancers (Figure 7A). Moreover, the levels of G-quadruplex sequences at elncRNA-associated enhancers were significantly higher than other enhancers (Figure 7A). The formation of G-quadruplex structures can stabilize the R-loop structures consisting of the nascent RNA and unwound template DNA (Skalska et al., 2017). The high enrichment of G-quadruplexes on elncRNA-associated enhancers is capable of promoting the stability of R-loop structures consisting of elncRNAs and their template DNA. The retained elncRNAs can potentially influence target promoters through enhancer-promoter interactions. Furthermore, G-quadruplex sequence counts around TSSs of high expressed elncRNAs were also significantly higher than those of low expressed elncRNAs (Figure 7B). Because G-quadruplexes in promoters are highly associated with elevated transcriptional genes, we hypothesized that high expressed elncRNAs are related to the enrichment of G-quadruplex sequences in their promoters. Although abundant G-quadruplex sequences in elncRNA promoters may be related to the steady expression of elncRNAs, G-quadruplex sequences in gene bodies of elncRNAs may prevent the expression of elncRNAs by stalling the elongation of RNA POLII (Figures 7C, D).
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			Figure 7 | Relationship between G-quadruplexes and elncRNAs. (A) Distribution of G-quadruplex sequences around elncRNA-associated enhancers (red) and other enhancers (blue). (B) Distribution of G-quadruplex sequence around TSSs of high expressed elncRNAs (red) and low expressed elncRNAs (blue). (C) ElncRNAs were clustered into two groups according to the G-quadruplex sequence density of promoters and gene bodies. (D) The expression levels of elncRNAs in different groups.

		



			


Data Availability Statement

			Publicly available datasets were analyzed in this study. This data can be found here: GSE60456, GSE90223, GSE63525, GSM935611, GSM935332, GSM935376, GSM803355, GSM803406, GSE91531, GSE105881, GSE63874, GSE96120.

			


Author Contributions

			Conceptualization: YH and XS. Methodology and experimentation: YH, RZ, and XS. Writing: YH and XS.

			


Funding

			This work was supported by the National Natural Science Foundation of China (61972084, 81830053) and the Key Research and Development Program of Jiangsu Province (BE2016002-3).

			


Acknowledgments

			We thank Margaret Biswas, PhD, from Liwen Bianji, Edanz Group China (www.liwenbianji.cn/ac), for language editing of this manuscript.

			


Supplementary Material

			The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2019.00936/full#supplementary-material

			

References

			Ay, F., Bailey, T. L., and Noble, W. S. (2014). Statistical confidence estimation for Hi-C data reveals regulatory chromatin contacts. Genome Res. 24 (6), 999–1011. doi: 10.1101/gr.160374.113

			Bao, C., Wang, J., Ma, W., Wang, X., and Cheng, Y. (2014). HDGF: a novel jack-of-all-trades in cancer. Future Oncol. 10 (16), 2675–2685. doi: 10.2217/fon.14.194

			Beagrie, R. A., Scialdone, A., Schueler, M., Kraemer, D. C., Chotalia, M., Xie, S. Q., et al. (2017). Complex multi-enhancer contacts captured by genome architecture mapping. Nature 543 (7646), 519–524. doi: 10.1038/nature21411

			Bianchessi, V., Badi, I., Bertolotti, M., Nigro, P., D'Alessandra, Y., Capogrossi, M. C., et al. (2015). The mitochondrial lncRNA ASncmtRNA-2 is induced in aging and replicative senescence in Endothelial Cells. J. Mol. Cell Cardiol. 81, 62–70. doi: 10.1016/j.yjmcc.2015.01.012

			Bonnal, R. J., Ranzani, V., Arrigoni, A., Curti, S., Panzeri, I., Gruarin, P., et al. (2015). De novo transcriptome profiling of highly purified human lymphocytes primary cells. Sci. Data 2, 150051. doi: 10.1038/sdata.2015.51

			Busslinger, G. A., Stocsits, R. R., van der Lelij, P., Axelsson, E., Tedeschi, A., Galjart, N., et al. (2017). Cohesin is positioned in mammalian genomes by transcription, CTCF and Wapl. Nature 544 (7651), 503–507. doi: 10.1038/nature22063

			Chambers, V. S., Marsico, G., Boutell, J. M., Di Antonio, M., Smith, G. P., and Balasubramanian, S. (2015). High-throughput sequencing of DNA G-quadruplex structures in the human genome. Nat. Biotechnol. 33 (8), 877–881. doi: 10.1038/nbt.3295

			Chen, L., Chen, J. Y., Zhang, X., Gu, Y., Xiao, R., Shao, C., et al. (2017). R-ChIP Using Inactive RNase H Reveals Dynamic Coupling of R-loops with Transcriptional Pausing at Gene Promoters. Mol. Cell 68 (4), 745–757 e5. doi: 10.1016/j.molcel.2017.10.008

			Cheneby, J., Gheorghe, M., Artufel, M., Mathelier, A., and Ballester, B. (2018). ReMap 2018: an updated atlas of regulatory regions from an integrative analysis of DNA-binding ChIP-seq experiments. Nucleic Acids Res. 46 (D1), D267–D275. doi: 10.1093/nar/gkx1092

			Consortium, Encode Project. (2012). An integrated encyclopedia of DNA elements in the human genome. Nature 489 (7414), 57–74. doi: 10.1038/nature11247

			Core, L. J., Martins, A. L., Danko, C. G., Waters, C. T., Siepel, A., and Lis, J. T. (2014). Analysis of nascent RNA identifies a unified architecture of initiation regions at mammalian promoters and enhancers. Nat. Genet. 46 (12), 1311–1320. doi: 10.1038/ng.3142

			Danko, C. G., Hyland, S. L., Core, L. J., Martins, A. L., Waters, C. T., Lee, H. W., et al. (2015). Identification of active transcriptional regulatory elements from GRO-seq data. Nat. Methods 12 (5), 433–438. doi: 10.1038/nmeth.3329

			Davidson, I. F., Goetz, D., Zaczek, M. P., Molodtsov, M. I., Huis In ’t Veld, P. J., Weissmann, F., et al. (2016). Rapid movement and transcriptional re-localization of human cohesin on DNA. EMBO J. 35 (24), 2671–2685. doi: 10.15252/embj.201695402

			Derrien, T., Johnson, R., Bussotti, G., Tanzer, A., Djebali, S., Tilgner, H., et al. (2012). The GENCODE v7 catalog of human long noncoding RNAs: analysis of their gene structure, evolution, and expression. Genome Res. 22 (9), 1775–1789. doi: 10.1101/gr.132159.111

			Devaux, Y., Zangrando, J., Schroen, B., Creemers, E. E., Pedrazzini, T., Chang, C. P., et al. (2015). Long noncoding RNAs in cardiac development and ageing. Nat. Rev. Cardiol. 12 (7), 415–425. doi: 10.1038/nrcardio.2015.55

			Djebali, S., Davis, C. A., Merkel, A., Dobin, A., Lassmann, T., Mortazavi, A., et al. (2012). Landscape of transcription in human cells. Nature 489 (7414), 101–108. doi: 10.1038/nature11233

			Domcke, S., Bardet, A. F., Adrian Ginno, P., Hartl, D., Burger, L., and Schubeler, D. (2015). Competition between DNA methylation and transcription factors determines binding of NRF1. Nature 528 (7583), 575–579. doi: 10.1038/nature16462

			Duan, Z., Andronescu, M., Schutz, K., McIlwain, S., Kim, Y. J., Lee, C., et al. (2010). A three-dimensional model of the yeast genome. Nature 465 (7296), 363–367. doi: 10.1038/nature08973

			Fang, S., Zhang, L., Guo, J., Niu, Y., Wu, Y., Li, H., et al. (2018). NONCODEV5: a comprehensive annotation database for long non-coding RNAs. Nucleic Acids Res. 46 (D1), D308–D314. doi: 10.1093/nar/gkx1107

			Fatica, A., and Bozzoni, I. (2014). Long non-coding RNAs: new players in cell differentiation and development. Nat. Rev. Genet. 15 (1), 7–21. doi: 10.1038/nrg3606

			Fujimoto, M., Takii, R., Takaki, E., Katiyar, A., Nakato, R., Shirahige, K., et al. (2017). The HSF1-PARP13-PARP1 complex facilitates DNA repair and promotes mammary tumorigenesis. Nat. Commun. 8 (1), 1638. doi: 10.1038/s41467- 017-01807-7

			Ganji, M., Shaltiel, I. A., Bisht, S., Kim, E., Kalichava, A., Haering, C. H., et al. (2018). Real-time imaging of DNA loop extrusion by condensin. Science 360 (6384), 102–105. doi: 10.1126/science.aar7831

			Garriga-Canut, M., Schoenike, B., Qazi, R., Bergendahl, K., Daley, T. J., Pfender, R. M., et al. (2006). 2-Deoxy-D-glucose reduces epilepsy progression by NRSF-CtBP-dependent metabolic regulation of chromatin structure. Nat. Neurosci. 9 (11), 1382–1387. doi: 10.1038/nn1791

			Gertz, J., Savic, D., Varley, K. E., Partridge, E. C., Safi, A., Jain, P., et al. (2013). Distinct properties of cell-type-specific and shared transcription factor binding sites. Mol. Cell 52 (1), 25–36. doi: 10.1016/j.molcel.2013.08.037

			Ginno, P. A., Lott, P. L., Christensen, H. C., Korf, I., and Chedin, F. (2012). R-loop formation is a distinctive characteristic of unmethylated human CpG island promoters. Mol. Cell 45 (6), 814–825. doi: 10.1016/j.molcel.2012.01.017

			Grote, P., Wittler, L., Hendrix, D., Koch, F., Wahrisch, S., Beisaw, A., et al. (2013). The tissue-specific lncRNA Fendrr is an essential regulator of heart and body wall development in the mouse. Dev. Cell 24 (2), 206–214. doi: 10.1016/j.devcel.2012.12.012

			Hacisuleyman, E., Goff, L. A., Trapnell, C., Williams, A., Henao-Mejia, J., Sun, L., et al. (2014). Topological organization of multichromosomal regions by the long intergenic noncoding RNA Firre. Nat. Struct. Mol. Biol. 21 (2), 198–206. doi: 10.1038/nsmb.2764

			Hansel-Hertsch, R., Beraldi, D., Lensing, S. V., Marsico, G., Zyner, K., Parry, A., et al. (2016). G-quadruplex structures mark human regulatory chromatin. Nat. Genet. 48 (10), 1267–1272. doi: 10.1038/ng.3662

			Hao, N., Palmer, A. C., Dodd, I. B., and Shearwin, K. E. (2017). Directing traffic on DNA-How transcription factors relieve or induce transcriptional interference. Transcription 8 (2), 120–125. doi: 10.1080/21541264.2017.1285851

			Harrow, J., Frankish, A., Gonzalez, J. M., Tapanari, E., Diekhans, M., Kokocinski, F., et al. (2012). GENCODE: the reference human genome annotation for The ENCODE Project. Genome Res. 22 (9), 1760–1774. doi: 10.1101/gr.135350.111

			Hart, T., Komori, H. K., LaMere, S., Podshivalova, K., and Salomon, D. R. (2013). Finding the active genes in deep RNA-seq gene expression studies. BMC Genomics 14, 778. doi: 10.1186/1471-2164-14-778

			He, B., Chen, C., Teng, L., and Tan, K. (2014). Global view of enhancer-promoter interactome in human cells. Proc. Natl. Acad. Sci. U. S. A. 111 (21), E2191–E2199. doi: 10.1073/pnas.1320308111

			Hegyi, H. (2015). Enhancer-promoter interaction facilitated by transiently forming G-quadruplexes. Sci. Rep. 5, 9165. doi: 10.1038/srep09165

			Hogart, A., Lichtenberg, J., Ajay, S. S., Anderson, S., Intramural Sequencing Center, N. I. H., Margulies, E. H., et al. (2012). Genome-wide DNA methylation profiles in hematopoietic stem and progenitor cells reveal overrepresentation of ETS transcription factor binding sites. Genome Res. 22 (8), 1407–1418. doi: 10.1101/gr.132878.111

			Hong, S., and Kim, D. (2017). Computational characterization of chromatin domain boundary-associated genomic elements. Nucleic Acids Res. 45 (18), 10403–10414. doi: 10.1093/nar/gkx738

			Hou, Y., Li, F., Zhang, R., Li, S., Liu, H., Qin, Z. S., et al. (2019). Integrative characterization of G-Quadruplexes in the three-dimensional chromatin structure. Epigenetics, 1–18. doi: 10.1080/15592294.2019.1621140

			Hsieh, C. L., Fei, T., Chen, Y., Li, T., Gao, Y., Wang, X., et al. (2014). Enhancer RNAs participate in androgen receptor-driven looping that selectively enhances gene activation. Proc. Natl. Acad. Sci. U. S. A. 111 (20), 7319–7324. doi: 10.1073/pnas.1324151111

			Hu, H., Shu, M., He, L., Yu, X., Liu, X., Lu, Y., et al. (2017). Epigenomic landscape of 5-hydroxymethylcytosine reveals its transcriptional regulation of lncRNAs in colorectal cancer. Br. J. Cancer 116 (5), 658–668. doi: 10.1038/bjc.2016.457

			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 (3), 199–208. doi: 10.1038/ng.3192

			Jing, H., Vakoc, C. R., Ying, L., Mandat, S., Wang, H., Zheng, X., et al. (2008). Exchange of GATA factors mediates transitions in looped chromatin organization at a developmentally regulated gene locus. Mol. Cell 29 (2), 232–242. doi: 10.1016/j.molcel.2007.11.020

			Katayama, S., Tomaru, Y., Kasukawa, T., Waki, K., Nakanishi, M., Nakamura, M., et al. (2005). Antisense transcription in the mammalian transcriptome. Science 309 (5740), 1564–1566. doi: 10.1126/science.1112009

			Kim, T. K., Hemberg, M., Gray, J. M., Costa, A. M., Bear, D. M., Wu, J., et al. (2010). Widespread transcription at neuronal activity-regulated enhancers. Nature 465 (7295), 182–187. doi: 10.1038/nature09033

			Kopp, F., and Mendell, J. T. (2018). Functional Classification and Experimental Dissection of Long Noncoding RNAs. Cell 172 (3), 393–407. doi: 10.1016/j.cell.2018.01.011

			Lai, F., Orom, U. A., Cesaroni, M., Beringer, M., Taatjes, D. J., Blobel, G. A., et al. (2013). Activating RNAs associate with Mediator to enhance chromatin architecture and transcription. Nature 494 (7438), 497–501. doi: 10.1038/nature11884

			Lan, X., Witt, H., Katsumura, K., Ye, Z., Wang, Q., Bresnick, E. H., et al. (2012). Integration of Hi-C and ChIP-seq data reveals distinct types of chromatin linkages. Nucleic Acids Res. 40 (16), 7690–7704. doi: 10.1093/nar/gks501

			Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with Bowtie 2. Nat. Methods 9 (4), 357–359. doi: 10.1038/nmeth.1923

			Li, L., Lyu, X., Hou, C., Takenaka, N., Nguyen, H. Q., Ong, C. T., et al. (2015). Widespread rearrangement of 3D chromatin organization underlies polycomb-mediated stress-induced silencing. Mol. Cell 58 (2), 216–231. doi: 10.1016/j.molcel.2015.02.023

			Li, W., Notani, D., Ma, Q., Tanasa, B., Nunez, E., Chen, A. Y., et al. (2013). Functional roles of enhancer RNAs for oestrogen-dependent transcriptional activation. Nature 498 (7455), 516–520. doi: 10.1038/nature12210

			Li, W., Notani, D., and Rosenfeld, M. G. (2016). Enhancers as non-coding RNA transcription units: recent insights and future perspectives. Nat. Rev. Genet. 17 (4), 207–223. doi: 10.1038/nrg.2016.4

			Li, X., and Fu, X. D. (2019). Chromatin-associated RNAs as facilitators of functional genomic interactions. Nat. Rev. Genet. doi: 10.1038/s41576-019-0135-1

			Lieberman-Aiden, E., van Berkum, N. L., Williams, L., Imakaev, M., Ragoczy, T., Telling, A., et al. (2009). Comprehensive mapping of long-range interactions reveals folding principles of the human genome. Science 326 (5950), 289–293. doi: 10.1126/science.1181369

			Lin, D., Hiron, T. K., and O'Callaghan, C. A. (2018). Intragenic transcriptional interference regulates the human immune ligand MICA. EMBO J. 37 (10). doi: 10.15252/embj.201797138

			Liu, S. J., Horlbeck, M. A., Cho, S. W., Birk, H. S., Malatesta, M., He, D., et al. (2017). CRISPRi-based genome-scale identification of functional long noncoding RNA loci in human cells. Science 355 (6320). doi: 10.1126/science.aah7111

			McHugh, C. A., Chen, C. K., Chow, A., Surka, C. F., Tran, C., McDonel, P., et al. (2015). The Xist lncRNA interacts directly with SHARP to silence transcription through HDAC3. Nature 521 (7551), 232–236. doi: 10.1038/nature14443

			Melo, C. A., Drost, J., Wijchers, P. J., van de Werken, H., de Wit, E., Oude Vrielink, J. A., et al. (2013). eRNAs are required for p53-dependent enhancer activity and gene transcription. Mol. Cell 49 (3), 524–535. doi: 10.1016/j.molcel.2012.11.021

			Miao, Y., Ajami, N. E., Huang, T. S., Lin, F. M., Lou, C. H., Wang, Y. T., et al. (2018). Enhancer-associated long non-coding RNA LEENE regulates endothelial nitric oxide synthase and endothelial function. Nat. Commun. 9 (1), 292. doi: 10.1038/s41467-017-02113-y

			Mifsud, B., Tavares-Cadete, F., Young, A. N., Sugar, R., Schoenfelder, S., Ferreira, L., et al. (2015). Mapping long-range promoter contacts in human cells with high-resolution capture Hi-C. Nat. Genet. 47 (6), 598–606. doi: 10.1038/ng.3286

			Morchikh, M., Naughtin, M., Di Nunzio, F., Xavier, J., Charneau, P., Jacob, Y., et al. (2013). TOX4 and NOVA1 proteins are partners of the LEDGF PWWP domain and affect HIV-1 replication. PLoS One 8 (11), e81217. doi: 10.1371/journal.pone.0081217

			Neppl, R. L., Wu, C. L., and Walsh, K. (2017). lncRNA Chronos is an aging-induced inhibitor of muscle hypertrophy. J. Cell Biol. doi: 10.1083/jcb.201612100

			Pefanis, E., Wang, J., Rothschild, G., Lim, J., Kazadi, D., Sun, J., et al. (2015). RNA exosome-regulated long non-coding RNA transcription controls super-enhancer activity. Cell 161 (4), 774–789. doi: 10.1016/j.cell.2015.04.034

			Pope, B. D., Ryba, T., Dileep, V., Yue, F., Wu, W., Denas, O., et al. (2014). Topologically associating domains are stable units of replication-timing regulation. Nature 515 (7527), 402–405. doi: 10.1038/nature13986

			Rao, S. S., Huntley, M. H., Durand, N. C., Stamenova, E. K., Bochkov, I. D., Robinson, J. T., et al. (2014). A 3D map of the human genome at kilobase resolution reveals principles of chromatin looping. Cell 159 (7), 1665–1680. doi: 10.1016/j.cell.2014.11.021

			Rao, S. S. P., Huang, S. C., Glenn St Hilaire, B., Engreitz, J. M., Perez, E. M., Kieffer-Kwon, K. R., et al. (2017). Cohesin Loss Eliminates All Loop Domains. Cell 171 (2), 305–320 e24. doi: 10.1016/j.cell.2017.09.026

			Ron, G., Globerson, Y., Moran, D., and Kaplan, T. (2017). Promoter-enhancer interactions identified from Hi-C data using probabilistic models and hierarchical topological domains. Nat. Commun. 8 (1), 2237. doi: 10.1038/s41467-017-02386-3

			Sadeghifar, F., Bohm, S., Vintermist, A., and Ostlund Farrants, A. K. (2015). The B-WICH chromatin-remodelling complex regulates RNA polymerase III transcription by promoting Max-dependent c-Myc binding. Nucleic Acids Res. 43 (9), 4477–4490. doi: 10.1093/nar/gkv312

			Sallam, T., Sandhu, J., and Tontonoz, P. (2018). Long Noncoding RNA Discovery in Cardiovascular Disease: Decoding Form to Function. Circ. Res. 122 (1), 155–166. doi: 10.1161/CIRCRESAHA.117.311802

			Schaukowitch, K., Joo, J. Y., Liu, X., Watts, J. K., Martinez, C., and Kim, T. K. (2014). Enhancer RNA facilitates NELF release from immediate early genes. Mol. Cell 56 (1), 29–42. doi: 10.1016/j.molcel.2014.08.023

			See, Y. X., Wang, B. Z., and Fullwood, M. J. (2019). Chromatin Interactions and Regulatory Elements in Cancer: From Bench to Bedside. Trends Genet. 35 (2), 145–158. doi: 10.1016/j.tig.2018.11.007

			Shi, X., Sun, M., Liu, H., Yao, Y., and Song, Y. (2013). Long non-coding RNAs: a new frontier in the study of human diseases. Cancer Lett. 339 (2), 159–166. doi: 10.1016/j.canlet.2013.06.013

			Sigova, A. A., Abraham, B. J., Ji, X., Molinie, B., Hannett, N. M., Guo, Y. E., et al. (2015). Transcription factor trapping by RNA in gene regulatory elements. Science 350 (6263), 978–981. doi: 10.1126/science.aad3346

			Skalska, L., Beltran-Nebot, M., Ule, J., and Jenner, R. G. (2017). Regulatory feedback from nascent RNA to chromatin and transcription. Nat. Rev. Mol. Cell Biol. 18 (5), 331–337. doi: 10.1038/nrm.2017.12

			Skourti-Stathaki, K., Proudfoot, N. J., and Gromak, N. (2011). Human senataxin resolves RNA/DNA hybrids formed at transcriptional pause sites to promote Xrn2-dependent termination. Mol. Cell 42 (6), 794–805. doi: 10.1016/j.molcel.2011.04.026

			Smolle, M., Venkatesh, S., Gogol, M. M., Li, H., Zhang, Y., Florens, L., et al. (2012). Chromatin remodelers Isw1 and Chd1 maintain chromatin structure during transcription by preventing histone exchange. Nat. Struct. Mol. Biol. 19 (9), 884–892. doi: 10.1038/nsmb.2312

			St Laurent, G., Wahlestedt, C., and Kapranov, P. (2015). The Landscape of long noncoding RNA classification. Trends Genet. 31 (5), 239–251. doi: 10.1016/j.tig.2015.03.007

			Stork, C. T., Bocek, M., Crossley, M. P., Sollier, J., Sanz, L. A., Chedin, F., et al. (2016). Co-transcriptional R-loops are the main cause of estrogen-induced DNA damage. Elife 5. doi: 10.7554/eLife.17548

			Sun, C., Luan, S., Zhang, G., Wang, N., Shao, H., and Luan, C. (2017). CEBPA-mediated upregulation of the lncRNA PLIN2 promotes the development of chronic myelogenous leukemia via the GSK3 and Wnt/beta-catenin signaling pathways. Am. J. Cancer Res. 7 (5), 1054–1067.

			Tang, Z., Luo, O. J., Li, X., Zheng, M., Zhu, J. J., Szalaj, P., et al. (2015). CTCF-Mediated Human 3D Genome Architecture Reveals Chromatin Topology for Transcription. Cell 163 (7), 1611–1627. doi: 10.1016/j.cell.2015.11.024

			Tehrani, S. S., Karimian, A., Parsian, H., Majidinia, M., and Yousefi, B. (2018). Multiple functions of long non-coding rnas in oxidative stress, dna damage response and cancer progression. J. Cell Biochem. 119 (1), 223–236. doi: 10.1002/jcb.26217

			Trapnell, C., Hendrickson, D. G., Sauvageau, M., Goff, L., Rinn, J. L., and Pachter, L. (2013). Differential analysis of gene regulation at transcript resolution with RNA-seq. Nat. Biotechnol. 31 (1), 46–53. doi: 10.1038/nbt.2450

			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 (3), 562–578. doi: 10.1038/nprot.2012.016

			Trapnell, C., Williams, B. A., Pertea, G., Mortazavi, A., Kwan, G., van Baren, M. J., et al. (2010). Transcript assembly and quantification by RNA-Seq reveals unannotated transcripts and isoform switching during cell differentiation. Nat. Biotechnol. 28 (5), 511–515. doi: 10.1038/nbt.1621

			Tsai, P. F., Dell'Orso, S., Rodriguez, J., Vivanco, K. O., Ko, K. D., Jiang, K., et al. (2018). A Muscle-Specific Enhancer RNA Mediates Cohesin Recruitment and Regulates Transcription In trans. Mol. Cell 71 (1), 129–141 e8. doi: 10.1016/j.molcel.2018.06.008

			Uszczynska-Ratajczak, B., Lagarde, J., Frankish, A., Guigo, R., and Johnson, R. (2018). Towards a complete map of the human long non-coding RNA transcriptome. Nat. Rev. Genet. 19 (9), 535–548. doi: 10.1038/s41576-018-0017-y

			Vian, L., Pekowska, A., Rao, S. S. P., Kieffer-Kwon, K. R., Jung, S., Baranello, L., et al. (2018). The Energetics and Physiological Impact of Cohesin Extrusion. Cell 175 (1), 292–294. doi: 10.1016/j.cell.2018.09.002

			Wan, G., Zhou, W., Hu, Y., Ma, R., Jin, S., Liu, G., et al. (2016). Transcriptional Regulation of lncRNA Genes by Histone Modification in Alzheimer's Disease. Biomed. Res. Int. 2016, 3164238. doi: 10.1155/2016/3164238

			Wang, Z., Chu, T., Choate, L. A., and Danko, C. G. (2019). Identification of regulatory elements from nascent transcription using dREG. Genome Res. 29 (2), 293–303. doi: 10.1101/gr.238279.118

			Wapinski, O., and Chang, H. Y. (2011). Long noncoding RNAs and human disease. Trends Cell. Biol. 21 (6), 354–361. doi: 10.1016/j.tcb.2011.04.001

			Weintraub, A. S., Li, C. H., Zamudio, A. V., Sigova, A. A., Hannett, N. M., Day, D. S., et al. (2017). YY1 Is a Structural Regulator of Enhancer-Promoter Loops. Cell 171 (7), 1573–1588 e28. doi: 10.1016/j.cell.2017.11.008

			Whalen, S., Truty, R. M., and Pollard, K. S. (2016). Enhancer-promoter interactions are encoded by complex genomic signatures on looping chromatin. Nat. Genet. 48 (5), 488–496. doi: 10.1038/ng.3539

			Yan, X., Hu, Z., Feng, Y., Hu, X., Yuan, J., Zhao, S. D., et al. (2015). Comprehensive Genomic Characterization of Long Non-coding RNAs across Human Cancers. Cancer Cell. 28 (4), 529–540. doi: 10.1016/j.ccell.2015.09.006

			Yang, D., Lian, T., Tu, J., Gaur, U., Mao, X., Fan, X., et al. (2016a). LncRNA mediated regulation of aging pathways in Drosophila melanogaster during dietary restriction. Aging (Albany NY) 8 (9), 2182–2203. doi: 10.18632/aging.101062

			Yang, F., Deng, X., Ma, W., Berletch, J. B., Rabaia, N., Wei, G., et al. (2015). The lncRNA Firre anchors the inactive X chromosome to the nucleolus by binding CTCF and maintains H3K27me3 methylation. Genome Biol. 16, 52. doi: 10.1186/s13059-015-0618-0

			Yang, J., and Everett, A. D. (2007). Hepatoma-derived growth factor binds DNA through the N-terminal PWWP domain. BMC Mol. Biol. 8, 101. doi: 10.1186/1471-2199-8-101

			Yang, Y., Su, Z., Song, X., Liang, B., Zeng, F., Chang, X., et al. (2016b). Enhancer RNA-driven looping enhances the transcription of the long noncoding RNA DHRS4-AS1, a controller of the DHRS4 gene cluster. Sci. Rep. 6, 20961. doi: 10.1038/srep20961

			Yip, K. Y., Cheng, C., Bhardwaj, N., Brown, J. B., Leng, J., Kundaje, A., et al. (2012). Classification of human genomic regions based on experimentally determined binding sites of more than 100 transcription-related factors. Genome Biol. 13 (9), R48. doi: 10.1186/gb-2012-13-9-r48

			Yu, F., Zhang, G., Shi, A., Hu, J., Li, F., Zhang, X., et al. (2018). LnChrom: a resource of experimentally validated lncRNA-chromatin interactions in human and mouse. Database (Oxford) 2018. doi: 10.1093/database/bay039

			Zhang, J., Zhang, Z., Chen, Z., and Deng, L. (2017). Integrating Multiple Heterogeneous Networks for Novel LncRNA-disease Association Inference. IEEE/ACM Trans. Comput. Biol. Bioinform. doi: 10.1109/TCBB.2017. 2701379

			Zhang, K., Li, N., Ainsworth, R. I., and Wang, W. (2016). Systematic identification of protein combinations mediating chromatin looping. Nat. Commun. 7, 12249. doi: 10.1038/ncomms12249

			Zhang, Y., Liu, T., Meyer, C. A., Eeckhoute, J., Johnson, D. S., Bernstein, B. E., et al. (2008). Model-based analysis of ChIP-Seq (MACS). Genome Biol. 9 (9), R137. doi: 10.1186/gb-2008-9-9-r137

			Zhao, J., Yu, H., Lin, L., Tu, J., Cai, L., Chen, Y., et al. (2011). Interactome study suggests multiple cellular functions of hepatoma-derived growth factor (HDGF). J. Proteomics 75 (2), 588–602. doi: 10.1016/j.jprot.2011.08.021

			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 © 2019 Hou, Zhang and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.








OEBPS/Images/Figure_5.jpg
Interaction Frequency

75+

25+

"
e
i —
e—

custert  cuslerz  cuslerd  custerd  custers  cusles  cusler7  custers  custes  ciusferto

cluster

10.29  43.52 1005 4892 2612 4565 1112 2083 1014 5143

s s = s s
=

g £ 3 g H
£ ¢ L £ g
s s 3 3 =
H H H i H
g ¢ § ¢ g
g g g g s
K H K s £

cluster 1 cluster 2 cluster 3 cluster 4 cluster 5
1318 14.07 15.56 58.85 548 4092 1269 7184 1588 46.98

g H g H g

£ H H £ £

[ | s [ T
3 T ° K] K]
H i H H H
5 g 5 5 H

] 3 ] 4 3

E 4 2 4 g

g g g g g

© GncRNA tagetgene O eicRNA targetgene O eicRNA targetgene O eicRNA targetgene © eincRNA  targetgene

cluster 6 cluster 7 cluster 8 cluster 9 cluster 10

cluster

BS custer
B ause

B custes
B8 cusers
B8 cusees
ER auser
B3 cusees
B3 custers
B3 cusert

high

expression level (FPKM)

low





OEBPS/Images/equ_0001.png
i)
i X
LIl
z,= 5






OEBPS/Images/Figure_7.jpg
Aoos = elncRNA-associated enhancers| B 015 =—high expressed elncRNASs|
e —other enhancer . [ =low expressed elncRNAs
5 <
e 4
2 £
£0.06 £
5 s
2 g
E 2
50.04 50.

g g
3 3
.02 0
-5000 enhancers 5000 -5000 TSSs 5000
Distance from enhancers Distance from TSSs

G4 densit;
c low i high D

Group 1

Group 2

=3
<
o
[
T
ES
2
c
o
@
@
4
5
£
s

Promoter Gene body
G4 density G4 density Group 1 Group 2





OEBPS/Images/Figure_2.jpg
IR LTy —

»
[
o
8

12X10° 00—
e b
0 g e
£ 5
o ] g
§a 8w
o 3 251 ]
22 . <
o | .
0 H
GncRNA oderinRNA _roncamseects 3
ko upsiam anchors_ downsieam anchars S00> egen [
Distano fom oop anchors = genomic region .
eincRNA-contaning _ otherloop
loop anchor neracton anchor teracton
D E F Gﬁ
Fonrconanogloormdes  § (oA conai oo v 8 Fanmaagepmcos] § | ek trgtoop anchor|
L =g 5;5 [Eoberioop amhas §05‘ [Samerioop ancnors :w“ [=anerloop anchors
Zo5 30 g
o5/ H 304/ 256l
i I L .
41 03/ |
i = il il
So03; H do2 £
& b £ £
o2 10— — —  £04 o e ——
%00 loop anchor 500 k5500 loopanchor  500Kb = 500kb_loopanchor  500kb Z500Ko__ loop anchor 500 kb

Odarek i lock anchor Ciulanca fons i0es arahar 'Distance from loop anchor Distance from loop anchor





OEBPS/Text/toc.xhtml


  

    Contents



    

		Cover



      		

        Enhancer LncRNAs Influence Chromatin Interactions in Different Ways

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Identification of Genomic Elements

          



          		

            Global Nuclear Run-On Sequencing Data and RNA Sequencing Data

          



          		

            Identification of elncRNAs

          



          		

            Identification of Enhancer–Promoter Interaction Pairs

          



          		

            Selection of Structuring Factors

          



          		

            ChIP-seq Data Analysis

          



          		

            Normalized ChIP-seq Peak Values on Enhancer–Promoter Pairs

          



          		

            Clustering Enhancer–Promoter Pairs

          



        



        



        		

          Results

        

          		

            ElncRNAs Are Highly Enriched in Chromatin Loop Anchors

          



          		

            ElncRNAs Are Associated With the Interactions Between Enhancers and Promoters

          



          		

            ElncRNAs Are Involved in Enhancer–Promoter Interactions in Different Ways

          



          		

            G-Quadruplexes Are Associated With the Expression of elncRNAs

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/Figure_4.jpg
elncRNA-associated non-elncRNA enhancer-promoter pairs
enhancer-promoter pairs

enhancer target promoter

et cluster 1
cluster 2
cluster 3
cluster 4 cluster 2
cluster 5
cluster &
—_— cluster 3
cluster &
cluster 9 cluster 4
cluster 10

cluster 5

cluster 6






OEBPS/Images/Figure_6.jpg
5000

1SS

[Fiargtgores f s sssocrod annancer
RNAPOLII ChiP-seq

ICiargt genas of v aancers

s S 3 ssooveUUs
U900 $¥ead bIS-GIUD ZOGVNY polEpOssE-YNNOLD  SISOUBUUB JBLIO
10 50u36 196221 Jo 50us6196:2)

5000

o

3

H
H
f -
if 45
<3 s
53
5
it e
£y s
&8 3
i 2 2 swovewe
o8 poowee  seouwe o
R I ot 4 prepss
o560 S0 50 Lk

-
H 8

H - g
3 - &l g
H z

H M

B

H H 3
i3 H @
£§ 8

] ]

i 5

I: gk 3 2
g @ o © of e 2
oo o oxadbosa0 1L poresosse Lo sisaueuve souio

e Josoust obier Jos0u9 196,21





OEBPS/Images/logo.jpg
, frontiers
in Genetics





OEBPS/Images/Figure_3.jpg
A B ow s high
=]
¥
o
> &
S o
& >
= K
7} c
H K]
: 2
S @
o
Q
>
[0}
o target genes of target genes of
elncRNA-associated other enhancers
elncRNA-associated other enhancers enhancers
enhancers
C i D low S high
=
=]
4
o
5 il =2
§_ 100 o)
1 4 >
‘s K]
§ =
H o
£ [}
173
50- [
o
x
(]
target genes of target genes of
o high expressed low expressed
eIncRNA associated elncRNA associated
high expressed low expressed enhancer enhancer

elncRNA elncRNA





OEBPS/Images/Figure_1.jpg
Lchr2

4,574 bp

55,360,000 bp 55,361,000 bp 55,362,000 bp
L i | 1 I |

e-IncRNA
active enhancer
GRO-seq
RNA-seq
H3K27ac
H3K4me1

—
ENHANCER

(ARt

A—AA‘I-M
s
" - ey






OEBPS/Images/fgene.2019.00936_cover.jpg
’ frontiers
in Genetics

Enhancer LncRNAs Influence
Chromatin Interactions in
Different Ways





