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                    Abstract
Background
Mammalian transcriptomes contain thousands of long noncoding RNAs (lncRNAs). Some lncRNAs originate from intragenic enhancers which, when active, behave as alternative promoters producing transcripts that are processed using the canonical signals of their host gene. We have followed up this observation by analyzing intergenic lncRNAs to determine the extent to which they might also originate from intergenic enhancers.
Results
We integrated high-resolution maps of transcriptional initiation and transcription to annotate a conservative set of intergenic lncRNAs expressed in mouse erythroblasts. We subclassified intergenic lncRNAs according to chromatin status at transcriptional initiation regions, defined by relative levels of histone H3K4 mono- and trimethylation. These transcripts are almost evenly divided between those arising from enhancer-associated (elncRNA) or promoter-associated (plncRNA) elements. These two classes of 5′ capped and polyadenylated RNA transcripts are indistinguishable with regard to their length, number of exons or transcriptional orientation relative to their closest neighboring gene. Nevertheless, elncRNAs are more tissue-restricted, less highly expressed and less well conserved during evolution. Of considerable interest, we found that expression of elncRNAs, but not plncRNAs, is associated with enhanced expression of neighboring protein-coding genes during erythropoiesis.
Conclusions
We have determined globally the sites of initiation of intergenic lncRNAs in erythroid cells, allowing us to distinguish two similarly abundant classes of transcripts. Different correlations between the levels of elncRNAs, plncRNAs and expression of neighboring genes suggest that functional lncRNAs from the two classes may play contrasting roles in regulating the transcript abundance of local or distal loci.



                    
    


                    Background
Eukaryotic genomes are pervasively transcribed [1, 2] with evidence for up to three-quarters of nucleotides in the human genome being expressed in at least one cell type during development [2]. Transcripts lacking an apparent open reading frame are often classified simply based on their length, the absence of protein-coding potential and their location in the genome relative to protein-coding genes [3, 4]. An intriguing class of noncoding transcripts are those exceeding 200 nucleotides in length and transcribed from loci that are intergenic relative to protein-coding genes (intergenic long noncoding RNAs (lncRNAs)). At least 50,000 lncRNAs are expressed from intergenic regions of the human genome, more than twice the number of protein-coding genes [5]. Compared to protein-coding transcripts, intergenic lncRNAs are generally less abundant and their expression is more spatially and temporally restricted [4, 6]. Genome-wide analysis of mammalian intergenic lncRNA sequence [7, 8] and transcription [9, 10] has revealed that, in general, these loci have been conserved during evolution, albeit at substantially lower levels than protein-coding genes, suggesting that at least some intergenic lncRNAs may have conserved biological roles. Biological functions attributed to the handful of well-characterized intergenic lncRNAs are diverse, ranging from transcriptional control to post-transcriptional modulation of gene expression (for recent reviews see [11–13]).
In this study, for simplicity, we refer to intergenic lncRNAs as those that are transcribed by RNA-polymerase II, 5′ end capped and polyadenylated. Here we address two important, and incompletely answered, questions concerning the origins (transcriptional initiation regions (TIRs)) and classification of intergenic lncRNAs. First, what is the relative prevalence of promoter- and enhancer-associated transcripts within sets of transcripts that are annotated simply as being intergenic lncRNAs? Second, do differences in the chromatin status at intergenic lncRNA TIRs reflect their potential function?
Histone modifications allow the distinction between different types of regulatory elements [14, 15]. Promoters of transcribed protein-coding genes, for example, are enriched in trimethylation of lysine 4 of histone H3 (H3K4me3) [14, 15]. Some intergenic lncRNA loci have been defined previously using chromatin signatures that are similar to those often found at protein-coding genes, namely H3K4me3 marked promoters and trimethylation of lysine 36 of histone H3 (H3K36me3) across transcribed regions [16]. These findings demonstrate that some intergenic lncRNAs are transcribed from promoter-like elements.
A second class of transcripts could be prevalent in current catalogues of intergenic lncRNAs, namely enhancer-associated noncoding RNAs (eRNAs) [17]. Transcription is a common feature of active mammalian enhancers and can give rise to both non-polyadenylated, bidirectional, unstable transcripts [17] as well as unidirectionally transcribed, polyadenylated, relatively stable and sometimes spliced eRNAs [18, 19]. We have previously shown that activation of enhancers located within protein-coding genes promotes transcription of long noncoding RNAs that utilize splicing and polyadenylation signals from their protein-coding hosts to produce stable unidirectional eRNAs [20]. On the other hand, the expression of intergenic lncRNA loci has been associated with enhanced levels of their neighboring protein-coding genes, both through genome-wide [10, 21, 22] and locus-specific analyses [22, 23], suggesting that a large, yet undetermined, fraction of transcripts within lncRNA catalogues are unidirectional eRNAs, as previously proposed by Natoli and Andrau [24]. These observations motivated us to expand on our earlier observations [10, 20] to determine to what extent intergenic lncRNAs might originate from active intergenic enhancers.
To address this question we generated new genome-wide maps of H3K4me3 and monomethylation of lysine 4 of histone H3 (H3K4me1 and H3K4me3, respectively), deep poly(A) + RNA sequencing and nanoCAGE [25, 26] data from purified mouse erythroblasts. Using these data, we annotated a stringent set of intergenic lncRNAs expressed in these cells and accurately defined their transcriptional start sites using these newly acquired nanoCAGE data. We used the relative abundance of H3K4me1 and H3K4me3 at these intergenic lncRNAs’ TIRs, a well-established and widely used approach to differentiate between promoter and enhancer-like regulatory elements [27], to distinguish unidirectional eRNAs (here called elncRNAs) from promoter-associated lncRNAs (or plncRNAs). Our analyses demonstrate that chromatin marks at their TIRs effectively separate two equally prevalent classes of intergenic lncRNAs. These classes differ with respect to their evolution, tissue-specificity, levels of expression and co-expression levels with their neighboring genes, suggesting that, if they influence gene expression, they may do so in different ways.


Results
More than half of lncRNAs originate from enhancer-like regions
The functional cis-elements, trans-acting factors and epigenetic modifications associated with gene expression during the well-defined cellular stages of erythropoiesis have been studied extensively [28–30]. This molecular and cellular model is thus ideal for studying the causes and potential consequences of lncRNA transcription.
We used nanoCAGE [26] to capture and sequence the 5′ ends of purified mouse (C57BL/6 J) intermediate erythroblast expressed transcripts and to annotate their TIRs in these cells. We defined TIRs as previously [25] by clustering the 5′ end positions of reads mapping within 20 nucleotides on the same strand. Clusters closer than 400 nucleotides were then considered to be part of the same TIR (Materials and methods). Integrating nanoCAGE and paired-end transcription (RNA-Seq) data allowed us to identify 11,689 polyadenylated transcripts (Additional file 1) originating from 7,608 TIRs that overlap DNase 1 hypersensitive sites in mouse intermediate erythroblasts (Materials and methods; Additional files 2 and 3). As expected [31], the nanoCAGE read count supporting a given TIR correlates well (Pearson R = 0.44) with the expression level of its associated transcript (Additional file 4). Most (95.4%) transcripts overlap by one or more nucleotides a protein-coding gene annotation (ENSEMBL build 68 [32]) and for simplicity we refer to these as protein-coding transcripts. Of the remaining intergenic transcripts, 391 had no protein-coding potential [33] and were longer than 200 nucleotides and thus were annotated as being lncRNAs. A small, but significant (6; 36-fold enrichment, P < 1 × 10-3; Materials and methods), number of these lncRNAs were also identified as being expressed in erythroblasts in an earlier experiment [28]. Differences between the two catalogues are likely due to the use of different experimental methods (RNA hybridization or sequencing) and the conservative approach used in the current study to annotate intergenic lncRNA transcripts. Indeed, when we considered overlapping RNAseq reads to be sufficient evidence of expression, 44% (199) of the previously reported lncRNAs found to be expressed in mouse intermediate erythroblasts [28] were identified as expressed in our experiment.
To classify TIRs associated with these annotations we used genome-wide chromatin immunoprecipitation followed by sequencing (ChIP-seq) to identify regions enriched in H3K4me1 or H3K4me3 (Materials and methods). A relatively high level of H3K4me1- over H3K4me3-modified chromatin is a well-established property of enhancers [20, 34, 35] that has been extensively used to generate genome-wide catalogues of enhancer- or promoter- like regulatory elements [36]. Here we generated DNase-Seq data to identify all active regions within the genome and then quantified these regions’ relative enrichment of H3K4me1 and H3K4me3. On the basis of their difference in these marks, active elements were then effectively sorted into two clearly demarcated classes (Additional file 5) that show characteristics of either promoters or enhancers [20]. In such a way TIRs were classified as either enhancer-like (H3K4me1high, 686 TIRs) or promoter-like (H3K4me3high, 6824 TIRs) (Additional file 6). As expected, these regions are enriched in acetylation of lysine 27 of histone 3 (H3K27ac; Figure 1; Additional file 5), a well-accepted mark of biological activity.
Figure 1[image: figure 1]
Contrasting epigenetic landscapes at transcriptional start sites for protein-coding genes and lncRNAs in mouse intermediate erythroblasts. The heatmap represents the distribution of DNAse I hypersensitive sites (DHS), H3K4me1, H3K4me3, H3K27ac, Gata1 and NanoCAGE signal (red high, green low) in a 4 kbp window centered around the middle of the nanoCAGE-defined TIRs for (A) protein-coding genes and (B) lncRNA loci. Representative novel (C) elncRNA (green, chr12:112754628 to 112804627 (mm9)) and (D) plncRNA (blue, chr9:72229000 to 72364999 (mm9)) were annotated de novo from C57BL/6 erythroid cell poly(A) + RNA (brown). Their transcriptional start sites were defined using strand-specific nanoCAGE (red; plus and minus signs represent density of reads within strand-specific libraries) found within DHS regions (grey). H3K4me1, green; H3K4me3, blue. Arrows on elncRNA and plncRNA and their neighboring transcript indicate the direction of transcription.


Full size image

As expected, most (92%) protein-coding transcripts initiate at promoter-like TIRs (Figure 1A). The 568 protein-coding transcripts originating from enhancer-like TIRs (Figure 1A) substantially overlap our previously reported set [20] of 176 enhancer-associated alternative first exons identified in this cell-type (5.7-fold enrichment, permutation test P < 10-3). Of the top 15 enhancer-associated protein-coding transcripts, 12 correspond to enhancer-associated intragenic lncRNAs (meRNAs) identified in our previous study [20], including 2 meRNAs initiating at the α-globin enhancers (Additional file 7).
Next we considered the set of 391 TIRs associated with lncRNA expression. Consistent with an earlier report [37], more than a third of lncRNAs (152, 38%) are transcribed from bidirectional, protein-coding gene TIRs. The chromatin associated with most (97%) bidirectional TIRs is enriched with H3K4me3. These lncRNAs were not considered further in this analysis. Hereafter we refer to the 239 lncRNAs that are entirely intergenic (that is, they overlap neither protein-coding genes nor their TIRs) as intergenic lncRNAs. In contrast to protein-coding genes, more than half (124, 52%) of these lncRNAs originate at enhancer-like rather than at promoter-like TIRs (Figure 1B; Additional file 8). We refer to these transcripts as intergenic enhancer-associated lncRNAs or elncRNAs (Figure 1D). The remaining 115 intergenic lncRNAs arise from promoter-like TIRs, and hence we refer to these as intergenic promoter-associated lncRNAs or plncRNAs (Figure 1C; Additional file 9). It has previously been shown that many active erythroid enhancers are bound by the tissue-restricted transcription factor Gata1 [29, 38]. Consistent with this, we found an enrichment of Gata1 binding at the TIRs of elncRNAs but not plncRNAs (Figure 1A,B).
Comparisons of the sequence features of elncRNA and plncRNA transcripts
To address whether differences in histone marks at their origin reflect differences in the properties of elncRNAs and plncRNAs, we next investigated their sequence features. The TIR sizes and transcript lengths of both classes of lncRNAs (Figure 2A,B) are similar, as are the fractions of multiexonic transcripts within each class (Figure 2C). Therefore these sequence features do not permit the distinction of elncRNAs from plncRNAs.
Figure 2[image: figure 2]
elncRNA and plncRNA loci have similar sequence features. (A) The lengths of elncRNA (enh-TIR, median = 293 nucleotide, green) and plncRNA (prom-TIR, median = 342 nucleotide, blue) TIRs are similar (two-tailed Mann–Whitney test, P = 0.52), (B) as are the lengths of elncRNA (median = 1006 nucleotide) and plncRNA (median = 903 nucleotide) transcripts (two-tailed Mann–Whitney test, P = 0.24). (C) The percentage of elncRNAs that are mono-exonic (47%, dark green) is similar to that for plncRNAs (54%, dark blue, two-tailed Fisher’s exact test, P = 0.37). Light green and blue represent the percentage of multiexonic elncRNAs and plncRNAs, respectively. (D) Relative transcriptional orientation for lncRNAs (black) and their closest protein-coding gene (grey). For simplicity lncRNAs are represented here as transcribed from 5′ to 3′. Arrow represents the direction of transcription. (E) Percentages of lncRNA-protein-coding gene pairs with relative orientation head-to-head (white; elncRNAs = 31%, plncRNAs = 41%); tail-to-tail (light-grey, elncRNAs = 45%, plncRNAs = 35%); tail-to-head (dark-grey; elncRNAs = 19%, plncRNAs = 14%) and head-to-tail (black; elncRNAs = 5%, plncRNAs = 10%). (F) Total number of polyA selected RNA sequencing reads (y-axis) associated with the transcriptional start sites of protein-coding gene (black), elncRNA (green) and plncRNA (blue) meta-genes’ transcriptional start sites (±50 bp, x-axis). Arrow indicates the location of the transcriptional start site and the direction of the meta-gene transcription. NS, not significant.


Full size image

We also determined the orientation of transcription of plncRNAs and elncRNAs relative to their closest protein-coding genes (Figure 2D). Both elncRNAs and plncRNAs are preferentially transcribed in the opposite direction to that of their nearest protein coding neighbors. We noted a non-significant trend for plncRNAs, relative to elncRNAs, and their closest protein-coding genes to lie in a head-to-head orientation (Figure 2E). Probably, as a consequence, the TIRs of plncRNAs and their protein-coding gene neighbors (median = 29.6 kb) are significantly closer to each other than are the TIRs of elncRNAs and their adjacent protein-coding genes (median = 44.1 kb) or are pairs of protein-coding genes (median = 48.5 kb; Additional file 10). Also, the density of poly(A)-selected reads mapped around elncRNA and plncRNA transcriptional start sites revealed that, in terms of directionality, the two classes of lncRNAs are predominantly unidirectional and indistinguishable from each other or protein-coding transcripts (Figure 2F). A similar analysis using poly(A)-depleted RNA sequencing reads revealed that their TIRs exhibit similar signatures to those previously described for promoter- and enhancer-like elements, as expected [2, 17] (Additional file 11).
elncRNAs and plncRNAs have different origins and different patterns of expression
Next we investigated the DNA sequence underlying the TIRs of intergenic lncRNAs. It has previously been shown that transposable elements are enriched both at enhancer elements [39] and at the promoters of intergenic lncRNAs [40, 41]. Here we find more specifically that the coverage of transposable element-derived TIRs by transposable element sequence is higher for elncRNAs (median density = 0.4, two-tailed Mann–Whitney test, P < 0.002) than for plncRNAs (median density = 0.23) loci (Figure 3A). Short interspersed nuclear elements (SINEs) are particularly highly associated with elncRNA TIRs (40% higher, permutation test, P < 0.01). Intergenic enhancers that are unidirectionally transcribed are rarely associated with CpG islands [19] and in agreement we found that none (0) of the annotated elncRNA TIRs are associated with CpG islands. By contrast, nearly half (48%, 66) of plncRNA TIRs overlap a CpG island (>1 nucleotide), a significantly higher fraction (P < 0.001, two-tailed Fisher’s exact test). The different origins of elncRNAs’ and plncRNAs’ TIRs suggest that these lncRNAs may have different patterns of expression and, if functional, may play different roles. During this manuscript’s preparation Schlesinger et al. [42] also proposed that CpG density might allow the distinction of transcribed promoter- from enhancer-like regions.
Figure 3[image: figure 3]
elncRNA and plncRNA loci tend to show different origins and are associated with different transcriptional properties. (A) Density of transposable element (TS)-derived sequence in elncRNA (green) and plncRNA (blue) exons. (B) elncRNAs (median (elncRNAmaxTS) = 0.41) tend to be more tissue-specific (two-tailed Mann–Whitney test, P < 5 × 10-11) than are plnRNAs (median (plncRNAmaxTS) = 0.22). (C) elncRNAs (median FPKM, (elncRNAexp) = 0.43) tend to be more lowly expressed in erythroblasts than are plncRNAs (median FPKM, (plncRNAexp) = 0.64, two-tailed Mann–Whitney test, P < 0.001). ***P < 0.001. FPKM, fragments per kilobase of sequence per million reads.
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To determine how intergenic elncRNAs and plncRNAs are expressed throughout differentiation and development we used Cufflinks [43] to estimate their abundance (fragments per kilobase of sequence per million reads (FPKM)) in intermediate erythroblasts, in normal adult tissues and in cell lines for which data are publicly available [44] (Additional file 12). To estimate cell specificity, we identified the tissue in which each transcript is most highly expressed and then estimated the fold increase in expression in that tissue relative to its median expression across all tissues tested (maximum tissue specificity, max Ts). As observed previously [4, 6], in intermediate erythroblasts, intergenic lncRNAs are, on average, two times more tissue specific and ten-fold less abundant than protein-coding transcripts (data not shown). The comparison between intergenic lncRNA classes revealed that elncRNAs tend to have a more restricted pattern of expression (Figure 3B) and are less abundant in intermediate erythroblasts than plncRNAs (Figure 3C). Consistent with their lower abundance and restricted expression, we found that 88% (110) of the elncRNAs identified here are novel (that is, they show no overlap with ENSEMBL lncRNA transcripts). This fraction is significantly higher than found for plncRNAs, of which only 56% are not annotated (65, two-tailed Fisher’s exact test, P < 0.001).
elncRNA sequence is not constrained during mammalian evolution
Evolutionary constraint should reflect conservation of function and therefore we assessed this for intergenic elncRNAs and plncRNAs by comparing the nucleotide substitution rates at their TIRs in rodents. We estimated these rates by comparing the substitutions in aligned mouse and rat TIR sequences with the corresponding rate at neighboring (presumed neutrally evolving) sequence with matching G + C content (Materials and methods, d
                    neutral
                  ) [8]. The substitution rate of promoter-like TIRs was significantly lower (20% on average; two-tailed Mann–Whitney test, P < 1 × 10-14; Figure 4A) than the proxy neutral rate. By contrast, the substitution rate for enhancer-like TIRs was not significantly different from the neutral rate (two-tailed Mann–Whitney test, P = 0.35; Figure 4A).
Figure 4[image: figure 4]
plncRNA but not elncRNA loci are selectively constrained over rodent evolution. (A) Mouse-rat nucleotide substitution rate for elncRNA TIRs (median delncRNA-TIR = 0.161, green) and plncRNA TIRs (median dplncRNA-TIR = 0.127, blue), and for neighboring putatively neutrally evolving sequence (ancestral repeats (ARs), white). Horizontal dashed line represents the neutral expectation (median dAR = 0.165). (B) Mouse-rat nucleotide substitution rate for elncRNA loci (delncRNA-loci = 0.166, green) and plncRNA loci (dplncRNA-loci = 0.159, blue), and ARs (white). (C) Mouse-rat nucleotide substitution rate for transcribed and spliced plncRNA exons (dplncRNA-exon = 0.156, violet) and plncRNA introns (dplncRNA-intron = 0.165, turquoise), and ARs (white). Two-tailed Mann–Whitney test, ***P < 0.001; **P < 0.01; *P < 0.05; NS, not significant.
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Next we investigated the evolutionary signatures, in the two rodents, across the full length (exons and introns) of elncRNA or plncRNA loci. Consistent with the lack of detectable evolutionary constraint at their respective TIRs, we found that elncRNA loci accumulate substitutions at the same rate as neighboring neutrally evolving sequence (two-tailed Mann–Whitney test, P = 0.24; Figure 4B). By contrast, we found plncRNA loci to be selectively constrained (two-tailed Mann–Whitney test, P < 0.05; Figure 4B), accumulating on average 5% fewer substitutions per nucleotide than neutral sequence. This is consistent with negative selection purging a small number of deleterious mutations at these loci. To determine whether it is transcription across the loci or the plncRNA transcript per se that has been the subject of constraint during rodent evolution, we compared the substitution rates of plncRNA introns and exons. We found that plncRNA exons (two-tailed Mann–Whitney test, P < 0.01; Figure 4C) but not introns (two-tailed Mann–Whitney test, P = 0.19; Figure 4C) were selectively constrained. This suggests that when plncRNAs are functional, their functions can be conserved and will more often be transacted by mature rather than by unspliced transcripts than through the act of transcription per se. Neither elncRNA exons nor their introns exhibited non-neutral evolution (two-tailed Mann–Whitney test, P > 0.1; Additional file 13), further supporting the notion that elncRNA sequence is not constrained.
Similar results were obtained when substitution rates were estimated by aligning mouse to orthologous human sequence, rather than to rat sequence (Additional file 14). Consequently, the differences in constraint observed for plncRNAs and elncRNAs have persisted throughout mammalian evolution. In summary, our findings reveal that whilst plncRNA sequence and associated TIRs have evolved under evolutionary constraint no such evidence is detectable for intergenic elncRNAs or their TIRs.
elncRNA expression is associated with enhanced levels of expression from neighboring protein-coding genes
The levels of expression of intergenic lncRNAs in general correlate with the levels of transcription from adjacent protein-coding genes [10, 21, 22, 45]. Here we asked whether this correlation was derived from either one or both of the lncRNA classes defined in this study. elncRNA transcription was found to occur five times more frequently than expected by chance (Materials and methods; permutation test P < 0.005) in the vicinity of protein-coding genes whose expression is higher (five-fold) in intermediate erythroblasts than in any other tissue. By contrast, no such enrichment was found for plncRNA loci (2% depletion, permutation test P = 0.35). Equivalent results were obtained when the threshold of intermediate erythroblast relative to other tissues expression was set to 2- or 10-fold (data not shown).
To estimate the extent of the enhancement in protein-coding gene expression observed in association with neighboring lncRNA transcription we used publicly available transcriptome data from three stages of erythroid development to estimate the transcript levels of lncRNAs and protein-coding genes in progenitor (BFU-e), early erythroid (CFU-e) and intermediate erythroblast (Terr119+) cells [28] (Materials and methods). We considered only those transcripts whose expression could be detected in at least one of the three developmental stages (41% of elncRNAs, 53% plncRNAs, and 85% mRNAs). As previously (Figure 3B), the expression of elncRNAs tended to be restricted to fewer cell types (Additional file 15).
We considered whether the abundance of elncRNAs and plncRNAs correlated with the levels of transcripts from adjacent protein-coding genes (Materials and methods). Pairs of lncRNA loci and their closest neighboring protein-coding genes that both showed detectable expression in at least one erythropoietic stage were identified [28] (Materials and methods; 17 elncRNAs and 28 plncRNAs), together with a control set of 9,770 similarly identified pairs of adjacent protein-coding genes. For each lncRNA in a pair we identified the two developmental stages in which its expression was either minimal or maximal, and calculated the expression fold difference, Δ, for its neighboring protein-coding gene at these two stages. If there was no correlation between the expression levels of adjacent genomic loci then Δ is expected to be distributed around zero. The distribution of Δ values for genes that are adjacent to plncRNA loci (median Δ = 0.075) was similar to Δ values for control pairs of adjacent protein-coding loci (median Δ = 0.076, two-tailed Mann–Whitney test, P = 0.97; Figure 5A). By contrast, despite being more distant, on average, from their neighboring protein-coding genes than are plncRNA loci (Additional file 3), Δ values for the protein-coding genes adjacent to elncRNA loci were, on average, 6.6-fold higher (median Δ = 0.50, two-tailed Mann–Whitney test, P < 0.05; Figure 5A).
Figure 5[image: figure 5]
Expression of elncRNA but not plncRNA loci is associated with enhanced expression levels of neighboring protein-coding genes. (A) Fold difference, Δ, in expression of the neighboring loci in the stage in which the expression level of the reference locus (protein-coding gene, plncRNA or elncRNA) is maximal relative to the stage in which it is minimal. Δ is defined as (Expressionmax - Expressionmin)/Expressionmin. Two-tailed Mann–Whitney test, *P < 0.05; NS, not significant. Fold-change (FC) between Ter119+ and colony-forming unit erythroblast (CFUE) expression (measured by quantitative PCR) of (B) elncRNAs (green) or (C) plncRNAs (blue) (x-axis) and their respective protein-coding gene (PC, y-axis). Data used for the preparation of this figure are available in Additional file 16. Horizontal and vertical bars represent the standard error of the mean for fold-change of lncRNA and protein-coding genes, respectively. Dashed blue and green lines represent the elncRNAs’ and plncRNAs’ linear regression functions, respectively.
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This increased expression of protein-coding genes lying near to elncRNA loci may reflect regional changes in chromatin that affect both coding and noncoding loci [46] or could be due to a specific association between transcription of the elncRNA and the nearest protein-coding gene in its vicinity. To distinguish between these possibilities, we also calculated Δ for protein-coding genes lying adjacent to the nearest neighbor. We found that expression levels of these 'next-but-one’ genes were not correlated with elncRNA expression levels (Δ = -0.21, two-tailed Mann–Whitney test, P = 0.27). To validate the results obtained from this genome-wide analysis we used quantitative PCR (qPCR) to investigate the association in expression between 10 protein-encoding RNAs and their genomically proximal 5 plncRNA or 5 elncRNA loci (Figure 5B,C; Additional file 16). The correlation between the fold-change in expression of these elncRNA loci and their neighboring protein-coding genes (Pearson R = 0.82) is considerably higher than that for pairs of plncRNA loci and their adjacent protein-coding genes (Pearson R = 0.05), consistent with our genome-wide observation.
We conclude that while the restricted spatial and temporal expression of elncRNAs is associated with enhanced expression of its neighbors, no such correlation can be found for the broadly expressed plncRNA loci.


Discussion
We recently found that that some intragenic lncRNAs originate from active enhancers lying within protein-coding genes [20]. These unidirectional intragenic lncRNAs (named meRNAs) use the splicing and polyadenylation signals of the protein-coding hosts [20] to produce stable, polyadenylated lncRNAs. Like their intragenic counterparts, intergenic enhancers are also known to be associated with the transcription of both bidirectional as well as unidirectional noncoding RNA transcripts [17–19]. The earlier reports on the association between intergenic lncRNA expression and enhanced levels of neighboring protein-coding genes [10, 21, 22, 45] together with this finding led us to hypothesize that a relatively high, yet undetermined, proportion of intergenic lncRNAs may similarly originate from active intergenic enhancers.
Here we stringently annotated a set of intergenic lncRNAs and, using recent nanoCAGE technology, accurately identified their transcriptional start sites. This enabled us to subclassify these lncRNAs as arising from promoters (plncRNAs, enriched for H3K4me3 over H3K4me1) or enhancers (elncRNAs, enriched for H3K4me1 over H3K4me3) based on the chromatin signatures of their TIRs. Unexpectedly, we found that approximately half of these intergenic lncRNAs are transcribed from enhancers rather than promoters. Importantly, it is the ratio between H3K4me1 and H3K4me3 chromatin marks that distinguishes enhancer- from promoter-like sequences: most TIRs have both chromatin marks (Figure 1) and three-quarters of the TIRs associated with the intergenic enhancers studied here were (to some extent) modified by H3K4me3. We propose that to subclassify intergenic lncRNAs in combination with high resolution maps of H3K4me1 and H3K4me3, the data derived from the same sample that are required to accurately distinguish between these two classes of lncRNAs are (i) high depth poly(A)-selected RNA sequencing, which is needed to faithfully build long transcript models, (ii) nanoCAGE sequencing, which is required to accurately define the 5′ ends of transcripts, and (iii) DNase 1 hypersensitive site sequencing, which allows the identification of regions of open chromatin that often harbor functional cis-elements.
Our studies show that plncRNAs and elncRNAs differ substantially in several properties, a distinction that should now facilitate the design of targeted experiments seeking a mechanistic understanding of the biological role of lncRNA transcription, a key question in the field. Despite their different origins, plncRNAs and elncRNAs differ substantially in their levels and tissue or cell expression profiles and in their sequence conservation during evolution. However, they are indistinguishable in terms of their lengths or their numbers of exons or their transcriptional directionality. Previous work has shown that expression of intergenic lncRNAs in general is associated with enhanced expression of their neighboring protein-coding genes, both through genome-wide [10, 21, 22] and locus-specific analyses [22, 23]. Here we show that this is a feature specific to elncRNAs and not plncRNAs.
The clear difference in the selective pressures that have acted on elncRNA and plncRNA TIRs or loci suggests that, if functional, transcription (or transcripts) of the two classes of lncRNAs may have distinct roles. Importantly, the neutral, or near-neutral, evolution of elncRNAs and the evidence of constraint found for plncRNAs imply that the two lncRNA classes are distinct: a locus will rarely be an elncRNA in one tissue and a plncRNA in another. Enhancer-like lncRNA TIRs and sequences are poorly conserved during mammalian evolution, which is entirely consistent with previous reports of rapid turnover of DNA sequence at enhancers during evolution [47, 48]. This might suggest that similarly to their intragenic counterparts [20], promoter directionality of intergenic elncRNAs may derive from cis-acting signals found in their genomic vicinity and does not reflect global preservation of functional motifs within elncRNA transcripts. The distributions of splice sites and polyadenylation signals around a transcription start site have recently been shown to be important in determining the directionality and stability of extended RNA transcripts [49]. Due to the relatively small number of lncRNAs annotated in this experiment, our data are insufficient to address this issue for erythroblast lncRNA loci.
By contrast, plncRNA promoters and the associated exons in their processed RNAs appear to have evolved under selective constraint, accumulating significantly fewer substitutions than neutral sequence, a signature of potential function. Constraint on plncRNA transcribed sequence occurs predominantly in the exons, indicating that it is the mature, spliced form, rather than the precursor molecule (or more simply the act of transcription) that mediates any plncRNA function. It should be borne in mind that plncRNA constraint is modest, only approximately 20% or approximately 5% of deleterious substitutions are predicted to have been purged from their TIRs or exons, respectively. The latter constraint suggests that either a small fraction of plncRNAs or a relatively small portion of their sequence has conserved (potentially functional) roles [4, 6–8].


Conclusions
In summary, we have shown that the regulatory elements at the origin of intergenic lncRNAs, defined based on chromatin status, allow the distinction between two classes of transcripts that may have different biological functions. This categorization of previously indistinguishable lncRNAs will allow more specific genome-wide investigation of their properties, accelerating our understanding of their potential biological roles and the molecular mechanisms by which they operate.


Materials and methods
Primary cells
Biological material for the preparation of high-throughput sequencing libraries was obtained from primary erythroid cells isolated from spleens of phenylhydrazine-treated mice (C57BL/6) [50] using anti-Ter119 microbeads (Miltenyi Biotec { Bergisch Gladbach, Germany }) as previously described [51]. Total RNA used for qPCR was extracted from colony-forming unit erythroblasts (CFUEs) and terminally differentiated primary erythroid (Ter119+) cells isolated from E12.5 mouse fetal livers. To enriched samples, cells were expanded in vitro for 4 days in StemPro media (Invitrogen, Carslbad, CA, USA) supplemented with erythropoietin (1 U/ml), stem cell factor (50 ng/ml) and dexamethasone (1 μM) at 37°C, 5% CO2, followed by magnetic-activated cell sorting depletion of Ter119+ cells and FACS sorting of Ter119neg/CD44hi progenitor cells (CFUEs) - adapted from Chen et al.[52]. To obtain Ter119+ terminally differentiated erythroid cells from the same culture, Ter119neg/CD44hi progenitor cells were FACS sorted as above and cultured StemPro media (Invitrogen) supplemented with erythropoietin (5 U/ml) without stem cell factor and dexamethasone for for 44 h (37°C, 5% CO2).
Library preparation
Total RNA was extracted using Tri-reagent, DnaseI treated with Turbo DnaseI (Ambion Carlsbad, CA, USA). Good quality RNA (RIN value >9) was poly(A) selected using the PolyATract mRNA isolation system (Promega, Madison, WI, USA) according to the manufacturer’s instructions. Poly(A) + RNA was further depleted of globin transcripts using GlobinClear (Ambion). Libraries for RNA-Seq were prepared and sequenced (51 bp paired-end reads) using the standard Illumina protocol. Strand-specific NanoCAGE libraries from poly(A)-selected RNA were prepared and sequenced (100 bp paired-end reads) by Source Bioscience. (Nottingham, UK).
Chromatin immunoprecipitation on primary erythoid cells was performed as previously described [20] using the following antibodies: anti-H3K4me1 (Millipore, 07–436, Billerica, MA, USA)) and anti-H3K4me3 (Millipore, 05-745R clone 15-10C-E4). ChIP-Seq libraries were prepared and sequenced (50 bp paired-end reads) using the standard Illumina protocol.
Read mapping and next generation sequencing data analysis
ChIP-seq and DNAse I hypersensitive site (DHS)-seq data were aligned to the mm9 mouse genome build using bowtie (version 0.12.3) [53, 54] with the -m reporting option set to 2. To exclude over-amplified products from these data sets, read pairs that map to the identical genomic location were collapsed into a single representative set of reads. Peaks of DNAse I enrichment were called using Seqmonk (version 0.21.1) [55] using the following parameters: depth cutoff = 20; minimum size = 50 and merge distance = 100. The resulting peak calls were intersected with problematic copy number regions in the mm9 genome using intersectappend.pl and used to generate a MIG database [56] for manual inspection of called peaks. A final set of robust DHS peaks were exported from the MIG database excluding problematic copy number regions with a normalized enrichment value of at least 1.
Globin-depleted poly A-selected RNA sequencing reads were mapped to the mouse genome (mm9) with TopHat [57]. Splice junctions from ENSEMBL 68 [58] were provided to facilitate read mapping across known mouse transcript splice junctions. Transcripts were assembled de novo using Cufflinks (version 1.3.0) [43] with parameters --min-frags-per-transfrag 5 -m 150 -s 30 -u. ENSEMBL 68 [58] gene annotations were used as reference.
Prior to analysis of the nanoCAGE data the first 21 bp of the read 1 fastq file was trimmed to remove the nanoCAGE specific primer. The resultant paired-end reads were aligned using TopHat (1.1.4b). Aligned reads were split into forward and reverse strands using Samtools [59]. For visualization in genome browsers the position of the first mapped base on read 1 was then used to generate the density of transcription start site positions in a moving window of 100 bp with a 10 bp increment of movement, to produce wig tracks of signal distribution.
Annotation of transcriptional initiation regions
We used globin-depleted poly(A) + selected nanoCAGE sequencing reads to annotate genome-wide transcriptional start sites and promoters as described elsewhere [25]. Briefly, we extracted the 5′ end position of each read (hereafter termed transcriptional start site). Transcriptional start sites closer than 20 bp and derived from the same strand were clustered. Clusters within 400 bp of each other and on the same strand were considered to be part of the same TIR. TIRs supported by fewer than 5 nanoCAGE reads were discarded, leaving a set of 64,619 TIRs.
For each transcript assembled using cufflinks, we identified reads supporting any of the 64,619 TIRs that overlapped (by >1 nucleotide) their associated transcribed sequence (exons). We excluded from our analysis TIRs that did not overlap (by >1 nucleotide) a DNAse I hypersensitive site region annotated as described above. We associated 14,689 transcripts to the remaining high confidence 11,131 TIRs. For single exonic transcripts only those with a putative TIR upstream of only one of the possible putative transcriptional starts were considered. For these transcripts the strand was imputed based on the strand information for their respective TIRs. This resulted in the annotation of 11,689 transcripts. We considered transcripts overlapping (>1 nucleotide) a protein-coding gene annotation (ENSEMBL build 68) as intragenic (11,036 transcripts). The protein-coding potential of intergenic transcripts longer than 200 nucleotides was analyzed using CPC [33]. Intergenic transcripts longer than 200 nucleotides with no protein-coding potential according to CPC ('noncoding’) and no overlap with pseudogene annotations (ENSEMBL build 68) were annotated as lncRNAs (391 lncRNAs). The relative enrichment of H3K4me1 and H3K4me3 around each TIR or DHS was calculated as previously described using comparably sized libraries [20] and stored in a MIG database. The sorted distribution of high-throughput sequencing data over TIRs (Figure 1) and all DHSs (Additional file 5) was generated using the in-house perl script Hotpile.pl and visualized in R using the gplots library. The cumulative distribution of high-throughput sequencing data over all of the enhancer and promoter populations (Figure 2B,C) and elncRNA and plncRNA TIRs (Figure 2D,E) were generated using the in-house perl script Quantpile.pl and displayed in Microsoft Excel. The strand-specific poly(A)- transcriptional data were split into plus and minus strand transcription using Samtools. The strand-specific enrichment of aligned reads around each class of TIR was determined using the in-house PERL script SRP.pl. The enrichment of poly(A) + aligned reads was determined as for the poly(A)- without splitting the data into forward and reverse strand as this RNA-seq library was non-directional.
Nucleotide constraint
Nucleotide constraint between mouse and rat locus, exon, intron or TIR was estimated as described previously [8]. Pairwise substitution rates between mouse and rat or human genomic regions were estimated using BASEML from the PAML package with the REV substitution model [60]. The substitution rate of the region of interest was compared to the rate observed for non-overlapping adjacent (<500 kb) ancestral repeats (inserted before the primate and rodent split) with similar G + C content [8].
Gene expression
Mouse protein-coding transcript annotations were downloaded from ENSEMBL (build 68). Cufflinks (default parameters) was used to estimate the expression of protein-coding genes and lncRNAs using the poly(A)-selected RNA sequencing from intermediate erythroblast (Ter119+) and mapped reads from mouse ENCODE project that were publicly available [44] (Additional file 12).
We estimated the median expression and tissue specificity across all mouse tissue/cell lines (Additional file 12). We calculated tissue specificity (T
                    S
                  ) values for each tissue and each locus. T
                    S
                   is defined as the fractional expression of a locus in one tissue relative to the sum of its expression in all tissues. The maximum T
                    S
                   value (maxT
                    S
                  ) for a locus thus provides an indicator of tissue specificity, with higher values reflecting more tissue-specific expression [61].
Association between intergenic lncRNA and neighboring gene expression
The Genome Association Tool (GAT) [62] was used to assess the significance between lncRNA and expression of their neighboring protein-coding genes. For each protein-coding gene we defined its territory as the genomic region containing all nucleotides that are closer to the gene than they are to its most proximal up- and downstream protein-coding genes. We estimated the enrichment in lncRNA transcription in the territories of genes that were expressed more highly (2×, 5× and 10×) in intermediate erythroblasts to what would be expected based on random placement of intervals with a similar size across the intergenic mouse genome.
We downloaded total RNA sequencing reads [28] from the Gene Expression Omnibus (GEO) [63] and mapped the reads to the mouse reference genome (mm9) as described above. We masked the α-globin locus because it accounts for a disproportionate fraction of intermediate erythroblast RNA. The number of mapped reads in CFUEs (colony-forming unit erythroid) and BFUEs (burst-forming uniterythroid) was down sampled to the size of the Ter119+ library, which had the lowest number of mapped reads, by randomly sampling. To estimate normalized gene expression across the three stages of erythropoiesis, we defined a set of constitutive exons for protein-coding gene annotations (ENSEMBL 68) and lncRNAs and quantified the number of sequencing reads mapping to constitutively expressed regions of these transcripts in each of this regions. To allow the comparison of gene expression between species, read counts were normalized using TMM (edgeR package) [64]. Briefly, to estimate the normalized library size for each species, it was assumed that 60% of expressed genes were transcribed at similar levels in the two species. The normalized library sizes were used to calculate the expression level (as total FPKM) of each gene across the three stages of erythropoiesis. Each locus was paired with its genomically closest protein-coding gene. Only pairs where both loci were expressed in at least one erythropoietic stage were considered.
Protein-coding genes and their closest neighboring five elncRNAs and five plncRNAs were selected from the total number of identified candidates in each class (124 and 115, respectively). RNA was extracted from primary mouse CFUEs and terminally differentiated (Ter119+) cells using TriReagent (Sigma, St. Louis, MO, USA). RNA was DNase treated (Ambion), and reverse transcribed using SuperScript III (Invitrogen). Expression of each elncRNA/plncRNA and its nearest protein-coding gene was analyzed by qPCR using SYBR Green (Applied Biosystems, Carlsbad, CA, USA). Expression analysis was performed in three independent biological replicates, and normalized to expression of Rn18s (ribosomal subunit 18 s). All reactions were performed in triplicate on each template using the StepOnePlus thermocycler (Applied Biosystems). The sequences of the primers used are available in Additional file 17.
Data availability
All data used for this analysis are accessible through GEO accession number GSE49460.
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	lncRNA:
	
                    Long noncoding RNA

                  
	meRNA:
	
                    Enhancer-associated intragenic lncRNA

                  
	PCR:
	
                    Polymerase chain reaction

                  
	plncRNA:
	
                    Promoter-associated lncRNA

                  
	qPCR:
	
                    Quantitative PCR

                  
	TIR:
	
                    Transcriptional initiation region.

                  



References
	Carninci P, Kasukawa T, Katayama S, Gough J, Frith MC, Maeda N, Oyama R, Ravasi T, Lenhard B, Wells C, Kodzius R, Shimokawa K, Bajic VB, Brenner SE, Batalov S, Forrest AR, Zavolan M, Davis MJ, Wilming LG, Aidinis V, Allen JE, Ambesi-Impiombato A, Apweiler R, Aturaliya RN, Bailey TL, Bansal M, Baxter L, Beisel KW, Bersano T, Bono H, et al: The transcriptional landscape of the mammalian genome. Science. 2005, 309: 1559-1563.
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Djebali S, Davis CA, Merkel A, Dobin A, Lassmann T, Mortazavi A, Tanzer A, Lagarde J, Lin W, Schlesinger F, Xue C, Marinov GK, Khatun J, Williams BA, Zaleski C, Rozowsky J, Roder M, Kokocinski F, Abdelhamid RF, Alioto T, Antoshechkin I, Baer MT, Bar NS, Batut P, Bell K, Bell I, Chakrabortty S, Chen X, Chrast J, Curado J, et al: Landscape of transcription in human cells. Nature. 2012, 489: 101-108. 10.1038/nature11233.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Harrow J, Frankish A, Gonzalez JM, Tapanari E, Diekhans M, Kokocinski F, Aken BL, Barrell D, Zadissa A, Searle S, Barnes I, Bignell A, Boychenko V, Hunt T, Kay M, Mukherjee G, Rajan J, Despacio-Reyes G, Saunders G, Steward C, Harte R, Lin M, Howald C, Tanzer A, Derrien T, Chrast J, Walters N, Balasubramanian S, Pei B, Tress M, et al: GENCODE: the reference human genome annotation for The ENCODE Project. Genome Res. 2012, 22: 1760-1774. 10.1101/gr.135350.111.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Derrien T, Johnson R, Bussotti G, Tanzer A, Djebali S, Tilgner H, Guernec G, Martin D, Merkel A, Knowles DG, Lagarde J, Veeravalli L, Ruan X, Ruan Y, Lassmann T, Carninci P, Brown JB, Lipovich L, Gonzalez JM, Thomas M, Davis CA, Shiekhattar R, Gingeras TR, Hubbard TJ, Notredame C, Harrow J, Guigo R: The GENCODE v7 catalog of human long noncoding RNAs: analysis of their gene structure, evolution, and expression. Genome Res. 2012, 22: 1775-1789. 10.1101/gr.132159.111.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Hangauer MJ, Vaughn IW, McManus MT: Pervasive transcription of the human genome produces thousands of previously unidentified long intergenic noncoding RNAs. PLoS Genet. 2013, 9: e1003569-10.1371/journal.pgen.1003569.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Cabili MN, Trapnell C, Goff L, Koziol M, Tazon-Vega B, Regev A, Rinn JL: Integrative annotation of human large intergenic noncoding RNAs reveals global properties and specific subclasses. Genes Dev. 1915, 2011: 25-

                    Google Scholar 
                

	Ponjavic J, Ponting CP, Lunter G: Functionality or transcriptional noise? Evidence for selection within long noncoding RNAs. Genome Res. 2007, 17: 556-565. 10.1101/gr.6036807.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Marques AC, Ponting CP: Catalogues of mammalian long noncoding RNAs: modest conservation and incompleteness. Genome Biol. 2009, 10: R124-10.1186/gb-2009-10-11-r124.
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Church DM, Goodstadt L, Hillier LW, Zody MC, Goldstein S, She X, Bult CJ, Agarwala R, Cherry JL, Dicuccio M, Hlavina W, Kapustin Y, Meric P, Maglott D, Birtle Z, Marques AC, Graves T, Zhou S, Teague B, Potamousis K, Churas C, Place M, Herschleb J, Runnheim R, Forrest D, Amos-Landgraf J, Schwartz DC, Cheng Z, Lindblad-Toh K, Eichler EE, et al: Lineage-specific biology revealed by a finished genome assembly of the mouse. PLoS Biol. 2009, 7: e1000112-10.1371/journal.pbio.1000112.
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Kutter C, Watt S, Stefflova K, Wilson MD, Goncalves A, Ponting CP, Odom DT, Marques AC: Rapid turnover of long noncoding RNAs and the evolution of gene expression. PLoS Genet. 2012, 8: e1002841-10.1371/journal.pgen.1002841.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Kung JT, Colognori D, Lee JT: Long noncoding RNAs: past, present, and future. Genetics. 2013, 193: 651-669. 10.1534/genetics.112.146704.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Rinn JL, Chang HY: Genome regulation by long noncoding RNAs. Annu Rev Biochem. 2012, 81: 145-166. 10.1146/annurev-biochem-051410-092902.
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Ulitsky I, Bartel DP: lincRNAs: genomics, evolution, and mechanisms. Cell. 2013, 154: 26-46. 10.1016/j.cell.2013.06.020.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Koch CM, Andrews RM, Flicek P, Dillon SC, Karaoz U, Clelland GK, Wilcox S, Beare DM, Fowler JC, Couttet P, James KD, Lefebvre GC, Bruce AW, Dovey OM, Ellis PD, Dhami P, Langford CF, Weng Z, Birney E, Carter NP, Vetrie D, Dunham I: The landscape of histone modifications across 1% of the human genome in five human cell lines. Genome Res. 2007, 17: 691-707. 10.1101/gr.5704207.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Mikkelsen TS, Ku M, Jaffe DB, Issac B, Lieberman E, Giannoukos G, Alvarez P, Brockman W, Kim TK, Koche RP, Lee W, Mendenhall E, O’Donovan A, Presser A, Russ C, Xie X, Meissner A, Wernig M, Jaenisch R, Nusbaum C, Lander ES, Bernstein BE: Genome-wide maps of chromatin state in pluripotent and lineage-committed cells. Nature. 2007, 448: 553-560. 10.1038/nature06008.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Guttman M, Amit I, Garber M, French C, Lin MF, Feldser D, Huarte M, Zuk O, Carey BW, Cassady JP, Cabili MN, Jaenisch R, Mikkelsen TS, Jacks T, Hacohen N, Bernstein BE, Kellis M, Regev A, Rinn JL, Lander ES: Chromatin signature reveals over a thousand highly conserved large non-coding RNAs in mammals. Nature. 2009, 458: 223-227. 10.1038/nature07672.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Kim TK, Hemberg M, Gray JM, Costa AM, Bear DM, Wu J, Harmin DA, Laptewicz M, Barbara-Haley K, Kuersten S, Markenscoff-Papadimitriou E, Kuhl D, Bito H, Worley PF, Kreiman G, Greenberg ME: Widespread transcription at neuronal activity-regulated enhancers. Nature. 2010, 465: 182-187. 10.1038/nature09033.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Koch F, Fenouil R, Gut M, Cauchy P, Albert TK, Zacarias-Cabeza J, Spicuglia S, de la Chapelle AL, Heidemann M, Hintermair C, Eick D, Gut I, Ferrier P, Andrau JC: Transcription initiation platforms and GTF recruitment at tissue-specific enhancers and promoters. Nat Struct Mol Biol. 2011, 18: 956-963. 10.1038/nsmb.2085.
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	De Santa F, Barozzi I, Mietton F, Ghisletti S, Polletti S, Tusi BK, Muller H, Ragoussis J, Wei CL, Natoli G: A large fraction of extragenic RNA pol II transcription sites overlap enhancers. PLoS Biol. 2010, 8: e1000384-10.1371/journal.pbio.1000384.
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Kowalczyk MS, Hughes JR, Garrick D, Lynch MD, Sharpe JA, Sloane-Stanley JA, McGowan SJ, De Gobbi M, Hosseini M, Vernimmen D, Brown JM, Gray NE, Collavin L, Gibbons RJ, Flint J, Taylor S, Buckle VJ, Milne TA, Wood WG, Higgs DR: Intragenic enhancers act as alternative promoters. Mol Cell. 2012, 45: 447-458. 10.1016/j.molcel.2011.12.021.
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Ponjavic J, Oliver PL, Lunter G, Ponting CP: Genomic and transcriptional co-localization of protein-coding and long non-coding RNA pairs in the developing brain. PLoS Genet. 2009, 5: e1000617-10.1371/journal.pgen.1000617.
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Orom UA, Derrien T, Beringer M, Gumireddy K, Gardini A, Bussotti G, Lai F, Zytnicki M, Notredame C, Huang Q, Guigo R, Shiekhattar R: Long noncoding RNAs with enhancer-like function in human cells. Cell. 2010, 143: 46-58. 10.1016/j.cell.2010.09.001.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Lai F, Orom UA, Cesaroni M, Beringer M, Taatjes DJ, Blobel GA, Shiekhattar R: Activating RNAs associate with Mediator to enhance chromatin architecture and transcription. Nature. 2013, 494: 497-501. 10.1038/nature11884.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Natoli G, Andrau JC: Noncoding transcription at enhancers: general principles and functional models. Annu Rev Genet. 2012, 46: 1-19. 10.1146/annurev-genet-110711-155459.
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Plessy C, Bertin N, Takahashi H, Simone R, Salimullah M, Lassmann T, Vitezic M, Severin J, Olivarius S, Lazarevic D, Hornig N, Orlando V, Bell I, Gao H, Dumais J, Kapranov P, Wang H, Davis CA, Gingeras TR, Kawai J, Daub CO, Hayashizaki Y, Gustincich S, Carninci P: Linking promoters to functional transcripts in small samples with nanoCAGE and CAGEscan. Nat Methods. 2010, 7: 528-534. 10.1038/nmeth.1470.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Salimullah M, Sakai M, Plessy C, Carninci P: NanoCAGE: a high-resolution technique to discover and interrogate cell transcriptomes. Cold Spring Harb Protoc 2011. 2011, pdb prot5559-

                    Google Scholar 
                

	Pennacchio LA, Bickmore W, Dean A, Nobrega MA, Bejerano G: Enhancers: five essential questions. Nat Rev Genet. 2013, 14: 288-295. 10.1038/nrg3458.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Wong P, Hattangadi SM, Cheng AW, Frampton GM, Young RA, Lodish HF: Gene induction and repression during terminal erythropoiesis are mediated by distinct epigenetic changes. Blood. 2011, 118: e128-e138. 10.1182/blood-2011-03-341404.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Anguita E, Hughes J, Heyworth C, Blobel GA, Wood WG, Higgs DR: Globin gene activation during haemopoiesis is driven by protein complexes nucleated by GATA-1 and GATA-2. EMBO J. 2004, 23: 2841-2852. 10.1038/sj.emboj.7600274.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Hattangadi SM, Wong P, Zhang L, Flygare J, Lodish HF: From stem cell to red cell: regulation of erythropoiesis at multiple levels by multiple proteins, RNAs, and chromatin modifications. Blood. 2011, 118: 6258-6268. 10.1182/blood-2011-07-356006.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Suzuki H, Forrest AR, van Nimwegen E, Daub CO, Balwierz PJ, Irvine KM, Lassmann T, Ravasi T, Hasegawa Y, de Hoon MJ, Katayama S, Schroder K, Carninci P, Tomaru Y, Kanamori-Katayama M, Kubosaki A, Akalin A, Ando Y, Arner E, Asada M, Asahara H, Bailey T, Bajic VB, Bauer D, Beckhouse AG, Bertin N, Bjorkegren J, Brombacher F, Bulger E, Chalk AM, et al: The transcriptional network that controls growth arrest and differentiation in a human myeloid leukemia cell line. Nat Genet. 2009, 41: 553-562. 10.1038/ng.375.
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Flicek P, Amode MR, Barrell D, Beal K, Brent S, Carvalho-Silva D, Clapham P, Coates G, Fairley S, Fitzgerald S, Gil L, Gordon L, Hendrix M, Hourlier T, Johnson N, Kahari AK, Keefe D, Keenan S, Kinsella R, Komorowska M, Koscielny G, Kulesha E, Larsson P, Longden I, McLaren W, Muffato M, Overduin B, Pignatelli M, Pritchard B, Riat HS, et al: Ensembl 2012. Nucleic Acids Res. 2012, 40: D84-D90. 10.1093/nar/gkr991.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Kong L, Zhang Y, Ye ZQ, Liu XQ, Zhao SQ, Wei L, Gao G: CPC: assess the protein-coding potential of transcripts using sequence features and support vector machine. Nucleic Acids Res. 2007, 35: W345-W349. 10.1093/nar/gkm391.
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Heintzman ND, Stuart RK, Hon G, Fu Y, Ching CW, Hawkins RD, Barrera LO, Van Calcar S, Qu C, Ching KA, Wang W, Weng Z, Green RD, Crawford GE, Ren B: Distinct and predictive chromatin signatures of transcriptional promoters and enhancers in the human genome. Nat Genet. 2007, 39: 311-318. 10.1038/ng1966.
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Heintzman ND, Hon GC, Hawkins RD, Kheradpour P, Stark A, Harp LF, Ye Z, Lee LK, Stuart RK, Ching CW, Ching KA, Antosiewicz-Bourget JE, Liu H, Zhang XM, Green RD, Lobanenkov VV, Stewart R, Thomson JA, Crawford GE, Kellis M, Ren B: Histone modifications at human enhancers reflect global cell-type-specific gene expression. Nature. 2009, 459: 108-112. 10.1038/nature07829.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Shen Y, Yue F, McCleary DF, Ye Z, Edsall L, Kuan S, Wagner U, Dixon J, Lee L, Lobanenkov VV, Ren B: A map of the cis-regulatory sequences in the mouse genome. Nature. 2012, 488: 116-120. 10.1038/nature11243.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Sigova AA, Mullen AC, Molinie B, Gupta S, Orlando DA, Guenther MG, Almada AE, Lin C, Sharp PA, Giallourakis CC, Young RA: Divergent transcription of long noncoding RNA/mRNA gene pairs in embryonic stem cells. Proc Natl Acad Sci USA. 2013, 110: 2876-2881. 10.1073/pnas.1221904110.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Yu M, Riva L, Xie H, Schindler Y, Moran TB, Cheng Y, Yu D, Hardison R, Weiss MJ, Orkin SH, Bernstein BE, Fraenkel E, Cantor AB: Insights into GATA-1-mediated gene activation versus repression via genome-wide chromatin occupancy analysis. Mol Cell. 2009, 36: 682-695. 10.1016/j.molcel.2009.11.002.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	de Souza FS, Franchini LF, Rubinstein M: Exaptation of transposable elements into novel cis-regulatory elements: is the evidence always strong?. Mol Biol Evol. 2013, 30: 1239-1251. 10.1093/molbev/mst045.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Kapusta A, Kronenberg Z, Lynch VJ, Zhuo X, Ramsay L, Bourque G, Yandell M, Feschotte C: Transposable elements are major contributors to the origin, diversification, and regulation of vertebrate long noncoding RNAs. PLoS Genet. 2013, 9: e1003470-10.1371/journal.pgen.1003470.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Kelley D, Rinn J: Transposable elements reveal a stem cell-specific class of long noncoding RNAs. Genome Biol. 2012, 13: R107-10.1186/gb-2012-13-11-r107.
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Schlesinger F, Smith AD, Gingeras TR, Hannon GJ, Hodges E: De novo DNA demethylation and non-coding transcription define active intergenic regulatory elements. Genome Res. 2013, 23: 1601-10.1101/gr.157271.113.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, van Baren MJ, Salzberg SL, Wold BJ, Pachter L: Transcript assembly and quantification by RNA-Seq reveals unannotated transcripts and isoform switching during cell differentiation. Nat Biotechnol. 2010, 28: 511-515. 10.1038/nbt.1621.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Stamatoyannopoulos JA, Snyder M, Hardison R, Ren B, Gingeras T, Gilbert DM, Groudine M, Bender M, Kaul R, Canfield T, Giste E, Johnson A, Zhang M, Balasundaram G, Byron R, Roach V, Sabo PJ, Sandstrom R, Stehling AS, Thurman RE, Weissman SM, Cayting P, Hariharan M, Lian J, Cheng Y, Landt SG, Ma Z, Wold BJ, Dekker J, Crawford GE, et al: An encyclopedia of mouse DNA elements (Mouse ENCODE). Genome Biol. 2012, 13: 418-
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Belgard TG, Marques AC, Oliver PL, Abaan HO, Sirey TM, Hoerder-Suabedissen A, Garcia-Moreno F, Molnar Z, Margulies EH, Ponting CP: A transcriptomic atlas of mouse neocortical layers. Neuron. 2011, 71: 605-616. 10.1016/j.neuron.2011.06.039.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Ebisuya M, Yamamoto T, Nakajima M, Nishida E: Ripples from neighboring transcription. Nat Cell Biol. 2008, 10: 1106-1113. 10.1038/ncb1771.
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Blow MJ, McCulley DJ, Li Z, Zhang T, Akiyama JA, Holt A, Plajzer-Frick I, Shoukry M, Wright C, Chen F, Afzal V, Bristow J, Ren B, Black BL, Rubin EM, Visel A, Pennacchio LA: ChIP-Seq identification of weakly conserved heart enhancers. Nat Genet. 2010, 42: 806-810. 10.1038/ng.650.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Schmidt D, Wilson MD, Ballester B, Schwalie PC, Brown GD, Marshall A, Kutter C, Watt S, Martinez-Jimenez CP, Mackay S, Talianidis I, Flicek P, Odom DT: Five-vertebrate ChIP-seq reveals the evolutionary dynamics of transcription factor binding. Science. 2010, 328: 1036-1040. 10.1126/science.1186176.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Almada AE, Wu X, Kriz AJ, Burge CB, Sharp PA: Promoter directionality is controlled by U1 snRNP and polyadenylation signals. Nature. 2013, 499: 360-363. 10.1038/nature12349.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Spivak JL, Toretti D, Dickerman HW: Effect of phenylhydrazine-induced hemolytic anemia on nuclear RNA polymerase activity of the mouse spleen. Blood. 1973, 42: 257-266.
PubMed 
    CAS 
    
                    Google Scholar 
                

	Vernimmen D, Marques-Kranc F, Sharpe JA, Sloane-Stanley JA, Wood WG, Wallace HA, Smith AJ, Higgs DR: Chromosome looping at the human alpha-globin locus is mediated via the major upstream regulatory element (HS -40). Blood. 2009, 114: 4253-4260. 10.1182/blood-2009-03-213439.
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Chen K, Liu J, Heck S, Chasis JA, An X, Mohandas N: Resolving the distinct stages in erythroid differentiation based on dynamic changes in membrane protein expression during erythropoiesis. Proc Natl Acad Sci USA. 2009, 106: 17413-17418. 10.1073/pnas.0909296106.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Bowtie. http://bowtie-bio.sourceforge.net/index.shtml,

	Langmead B, Trapnell C, Pop M, Salzberg SL: Ultrafast and memory-efficient alignment of short DNA sequences to the human genome. Genome Biol. 2009, 10: R25-10.1186/gb-2009-10-3-r25.
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	SeqMonk. http://www.bioinformatics.babraham.ac.uk/projects/seqmonk/,

	McGowan SJ, Hughes JR, Han ZP, Taylor S: MIG: multi-Image Genome Viewer. Bioinformatics. 2013, 29: 2477-2478. 10.1093/bioinformatics/btt406.
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Trapnell C, Pachter L, Salzberg SL: TopHat: discovering splice junctions with RNA-Seq. Bioinformatics. 2009, 25: 1105-1111. 10.1093/bioinformatics/btp120.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Flicek P, Ahmed I, Amode MR, Barrell D, Beal K, Brent S, Carvalho-Silva D, Clapham P, Coates G, Fairley S, Fitzgerald S, Gil L, Garcia-Giron C, Gordon L, Hourlier T, Hunt S, Juettemann T, Kahari AK, Keenan S, Komorowska M, Kulesha E, Longden I, Maurel T, McLaren WM, Muffato M, Nag R, Overduin B, Pignatelli M, Pritchard B, Pritchard E, et al: Ensembl 2013. Nucleic Acids Res. 2013, 41: D48-D55. 10.1093/nar/gks1236.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G, Durbin R: The Sequence Alignment/Map format and SAMtools. Bioinformatics. 2009, 25: 2078-2079. 10.1093/bioinformatics/btp352.
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Yang Z: PAML: a program package for phylogenetic analysis by maximum likelihood. Comput Appl Biosci. 1997, 13: 555-556.
PubMed 
    CAS 
    
                    Google Scholar 
                

	Winter EE, Goodstadt L, Ponting CP: Elevated rates of protein secretion, evolution, and disease among tissue-specific genes. Genome Res. 2004, 14: 54-61.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Heger A, Webber C, Goodson M, Ponting CP, Lunter G: GAT: a simulation framework for testing the association of genomic intervals. Bioinformatics. 2013, 29: 2046-2048. 10.1093/bioinformatics/btt343.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Barrett T, Troup DB, Wilhite SE, Ledoux P, Rudnev D, Evangelista C, Kim IF, Soboleva A, Tomashevsky M, Marshall KA, Phillippy KH, Sherman PM, Muertter RN, Edgar R: NCBI GEO: archive for high-throughput functional genomic data. Nucleic Acids Res. 2009, 37: D885-D890. 10.1093/nar/gkn764.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                

	Robinson MD, McCarthy DJ, Smyth GK: edgeR: a Bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics. 2010, 26: 139-140. 10.1093/bioinformatics/btp616.
Article 
    PubMed 
    CAS 
    PubMed Central 
    
                    Google Scholar 
                


Download references




Acknowledgements
We thank the Oxford Genomics Centre (Wellcome Trust), especially Lorna Gregory, for sequencing support. We wish to acknowledge the Computational Biology Research Group, Nuffield Department of Clinical Medicine, Oxford for use of their services in this project; and Jenna Schwarz, Andrew Bassett, and Wilfried Haerty for comments and suggestions on the analysis and manuscript. This research was supported by the European Research Council and Medical Research Council.


Author information
Author notes	Monika S Kowalczyk
Present address: The Broad Institute of MIT and Harvard, Cambridge MA, 02142, Massachusetts, USA


Authors and Affiliations
	MRC Functional Genomics Unit, Department of Physiology, Anatomy and Genetics, University of Oxford, South Parks Road, Oxford, OX1 3QX, UK
Ana C Marques & Chris P Ponting

	Department of Physiology, Anatomy and Genetics, University of Oxford, South Parks Road, Oxford, OX1 3QX, UK
Ana C Marques & Chris P Ponting

	MRC Molecular Haematology Unit, Weatherall Institute of Molecular Medicine, Oxford University, Oxford, OX3 9DS, UK
Jim Hughes, Bryony Graham, Monika S Kowalczyk & Doug R Higgs


Authors	Ana C MarquesView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jim HughesView author publications
You can also search for this author in
                        PubMed Google Scholar



	Bryony GrahamView author publications
You can also search for this author in
                        PubMed Google Scholar



	Monika S KowalczykView author publications
You can also search for this author in
                        PubMed Google Scholar



	Doug R HiggsView author publications
You can also search for this author in
                        PubMed Google Scholar



	Chris P PontingView author publications
You can also search for this author in
                        PubMed Google Scholar





Corresponding author
Correspondence to
                Ana C Marques.


Additional information
Competing interests
The authors declare that they have no competing financial interests.
Authors’ contributions
ACM, JH, MSK, DRH and CPP designed the experiment; MSK isolated the erythroblasts and prepared samples for the RNA-seq and ChIP-seq experiments; ACM and JH processed and mapped the reads; ACM and JH performed genome-wide analysis; BG isolated erythroid populations at specific stages during differentiation and performed qPCR validations; ACM, JH, BG, DRH and CPP discussed and contextualized the results; ACM, JH, BG, DRH and CPP wrote the manuscript; DRH and CPP supervised the study. All authors read and approved the final manuscript.
Doug R Higgs and Chris P Ponting contributed equally to this work.


Electronic supplementary material

Additional file 1: Genomic coordinates of intermediate erythroblast expressed transcripts.(GZ 2 MB)

13059_2013_3190_MOESM2_ESM.bed
Additional file 2: Genomic coordinates of transcriptional initiation regions (TIRs) associated with intermediate erythroblast expressed transcripts.(BED 318 KB)


Additional file 3: Relationship between TIRs and transcripts.(XLSX 360 KB)

13059_2013_3190_MOESM4_ESM.pdf
Additional file 4: The number of tags supporting transcription initiation correlates with its expression. The logarithm of the number of reads supporting a given transcriptional initiation region (TIR, x-axis) and the expression (log(FPKM), y-axis) of its associated transcripts are significantly correlated (Pearson correlation R = 0.44, P < 2 × 10-16). (PDF 2 MB)


13059_2013_3190_MOESM5_ESM.pdf
Additional file 5: Contrasting epigenetic landscapes at transcriptional start sites of promoter or enhancer-associated lncRNAs in mouse intermediate erythroblasts. (A) All detected mouse erythroid DNAse I hypersensitive sites (DHSs) were sorted based on the difference in enrichment of H3K4me1 and H3K4me3. The same sort order was used for all panels displayed here, and levels of H3K4me3 and H3K4me1 are depicted as red and blue triangles, respectively. Each panel shows the distribution of signal in a 4 kb window centered on the middle of each DHS. The enhancer and promoter populations are demarcated by blue and red boxes, respectively. The active chromatin mark H3K27ac and NanoCage mapped sources of transcription are associated with both the enhancer and promoter populations, whereas the signal for the tissue-specific transcription factor Gata1 is predominately associated with the enhancer class as expected. (B,C) Chromatin profiles normalized for number of peaks associated with the mouse Ter119+ promoters and enhancers, respectively. (D,E) Chromatin profiles normalized for number of peaks associated with the mouse Ter119+ plncRNAs and elncRNAs TIRs, showing their promoter and enhancer profiles, respectively. Color coding indicating each chromatin mark is shown below. (PDF 2 MB)


Additional file 6: Classification of TIRs.(XLSX 228 KB)

13059_2013_3190_MOESM7_ESM.pdf
Additional file 7: Examples of previously annotated meRNAs that were also identified in this study. High resolution maps of DNAse I (black), H3K4me1 (dark blue), H3K4me3 (light blue), Gata1 (red), nanoCAGE (minus stand, dark green; plus strand, light green) and RNA-seq (orange) across mouse (A) Nprl3 (chr11:32123000 to 32175999), (B) Ccdc88c (chr12:102134000 to 102272999), (C) Inpp5d (chr1:89519000 to 89642999), (D) Dnttip1 (chr11:32045920 to 32245919) and (E) Hagh (chr17:24962000 to 25015999). Grey represents the regions previously annotated as enhancer-associated alternative first exons [20]. (PDF 2 MB)


Additional file 8: Genomic coordinates of intermediate erythroblast expressed elncRNAs.(GTF 44 KB)

Additional file 9: Genomic coordinates of intermediate erythroblast expressed plncRNAs.(GTF 47 KB)

13059_2013_3190_MOESM10_ESM.pdf
Additional file 10: Distance between pairs of intermediate erythroblast expressed transcripts. Distance in kilobase pairs between the transcriptional start sites of pairs of genomically neighboring protein-coding gene transcripts (grey); elncRNAs and neighboring protein coding genes (green); and, plncRNAs and neighboring protein-coding genes (blue). ***P < 0.001; NS, not significant. (PDF 216 KB)


13059_2013_3190_MOESM11_ESM.pdf
Additional file 11: Cumulative poly(A) depleted RNA sequencing reads around transcriptional start sites. Total number of poly(A)- RNA sequencing reads (y-axis) associated with the transcriptional start sites of protein-coding gene, plncRNA and elncRNA meta-genes’ transcriptional start sites (±200 bp, x-axis) originating from the sense (blue) and antisense(red) direction. Arrow indicates direction of transcription. (PDF 140 KB)


13059_2013_3190_MOESM12_ESM.xlsx
Additional file 12: Intergenic lncRNA expression across different mouse tissues and cell types, including intermediate erythroblasts (Ter119+).(XLSX 134 KB)


13059_2013_3190_MOESM13_ESM.pdf
Additional file 13: Exons and introns of elncRNAs have not been selectively constrained during rodent evolution. Mouse-rat nucleotide substitution rates for elncRNA exons, introns and neighboring putatively neutrally evolving sequence (ancestral repeats, ARs) are shown. NS, not significant. (PDF 212 KB)


13059_2013_3190_MOESM14_ESM.pdf
Additional file 14: plncRNA but not elncRNA loci are selectively constrained over mammalian evolution. (A) Mouse-human nucleotide substitution rates for protein-coding (PC) transcriptional initiation regions (TIRs), lncRNA TIRs and neighboring putatively neutrally evolving sequence (ancestral repeats, ARs). (B) Mouse-human nucleotide substitution rates for transcribed loci of protein-coding genes (PC) and lncRNAs and for ARs. (C) Mouse-human nucleotide substitution rates for elncRNA and plncRNA TIRs. (D) Mouse-human nucleotide substitution rates for elncRNA and plncRNA transcribed loci. ***P < 0.001; **P < 0.01; *P < 0.05; NS, not significant. (PDF 285 KB)


13059_2013_3190_MOESM15_ESM.pdf
Additional file 15: Expression of elncRNAs, plncRNAs and protein-coding genes through three stages of erythropoiesis. Percentage of loci with detectable expression in one (white), two (grey) or three (black) erythropoiesis stages; data from [26]. (PDF 214 KB)


Additional file 16: Fold-change in expression.(XLSX 9 KB)

Additional file 17: Primer sequence.(PDF 1 MB)




Authors’ original submitted files for images
Below are the links to the authors’ original submitted files for images.
Authors’ original file for figure 1

Authors’ original file for figure 2

Authors’ original file for figure 3

Authors’ original file for figure 4

Authors’ original file for figure 5




Rights and permissions
Reprints and permissions


About this article
Cite this article
Marques, A.C., Hughes, J., Graham, B. et al. Chromatin signatures at transcriptional start sites separate two equally populated yet distinct classes of intergenic long noncoding RNAs.
                    Genome Biol 14, R131 (2013). https://doi.org/10.1186/gb-2013-14-11-r131
Download citation
	Received: 17 July 2013

	Accepted: 29 November 2013

	Published: 29 November 2013

	DOI: https://doi.org/10.1186/gb-2013-14-11-r131


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        


Keywords
	Transcriptional Start Site
	Intergenic Transcript
	lncRNA Locus
	Intergenic lncRNAs
	Normalize Library Size








                    


                
            

            
                
                    
                        
    
        
            Download PDF
            
        
    


                        
                    


                    
    


                    
                        
                            
                                
                                    
    
    
        
            Advertisement

            
                
                    
                        [image: Advertisement]
                    
                

            

        

    

                                

                            

                            

                            

                        

                    

                
            

        


        
            
                
                    
                        
                            
                            Genome Biology
                        

                         ISSN: 1474-760X

                    

                    
                        
                            Contact us

                            	Submission enquiries: editorial@genomebiology.com
	General enquiries: info@biomedcentral.com


                        

                    
                

            

        
        
    [image: ]

         
    
        
            
    
        
            
                
                    
                        	
                                    Read more on our blogs
                                
	
                                    Receive BMC newsletters
                                
	
                                    Manage article alerts
                                
	
                                    Language editing for authors
                                
	
                                    Scientific editing for authors
                                


                    
                        	
                                    Policies
                                
	
                                    Accessibility
                                
	
                                    Press center
                                


                    
                        	
                                    Support and Contact
                                
	
                                    Leave feedback
                                
	
                                    Careers
                                


                    
                
            

            
                Follow BMC

                	
                            
                                BMC Twitter page
                                
                                    
                                
                            
                        
	
                            
                                BMC Facebook page
                                
                                    
                                
                            
                        
	
                            
                                BMC Weibo page
                                
                                    
                                
                            
                        


            

        

        
            By using this website, you agree to our
            Terms and Conditions,
            Your US state privacy rights,
            Privacy
                statement and
            Cookies policy.
                Your privacy choices/Manage cookies we use in the preference centre.
        

    




        
        
    
        [image: Springer Nature]
         © 2024 BioMed Central Ltd unless otherwise stated. Part of
            Springer Nature.
        

    




    

    




        
    
    


        
    