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ABSTRACT 24 

Discovering and classifying long noncoding RNAs across all mammalian tissues 25 

and cell lines remains a major challenge. Previously, mouse lncRNAs were 26 

identified using RNA-seq data from a limited number of tissues or cell lines. 27 

Additionally, associating a few hundred lncRNA promoters with chromatin states 28 

in a single mouse cell line has identified two classes of chromatin-associated 29 

lncRNA. However, the discovery and classification of lncRNAs is still pending in 30 

many other tissues in mouse. To address this, we built a comprehensive catalog 31 

of lncRNAs by combining known lncRNAs with highly-confident novel lncRNAs 32 

identified by mapping and de novo assembling billions of RNA-seq reads from 33 

eight tissues and a primary cell line in mouse. Next, we integrated this catalog of 34 

lncRNAs with multiple genome-wide chromatin-state maps and found two 35 

different classes of chromatin state–associated lncRNAs, including promoter-36 

associated (plncRNAs) and enhancer-associated (elncRNAs) ones across 37 

various tissues. Experimental knockdown of an elncRNA resulted in the down-38 

regulation of the neighboring protein-coding gene Kdm8, a histone-demethylase. 39 

Our findings provide 2,803 novel lncRNAs and a comprehensive catalog of 40 

chromatin-associated lncRNAs across different tissues in mouse. 41 

  42 
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INTRODUCTION 43 

Previous large-scale transcriptome sequencing studies have confirmed that 44 

~80% of the human genome is transcribed, yet only a minor fraction of it (~3%) 45 

codes for protein (1, 2). It is now known that a major fraction of the transcriptome 46 

consists of RNAs from intergenic noncoding regions of the genome, which have 47 

been termed as intergenic lncRNAs. Comprehensive lncRNA catalogs were 48 

recently established for various cell lines and tissues in human, mouse, C. 49 

elegans, Drosophila, and zebrafish (3-8). In addition, we now know the functions 50 

of a limited number of the discovered lncRNAs, such as Xist in X chromosome 51 

inactivation (9), HOTAIR in cancer metastasis (10), lnc-DC in dendritic cell 52 

differentiation (11), Braveheart in heart development (12), Megamind and Cyrano 53 

in embryonic development (13), Fendrr in cardiac mesoderm differentiation (14), 54 

Malat1 in alternative splicing (15), and a few others including one from our 55 

previous work showing that RMST lncRNA regulates neurogenesis by physically 56 

interacting with Sox2 transcription factor (16).  57 

 58 

Even though thousands of lncRNAs have been cataloged, it is still unclear how to 59 

characterize regulatory lncRNAs. Very recently, regulatory lncRNAs were shown 60 

to associate preferentially with promoter and enhancer chromatin states in a 61 

single mouse cell line (17). While this observation is highly interesting, it is not 62 

clear whether there were more lncRNAs associate with these two chromatin 63 

states since the lncRNA associations were not tested in multiple tissues. In 64 

addition, the lncRNA or chromatin state datasets used in the previous study (17) 65 
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were selected only in one single cell line, which technically limits testing 66 

thousands of lncRNAs. Finally, it is also unknown whether these lncRNAs 67 

associate with similar chromatin states across different tissues or not. 68 

 69 

To build a comprehensive chromatin-associated mouse lncRNA dataset, we first 70 

used billions of mapped RNA-seq reads to identify highly confident novel 71 

lncRNAs and then combined this with thousands of known lncRNAs. Second, we 72 

used more than a billion mapped ChIP-seq reads of various histone marks to 73 

identify chromatin state maps. Finally, we integrated all these mouse lncRNAs 74 

with chromatin state maps, resulting in a comprehensive catalog consisting of 75 

thousands of chromatin state–associated lncRNAs. The analysis across multiple 76 

tissues also revealed a novel set of lncRNAs that are significantly enriched with 77 

promoter and enhancer chromatin states. Interestingly, the majority of the 78 

lncRNAs chromatin states switch from one state to another state across all the 79 

tissues or cell lines we tested. To our knowledge, this is the most comprehensive 80 

dataset of chromatin state–associated lncRNAs in mouse, and we expect this will 81 

be a valuable resource to help researchers select candidate lncRNAs for further 82 

experimental studies.  83 

  84 
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RESULTS  85 

Transcriptome mapping, assembly and quantification.  86 

About 3 billion raw sequence reads of RNA-seq experiments were downloaded 87 

from the ENCODE project (18) and analyzed using a computational pipeline 88 

consisting of TopHat (v2.0.9) (19), Cufflinks (v2.1.1) (20), and Scripture (v4) (21) 89 

(Fig. 1A). We constructed a map of RNA expression in mouse by first collecting 90 

RNA sequencing reads using long (76–108 nucleotides), paired-end, 91 

polyadenylated, strand-specific high-throughput RNA sequencing data from 8-92 

week-old adult brain, heart, kidney, small intestine, liver, spleen, testes, thymus 93 

and a paired-end embryonic stem (ES) cell line (Table S1). Next, the collected 94 

reads were mapped to the reference mouse genome using TopHat, which 95 

uniquely mapped 85% (2,631,897,546) of the sequence reads with 2 mismatches 96 

allowed. Of the mapped sequences, ~73% aligned with known transcript loci, and 97 

the remaining 27% aligned to either intergenic loci or to coding genes in an 98 

antisense direction, which suggested that novel transcripts might exist. To test 99 

this, we assembled the mapped mouse transcriptome data in a de novo 100 

approach using Scripture and Cufflinks to reconstruct transcripts and quantified 101 

the expression by masking regions, including those containing snoRNAs, tRNAs, 102 

miRNAs and pseudogenes. Transcripts that were significantly covered (P < 0.01) 103 

were selected to avoid noisy transcripts (Methods). In total, Scripture identified 104 

593,102 multi-exonic transcripts and Cufflinks, 539,775 transcripts, with an 105 

overlap of 500,530 transcripts between the two methods. Of those overlapping 106 

transcripts, ~86% (429,818) overlapped with known coding transcripts (annotated 107 
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in either RefSeq, UCSC, or Ensembl) and 10.2% (51,134) overlapped with 108 

known noncoding transcripts (annotated either as snoRNA, tRNA, miRNA, or 109 

pseudogenes). This shows the quality of transcripts and their ability to recover 110 

known noncoding transcripts. The remaining 3.9% of transcripts (20,018) had no 111 

overlap with any known coding or noncoding transcripts. 112 

 113 

Genome-wide identification and annotation of lncRNAs in mouse.  114 

We applied a computational pipeline to identify putative intergenic lncRNAs along 115 

with other types of lncRNAs (e.g., antisense, intronic) (4, 5, 22). We identified 116 

16,185 multi-exonic lncRNAs longer than 200 bp and with an expression ≥ 1 117 

FPKM (fragments per kilobase of exonic length per million) in at least one given 118 

tissue. Importantly, these lncRNAs did not contain transcripts with coding 119 

potential as measured by the two independent methods including conservation-120 

independent CPAT (23) and conservation-dependent PhyloCSF (24) (Methods). 121 

About 85% of this dataset overlapped with previously identified lncRNAs (17, 21, 122 

25-29) (Fig. S1), supporting the accuracy of our prediction pipeline with a total of 123 

34% of all known lncRNAs recovered (Fig. 1B). The remaining 2,803 identified 124 

lncRNAs were considered as novel lncRNAs in mouse. Further, based on the 125 

genomic location of lncRNAs relative to nearest protein-coding gene promoters, 126 

we annotated 2,174 antisense (e.g., overlapping the protein-coding gene in an 127 

antisense direction), 382 intergenic (e.g., located within 10 kb to the nearest 128 

protein-coding gene), and 247 strictly intergenic lncRNAs (e.g., located more 129 
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than 10 kb away from the nearest protein-coding gene) (Fig. S2, and Fig. 1C for 130 

an example of a novel lncRNA identified in testes).  131 

 132 

Properties of the 2,803 lncRNAs.  133 

It has been previously shown that lncRNAs comprise few exons, are shorter in 134 

length, and are expressed at low levels in a highly tissue- or cell-specific nature 135 

(3-5). The 2,803 lncRNAs reported here are consistent with these previous 136 

studies. On average, our lncRNA transcripts have fewer exons (3 exons), are 137 

shorter (6,336 nucleotides), and are expressed at lower levels (1.56 FPKM) than 138 

the average for the 27,259 RefSeq protein-coding transcripts, which (on average) 139 

have 10 exons, a length of 50,453 nucleotides, and expression levels of 4.68 140 

FPKM (Fig. S3). To gain more insight, we combined our novel lncRNAs with all 141 

the known lncRNAs and reanalyzed the genomic features by considering the 142 

ones with an expression greater than 0.1 FPKM in at least one out of 8 tissues 143 

and in a cell line, and the ones that are far from protein-coding genes (e.g., 10 kb 144 

away from either a transcription start site [TSS] or a transcriptional end site [TES] 145 

of a protein-coding gene). This resulted in 3,759 lncRNAs. On average, these 146 

transcripts have an exon size of 482 nucleotides, a transcript size of 9,710 147 

nucleotides, an expression level of 1.87 FPKM, and a conservation score of 0.1 148 

phastCons. These results further confirmed the genomic features of lncRNA, 149 

such as lower expression and conservation levels as compared to protein-coding 150 

genes.  151 

 152 
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In mammals, lncRNAs are expressed in a tissue-specific manner (3-5). To 153 

assess for any tissue specificity of our dataset of lncRNA, we compared each 154 

lncRNA expression in a given tissue to its expression in the remaining 8 tissues 155 

(Fig. 2A; Table S2). We observed that 62% of our novel intergenic lncRNAs are 156 

tissue-specific, which is comparable to known intergenic lncRNAs (68% tissue-157 

specific). Moreover, protein-coding genes resulted in 36.4% tissue specificity 158 

across the eight tissues and the ES cell line (Fig. S4). Overall, the results clearly 159 

show that lncRNAs are highly tissue specific in nature. Next, we selected the 160 

tissue-specific lncRNAs from our list as previously defined (e.g., with an entropy 161 

> 0.4) (4). To experimentally validate a pair of these selected tissue-specific 162 

lncRNAs, we measured the expression levels by RT-PCR of the heart (H-lnc1 163 

and H-lnc2), liver (L-lnc1 and L-lnc2), and kidney (K-lnc1 and K-lnc2) lncRNAs 164 

with respect to the housekeeping gene GAPDH (Fig. 2B), which confirmed their 165 

tissue-specificity. 166 

 167 

To assess whether our novel lncRNAs have active TSS and regulatory marks, 168 

we overlapped CAGE tags and DNase I tags from the FANTOM and ENCODE 169 

projects with the promoters of our lncRNA (30, 31). We observed an enrichment 170 

of CAGE tags around our lncRNA promoters, as compared to random lncRNA 171 

promoters (Fig. S5A). We also observed an enrichment of tissue-specific DNase 172 

I tags in lncRNA promoters from the brain, kidney, liver, spleen, and thymus 173 

tissues as well as for the ES cell line (Fig. S5B). Finally, we performed de novo 174 

motif analysis using lncRNA promoters to explore whether any transcription 175 
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factors could be regulating these lncRNAs. Indeed, we found several significant 176 

transcription factor binding motifs enriched near lncRNA promoters (Fig. S5C). 177 

These results show that the 2,803 lncRNA promoters are enriched with various 178 

regulatory marks in the mouse genome and could potentially have regulatory 179 

roles.  180 

 181 

Genome-wide identification of chromatin state maps in mouse.  182 

Chromatin marks mapping across different cell lines in mammals have been 183 

previously used to detect and annotate novel regulatory regions in the genome, 184 

including for putative lncRNAs (5, 17, 32). We hypothesized that integrating 185 

chromatin state maps with the promoters of the transcripts identified here using 186 

RNA-seq expression could guide us in annotating the potential transcripts and in 187 

predicting their mode of regulation. A map of chromatin marks was constructed 188 

from ~1.4 billion mapped reads obtained from 72 pooled ENCODE genome-wide 189 

ChIP-seq datasets in eight tissues (brain, heart, liver, small intestine, kidney, 190 

spleen, testes, and thymus) and the one primary ES cell line. The ChIP-seq 191 

datasets used included regulatory histone modifications, such as H3 lysine 4 192 

mono-methylation (H3K4me1), H3 lysine 4 tri-methylation (H3K4me3), H3 lysine 193 

36 tri-methylation (H3K36me3), H3 lysine 27 tri-methylation (H3K27me3), and H3 194 

lysine 27 mono-acetylation (H3K27ac), as well as CCCTC-binding factor (CTCF) 195 

marks and RNA polymerase II marks.  196 

 197 
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We applied the ChromHMM program (32) to create a chromatin state model at 198 

200 bp resolution, which resulted in six major chromatin state maps (Fig. 3A), 199 

including promoter (active and poised), enhancer (strong and poised/weak), 200 

transcribed (transcription transition, elongation, and weak transcription), 201 

insulator, repressed, and heterochromatin states (Table S3). In total, we mapped 202 

261,175 promoter states (covering ~1% of the mouse genome), 863,677 203 

enhancer states (~3%), 1,133,166 transcribed states (~12%), 150,752 repressed 204 

states (~1%), 322,521 insulator states (~1%) and 995,562 heterochromatin 205 

states (~82%). To validate the accuracy of the predicted chromatin states or 206 

maps, we mapped (at ±10 kb) our 206,045 unique non-overlapping active 207 

promoter maps to known promoters of 23,431 RefSeq protein-coding genes and 208 

3,190 RefSeq noncoding genes from TSSs. Our analysis recalled 82% (19,280) 209 

of the protein-coding promoters and 75% (2,401) of the noncoding ones. We 210 

repeated the above mapping using the poised promoter map and mapped an 211 

additional 709 protein-coding and 92 noncoding gene promoters. All together, we 212 

successfully mapped 85% of the known protein-coding and 78% noncoding gene 213 

promoters. These results indicate that using combinatorial promoter chromatin 214 

states to retrieve promoters results in ~6% higher recall than when using only 215 

H3K4me3 as an active promoter chromatin mark (33). 216 

 217 

Classification of lncRNAs using chromatin state maps.  218 

Previously chromatin state maps at promoters were used to define two distinct 219 

classes of lncRNAs (17). For example, enhancer-associated lncRNA (elncRNA) 220 
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promoters or transcription start sites (TSSs) are depleted of H3K4me3 and 221 

enriched with H3K4me1, and promoter-associated lncRNAs (plncRNAs) are 222 

enriched with H3K4me3 and depleted of H3K4me1. Using a similar promoter-223 

overlapping approach for our chromatin state maps, we defined these two 224 

classes of chromatin-associated lncRNAs across 8 tissues and an ES cell line. 225 

For this classification, we first listed ~30,000 unique protein-coding promoter loci 226 

and ~19,000 intergenic lncRNA promoter loci (200 bp long), which were then 227 

passed through an expression filter (requiring >1 FPKM in a given tissue) and an 228 

intergenic filter (requiring them to be 5 kb away from both TSS and TES of 229 

protein-coding genes). We found a few thousand lncRNAs that passed the above 230 

expression and intergenic filters (namely, 1,385 lncRNAs in whole brain, 1,236 in 231 

ES cells, 903 in heart, 870 in kidney, 787 in liver, 435 in small intestine, 878 in 232 

spleen, 2,083 in testes, and 932 in thymus). Overall, less than 10% (852) of 233 

these intergenic lncRNAs significantly overlapped with an active promoter or a 234 

strong enhancer chromatin state (P <0.001, Fisher-exact test) (Fig. 3B). 235 

 236 

We next focused our analysis on these significant chromatin state–associated 237 

lncRNAs. In total, we identified 852 unique intergenic lncRNA transcripts 238 

associated with either an active promoter or a strong enhancer chromatin state 239 

(Table S4, Fig. 3C and D). This result apparently contradicts a previous study 240 

(17), in which 52% of lncRNAs were found to be associated with an enhancer 241 

chromatin state, and 48%, with a promoter chromatin state. These differences 242 

could arise from several parameters used in the previous study that are distinct 243 
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to ours: specifically, the previous study considered single exonic transcripts, used 244 

CAGE tags to define 5′ ends, and used DNase-seq peaks to identify active 245 

promoters. However, to check the consistency, we also used CAGE peaks from 246 

FANTOM5 and DNase-seq peaks from ENCODE, along with RNA-seq 247 

expression to identify active promoter lncRNAs in liver, spleen, and thymus. This 248 

re-analysis resulted in more than 40% of the lncRNAs associated with enhancer 249 

chromatin state in thymus (~50% with promoter chromatin state) and around 20% 250 

in liver and spleen. (Table S5 and Figure 3D, Methods). Finally, we did not 251 

notice any enrichment in the number of elncRNAs over plncRNAs in most of the 252 

tissue we analyzed except brain and thymus. A total of 852 unique intergenic 253 

lncRNAs were thus annotated as chromatin-associated, including 514 plncRNAs 254 

and 433 elncRNAs. 255 

Our approach successfully identified known enhancer-associated coding RNAs, 256 

such as Fos, Rgs2, Nr4a2, and Elf5 (34), and elncRNAs such as lincRNA-Cox2, 257 

lincRNA-Spasm, and lincRNA-Haunt (35) (Fig. S6). Moreover, we also found 258 

known promoter-associated coding RNAs in our analysis, such as Sox2, Oct4, 259 

and Nanog, and plncRNAs, such as linc1405 and linc1428 (5) (Fig. S7). 260 

Additionally, by pooling all promoter chromatin state maps into one major 261 

promoter chromatin–state map, and enhancers into an enhancer chromatin–state 262 

map, we were able to recall 71% of published enhancer-associated lncRNAs 263 

(36). Our approach successfully recalled 64% of plncRNAs (74 out of 115) and 264 

56% of elncRNAs (69 out of 124) from another study (17). We also 265 

experimentally tested histone modifications around the lncRNA promoters, both 266 
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in mouse ES cells and heart cells (Fig. S8) using Klf4 as negative control and 267 

Zic1 as positive control. All together, our study provides a confident list of 268 

chromatin-associated lncRNAs across wide range of tissues in mouse.  269 

 270 

Properties of the chromatin-associated lncRNAs.  271 

To investigate whether the two types of chromatin-associated lncRNAs have 272 

different properties, we calculated their sequence length and expression levels 273 

(Fig. 4A and B). plncRNAs with a median length of ~6 kb were not significantly 274 

different from elncRNAs. However, our finding of a ~6 kb for both elncRNAs and 275 

plncRNAs differs from a previous study, which reported them to be ~1 kb long 276 

(17). plncRNAs are highly expressed compared to elncRNAs, as previously 277 

observed (17). We asked whether these chromatin-associated lncRNAs were 278 

enriched in any biological processes by using nearest gene approach and whole-279 

genome background with a GREAT software (37). Indeed, they showed 280 

enrichment of various biological processes (Fig. S9). Interestingly, we also 281 

observed the changes in the status of chromatin-associated lncRNAs based on 282 

their respective tissue or cell line. In total, ~17% chromatin-associated lncRNAs 283 

(144 out of 852) tend to switch from one chromatin state to another in multiple 284 

tissues (Table S6). plncRNAs are more likely to switch to plncRNAs and also the 285 

percentage of this type of transition is higher than the plncRNAs-to-elncRNAs or 286 

the elncRNAs-to-plncRNAs transition (Fig. 4C, D and Table S6).   287 

 288 
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We hypothesized that if a lncRNA is expressed in a specific tissue and also 289 

associated with tissue-specific epigenetic modifications in the same tissue but 290 

not in others, it could be associated with regulatory functions. To test this, we 291 

selected for lncRNAs with the following characteristics: (1) associated with a 292 

specific chromatin state only in ES cells, (2) expressed only in ES cells, (3) 293 

associated with DNase I peaks only in ES cell, (4) associated with pluripotent 294 

transcription factors in ES cells, and (5) close to a protein-coding gene 295 

associated with pluripotency in ES cells. In total, 12 lncRNAs passed the above 296 

filters.  297 

 298 

For validation, we focused on a ES cell–specific, predicted regulatory enhancer–299 

associated lncRNA (chr7:132560406-132561472 (-)) located approximately 20 kb 300 

away from the protein-coding gene Kdm8, which encodes a histone lysine 301 

demethylase and regulates embryonic cell proliferation (Fig. 5A and 5D) (37). 302 

We named this as lncRNA-Kdm8, based on its proximity to the Kdm8 protein-303 

coding gene. Using the RACE technique, we experimentally characterized the 304 

lncRNA-Kdm8 genomic structure; this revealed at least 3 variants (RACE-a, b 305 

and c) in the 5′ end of lncRNA-Kdm8, and also defined the exon-intron 306 

boundaries (Fig. 5B and 5C). We then knocked-down lncRNA-Kdm8 with two 307 

different siRNAs and checked the expression of the Kdm8 transcript and the 308 

positive control gene Taf3. As predicted, upon elncRNA knockdown, the 309 

expression of the Kdm8 gene significantly decreased as compared to Taf3, which 310 

further supported the cis mode of enhancer-associated lncRNA gene regulation 311 
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(Fig. 5E) (38, 39). Together, our results show that chromatin-associated lncRNAs 312 

annotated by its chromatin marks could have regulatory roles. 313 

  314 
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DISCUSSION  315 

 316 

Our study identified novel lncRNAs in mouse by using deep RNA sequencing 317 

data from eight tissues and an ES cell line. Public ENCODE large-scale RNA-seq 318 

data allowed us to de novo reconstruct confident novel lncRNA transcripts. The 319 

transcriptome data used in this study to discover lncRNAs go beyond previous 320 

lncRNA studies in terms of depth (18). The tissue-specific nature of these 321 

lncRNAs is in agreement with previous findings (3-5). The 2,803 lncRNAs 322 

included 2,174 antisense and 629 intergenic transcripts. Antisense lncRNAs 323 

have been shown to be key regulators and interestingly, many of the antisense 324 

lncRNA transcripts we observed were from ES cells. We used intersection of 325 

transcripts assembled by using two different de novo assemblers and also a 326 

stringent expression threshold to filter out the spurious transcripts. Further, we 327 

validated the expression of the lncRNA transcripts identified in this study by RT-328 

PCR, thus confirming the quality of the transcripts identified in this study as well 329 

as their expression.  330 

 331 

By using ChromHMM, we further characterized combinatorial chromatin state 332 

maps in mouse, using more than 70 ChIP-seq datasets across the same tissues 333 

used for lncRNA discovery. In previous studies, promoter, enhancer, and 334 

insulator maps were identified using a specific set of ChIP-seq datasets, like 335 

H3K4me3 (promoter), H3K4me1 with P300 (enhancer), and CTCF (insulator) 336 

(33). We built upon that work by further including additional histone marks 337 
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allowing us to produce more detailed chromatin state maps. For example, the 338 

Fendrr lncRNA, which was previously annotated as enhancer-associated, has 339 

enhancer histone (p300/H3K4me1) marks (35) at the promoter but is also 340 

enriched in H3K27me3 in brain. We conclude that its chromatin status is likely to 341 

be poised or to switch to other states rather than to be enhancer-associated, 342 

which emphasizes the importance of taking chromatin states into account when 343 

classifying chromatin-associated lncRNAs.  344 

 345 

By integrating chromatin state maps and promoters of lncRNAs across eight 346 

tissues and an ES cell line, we were able to classify lncRNAs into two classes: 347 

promoter-associated lncRNAs and enhancer-associated lncRNAs. Our study 348 

provides a comprehensive catalog of chromatin-associated lncRNAs across 349 

several mouse tissues. We also observed that plncRNAs were highly expressed, 350 

shorter in length compared to other chromatin-associated lncRNAs, and retained 351 

their embryonic promoter chromatin status in adult tissues. Experimental 352 

knockdown of an enhancer-associated lncRNA partially validated the regulatory 353 

behavior of chromatin state–associated lncRNAs in mouse.  354 

 355 

Many of the bi-directional lncRNAs and enhancer-associated RNAs have been 356 

shown to be non-polyadenylated (34, 40). However, recent findings (2, 17), along 357 

with our study, suggest the existence of poly-adenylated bi-directional transcripts 358 

and chromatin-associated RNAs. Still, because of the polyA-based RNA 359 
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sequencing, we could be missing a large fraction of non-polyadenylated 360 

lncRNAs. 361 

 362 

In the future, even more comprehensive catalogs of chromatin-associated 363 

lncRNAs should be possible to obtain by associating of chromatin states and 364 

lncRNA promoters across all tissues and cell lines in mammals. In addition, using 365 

techniques like CRISPR against regulatory lncRNAs would reveal more valuable 366 

information. All together, our study provides a novel set of classified lncRNAs, 367 

which presents a valuable resource for future genomic experimental studies in 368 

mouse.  369 

  370 
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MATERIALS AND METHODS  371 

Computational procedures  372 

Data sources.  373 

All data used in the analysis were obtained from public databases. The links from 374 

where the data was obtained are listed in Table S7.  375 

RNA-seq mapping and transcriptome assembly.  376 

TopHat-2.0.9 (19) was used to map RNA-seq reads against mouse reference 377 

genome (mm9), using default parameters unless specified (Table S8). Cufflinks 378 

(20) was used to assembled mapped reads to transcripts de novo, and 379 

Cuffmerge was used against high-confidence de novo transcripts to generate a 380 

single transcript annotation file, using default parameters unless specified (Table 381 

S6). Scripture-v4 (21) was also used to assemble transcripts, using uniquely 382 

mapped reads with default parameters unless specified (Table S8). Finally, 383 

Qualimap-v.08 (41) was used with default parameters to count the number of 384 

strand-specific reads overlapping with lncRNAs.  385 

Identification and genomic annotation of lncRNAs.  386 

We filtered out transcripts from 8 tissues and a primary ES cell line pooled by 387 

Cuffmerge by using an in-house computational pipeline. Our pipeline relies in 388 

previously published software and protocols for identifying lncRNAs from 389 

transcriptomics data. The pipeline selects transcripts as lncRNAs by their size 390 

(≥200 nucleotides), number of exons (≥2 exons), expression levels (>1 FPKM in 391 

at least one tissue or cell line that we used), overlap with coding regions (no 392 

overlap with a known gene set from RefSeq, Ensembl, or UCSC on a similar 393 
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strand), overlap with noncoding regions (no overlap with known snoRNAs, 394 

tRNAs, miRNAs, lncRNAs, or pseudogenes), and noncoding potential (<0.44 395 

CPAT and <100 PhyloCSF score). PhyloCSF (24) was used to calculate the 396 

coding potential of transcripts. First, we stitched mouse lncRNA exonic 397 

sequences into 18 mammals, using mm9-multiz30way alignments from UCSC. 398 

Second, we ran PhyloCSF against stitched sequences using default parameter 399 

unless specified (Table S8). We then removed the transcripts with open reading 400 

frames with a PhyloCSF score greater than 100, as previously suggested (36). 401 

The final lncRNA PhyloCSF score is the average decibans score of all its exons 402 

based on their strand direction and all possible frames. The transcripts that 403 

passed PhyloCSF and CPAT coding potential filters were further selected as 404 

potential lncRNAs.  405 

LncRNAs that did not overlap with any known protein-coding gene (within a 10 kb 406 

window from both TSS and TES) were classified as intergenic lncRNAs or 407 

lncRNAs. LncRNAs that overlapped a transcript but on opposite strands were 408 

classified as antisense lncRNAs. LncRNAs that were close to a coding gene 409 

(within 10 kb from both TSS and TES) were annotated as either convergent 410 

(same strand as the nearest coding) or divergent (opposite strand as the nearest 411 

coding) lncRNAs.  412 

Tissue specificity calculations.  413 

To calculate tissue specificity of lncRNAs, we normalized the raw FPKM 414 

expression values as suggested in previous studies (4, 5). First, we added 415 

pseudo-count 1 to every raw FPKM value and second applied log2 normalization 416 
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to each value, to obtain a non-negative expression vector. Finally, we normalized 417 

the expression vector by dividing it by the total expression counts. The resulting 418 

matrix of lncRNA normalized expression levels in each of the replica experiments 419 

per tissue or cell line was clustered by k-means.  420 

TFBS, CAGE tags, and DNase I sites enrichment analyses.  421 

To identify transcription factor binding sites, we first performed a de novo motif 422 

analysis on the 2,803 lncRNA 1 kb promoters, using the HOMER software with 423 

default parameters unless specified (Table S8). Second, the significant (P < 1e-424 

5) de novo motifs from HOMER were used as input to the TOMTOM program to 425 

search against the JASPAR CORE and UNIPROBE databases (42). Next, we 426 

combined all identified motifs from both searches into a final list of transcription 427 

factor motifs. We then checked the expression of genes in the master list and 428 

required that the candidate transcription factor be expressed in the tissue. 429 

Finally, we used the PWMEnrich program (43) to perform motif enrichment 430 

analysis.  431 

CAGE peak based annotations for mouse samples were downloaded from the 432 

FANTOM5 database (30), and DNase I sites from ENCODE (31). We overlapped 433 

these with the 2,803 lncRNA promoters and their corresponding random regions 434 

using sitepro from the CEAS program (44) with default parameters. We used the 435 

shuffledBed program (https://code.google.com/p/bedtools/) (45) with default 436 

parameters to randomize the coding RNA and lncRNA promoters in the mm9 437 

genome.  438 

Discovery of chromatin state maps.  439 
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We first collected mapped ChIP-seq reads of H3K4me1, H3K4me3, H3K36me3, 440 

H3K27me3, H3K27ac, CTCF, and RNA polymerase II from ENCODE. This data 441 

was originally produced from mouse (C57BL/6-strain, E14, or 8-week-old) brain, 442 

heart, kidney, liver, small intestine, spleen, testes, or thymus, or from an 443 

embryonic stem (ES) cell line. Second, we used a Poisson-based multivariate 444 

hidden Markov model29 (ChromHMM, http://compbio.mit.edu/ChromHMM/) to 445 

identify regions enriched in specific combinations of histone modifications as 446 

previously described but without extending the read lengths. We ran the 447 

ChromHMM software to produce classified maps containing from 2 to 50 states. 448 

The 15-state model was rich enough and, at the same time, allowed us to 449 

interpret the chromatin frequency observed across various tissues and cell lines. 450 

Next, we classified the 15-state model into the final six major chromatin state 451 

maps of active promoter, poised promoter, strong enhancer, poised or weak 452 

enhancer, insulator, repressed, transcribed, or heterochromatin states. In total, 453 

3,612,616 regions in the mouse genome were enriched in at least one of the six 454 

major chromatin state maps.  455 

Collection of RNA promoters.  456 

We overlapped all 19,873 lncRNAs with protein-coding genes and removed the 457 

ones that overlapped by at least one nucleotide on either strand. This resulted in 458 

14,147 intergenic lncRNAs. We avoided protein-coding vicinities by removing the 459 

lncRNAs that fall with in 1 kb from either the TSS or the TES of any known 460 

protein-coding gene. This resulted in 12,129 strictly intergenic lncRNAs. Further, 461 

we selected lncRNAs with an expressed of more than 1 FPKM in a given tissue.  462 
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All together, the filters resulted in 1,385 lncRNAs in whole brain, 1,236 in ES 463 

cells, 903 in heart, 870 in kidney, 787 in liver, 435 in small intestine, 878 in 464 

spleen, 2,083 in testes and 932 in thymus. We created 200 bp promoters of 465 

these expressed lncRNAs by extending the TSS 100 bp upstream and 466 

downstream. We created random promoters by shuffling across intergenic space 467 

and then overlapped these promoters with chromatin states in each tissue 468 

separately. Next, we used ~30,000 RefSeq protein-coding gene promoters and 469 

overlapped them with chromatin states in a similar fashion as above (>1 FPKM in 470 

a given tissue). 471 

Overlapping chromatin state maps with RNA promoters.  472 

We used intersectBed from BEDtools package (45) to overlap RNA promoters 473 

with chromatin state maps in each tissue or cell line. We considered the 474 

chromatin association to be significant if the P value was less than 0.001 475 

(Fischer-exact test) in all the tissues we tested. We found both active promoter 476 

and strong enhancer chromatin states significantly associated with lncRNA 477 

promoters (Table S4 and Fig. 3B). We used CAGE peaks from FANTOM5 and 478 

DNase-seq peaks from ENCODE, along with RNA-seq expression, to identify 479 

active promoters lncRNA in liver, spleen, and thymus. We could not find both 480 

CAGE and DNase-seq data for other tissues. We used the same 200 bp 481 

promoter size for CAGE peaks (more than 1 tag) and overlapping DNase-seq 482 

peaks (Table S5). 483 

Transition of chromatin-associated lncRNAs. 484 
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We selected 200-bp-long promoters of expressed lncRNAs (>1 FPKM) in whole 485 

brain and made sure that they did not overlap any protein-coding genes within a 486 

5 kb distance (both from TSS and TES). We then overlapped the lncRNA 487 

promoters with active promoter and strong enhancer chromatin states in whole 488 

brain. The analysis resulted in 163 elncRNAs and 33 plncRNAs in whole brain. 489 

We repeated the above steps in other tissues, resulting in hundreds of 490 

chromatin-associated lncRNAs. This produced 41 ES-elncRNAs, 131 ES-491 

plncRNAs, 21 heart-elncRNAs, 61 heart-plncRNAs, 47 kidney-elncRNAs, 61 492 

kidney-plncRNAs, 35 liver-elncRNAs, 77 liver-plncRNAs, 25 small intestine–493 

elncRNAs, 20 small intestine–plncRNAs, 20 spleen-elncRNAs, 65 spleen-494 

plncRNAs, 88 testes-elncRNAs, 258 testes-plncRNAs, 82 thymus-elncRNAs and 495 

50 thymus-plncRNAs.  Finally, we calculated the percentage of transition of 496 

chromatin-associated lncRNA from one tissue to another (Table S6). 497 

Gene ontology analysis. 498 

We ran GREAT annotation tool on chromatin-associated lncRNA genomic 499 

locations by taking the two nearest genes, using a default of a 1,000 kb distance 500 

window. A whole-genome background was selected as a control.  501 

Experimental Procedures  502 

Cell culture.  503 

Wild-type (E14Tg2A) ESCs were cultured feeder–free in plates coated with 0.1% 504 

of gelatin in Glasgow minimum essential medium (Sigma) supplemented with β- 505 

mercaptoethanol, sodium pyruvate, essential amino acids, GlutaMAX, 20% fetal 506 

bovine serum (Hyclone), and leukemia inhibitory factor (LIF). Heart, liver, and 507 
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kidneys were isolated from 8-week-old C57BL/6J mice and snap-frozen before 508 

RNA extraction for chromatin immunoprecipitation assays (only heart).  509 

Chromatin immunoprecipitation assay.  510 

ESCs were cross-linked in 1% formaldehyde (FA) for 10 min at room 511 

temperature (RT). For ChIPs from heart, crosslinking was performed on 1- to 3-512 

mm3 fragments in a conical tube for 10 min rotating at RT in 1.5% FA. 513 

Crosslinking was quenched with 0.125 M glycine for 5 min. Pelleted cells and 514 

heart fragments were lysed and homogenized. Chromatin extraction and 515 

immunoprecipitation was performed as previously described (Morey et al, 2012). 516 

300 μg were used for immunoprecipitation. Antibodies used were: Suz12, Abcam 517 

ab12073; histone H3, Abcam ab1791; histone H3K4me1, Abcam ab8895; 518 

histone H3K27me3, Active-Motif 39155; and histone H3K27ac, Millipore 07-360. 519 

The primers used in the qPCR assays are listed in Table S2.  520 

Expression and siRNA knockdown analyses.  521 

RNA from organs was extracted with Trizol (Life Technologies). cDNA was 522 

generated from 1 mg of RNA with the First Strand cDNA Synthesis Kit 523 

(Fermentas). The primers used in the RT-qPCR assays are listed in Table S2. 524 

RT-PCR was performed in duplicates using GAPDH as a housekeeping gene for 525 

normalization. For ES-specific lncRNA knock-downs, 50,000 cells/well in 6-well 526 

plates were seeded and then transfected the next day with Lipofectamine 527 

RNAiMAX Reagent and 75 pmol of siRNA duplexes (Invitrogen). Cells were 528 

pelleted 24 h post-transfection, and RNA was extracted for RT-qPCR with the 529 

RNA extraction kit (QIAGEN). cDNA was generated as explained above. The 530 
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primers used in the RT-qPCR assays and the siRNA duplexes used are listed in 531 

Table S9. RT-PCR was performed in triplicates using GAPDH as a 532 

housekeeping gene for normalization. 533 

Characterization of mouse lncRNA-Kdm8 using RACE. 534 

Total RNA extracted from mouse ES cells (E14) was used to generate RACE-535 

ready 3′- and 5′-cDNA using the SMARTer RACE cDNA Amplification Kit 536 

(Clontech) following the manufacturer's protocol. cDNA ends were amplified with 537 

universal primer mix and gene-specific primers (GSP), followed by a‘nested' 538 

PCR with the nested universal primer and the nested gene-specific primers 539 

(NGSP) (Table S9). RACE products were run on a 2% agarose gel, cloned in 540 

pRACE (pUC19-based vector), and sequenced using M13 primers. Recovered 541 

fragments were aligned to obtain the different full-length transcripts produced by 542 

the lncRNA-Kdm8 (Table S9). 543 

Data access.  544 

All lncRNAs and chromatin state maps identified in this work for mouse (mm9) 545 

are listed in the additional files lncRNAs.xlsx and ChromatinMaps.zip (Table S7).  546 
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FIGURES  568 

Figure 1. Overview of the lncRNA discovery and chromatin state map 569 
computational pipeline. (A) Overview of the lncRNA discovery and chromatin 570 
state map based classification pipeline that was employed using both RNA-seq 571 
and ChIP-seq data from 8 tissues and one primary cell line (ES) in mouse. RNA-572 
seq reads from all the tissues and the cell line were mapped using TopHat2 573 
against mouse reference genome (mm9), and transcriptomes were assembled in 574 
de novo using Cufflink2 and ScriptureV4 assemblers. Common transcripts that 575 
were assembled by both Cufflinks2 and ScriptureV4 were scanned for lncRNA 576 
features like size, length, exon number, expression and coding score. A library of 577 
intergenic lncRNAs was constructed by pooling lncRNAs identified in this study 578 
and previous studies. In total, 10,728 unique lncRNAs were overlapped with 579 
chromatin state maps discovered by using ChromHMM by pooling various ChIP-580 
Seq datasets and classified chromatin-associated lncRNAs in mouse. (B) 581 
Overlap between lncRNAs identified in this study (light grey, left) and previously 582 
published lncRNAs (dark grey, right). 2,803 non-annotated lncRNAs were 583 
identified, and 34% (13,382) of the known lncRNAs were recovered in this study. 584 
(C) RNA-seq coverage tracks showing the expression of a novel lncRNA 585 
identified in this study (black). Transcription in testes is shown. “+" and “–“ 586 
indicate sense and antisense directions, respectively, and experimental replicas 587 
are numbered as “1” and “2”. 588 
 589 
Figure 2. Tissue- and cell-specific expression of lncRNAs. (A) Heatmap 590 
representing normalized FPKM expression values of the 2,803 lncRNAs (rows) 591 
across eight tissues and a primary cell line (columns). Rows and columns were 592 
ordered based on k-means clustering. Legend color intensity represents the 593 
fractional density across the row of log10-normalized FPKM expression values 594 
as estimated by ScriptureV4. Each tissue has 2 columns, representing their 595 
replicates, and the ES cell line has 5 columns. (B) Experimentally validated 596 
examples of lncRNAs with tissue-specific expression across heart, liver, and 597 
kidney. Shown are RT-PCR duplicates normalized (against housekeeping gene 598 
GAPDH) expression of heart-specific lncRNAs (H-lnc1 and H-lnc2), liver-specific 599 
lncRNAs (L-lnc1 and L-lnc2), and kidney-specific lncRNAs (K-lnc1 and K-lnc2) 600 
(Table S9). 601 
 602 
Figure 3. Discovery of chromatin state maps and their association with 603 
lincRNAs. (A) Emission parameters learned de novo with ChromHMM on the 604 
basis of combinations recurring in chromatin. Each point in the table denotes the 605 
frequency with which a given mark is found at genomic positions corresponding 606 
to a specific chromatin state. The observation frequency of various chromatin 607 
marks, including H3K36me3, H3K4me1, H3K27ac, Pol II, H3K4me3, CTCF, and 608 
H3K27me3, as well as respective input showing 6 major chromatin states, 609 
including active promoter (red), poised promoter (purple), enhancer (yellow), 610 
Polycomb (grey), insulator (blue), and heterochromatin (white). (B) Percentage of 611 
protein-coding TSS (top) and intergenic lncRNAs (bottom) significantly enriched 612 
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with both active promoter and strong enhancer (***, P <0.001, Fisher-exact test). 613 
“D” and “R” labels correspond to the observed data and randomized TSSs, 614 
respectively. (C) Percentage of lncRNAs and protein-coding genes that are 615 
associated with promoter and enhancer chromatin states. (D) The number of 616 
plncRNAs and elncRNAs across 8 tissues and an ES cell line. (E) Percentage of 617 
lncRNAs (overlapped with both CAGE peaks and DNase I hypersensitive sites) 618 
associated with promoter and enhancer chromatin states.  619 
 620 
Figure 4. Transcript length, expression, and transition of chromatin-621 
associated lncRNAs in mouse. (A) Transcript length of elncRNAs (median = 622 
6565 nt) and plncRNAs (median = 6450 nt) across eight tissues and a cell line, 623 
showing no difference in length (Mann-Whitney test; NS, not significant; P = 624 
0.9848). (B) Log-normalized expression (FPKM) of elncRNAs (median = 0.08 625 
FPKM) and plncRNAs (median = 0.33 FPKM) across eight tissues and an ES cell 626 
line, showing a significant difference between them (Mann-Whitney test, ***P = 627 
1.221e-10). (C) Circos plot showing the transition of plncRNA to elncRNA, or 628 
elncRNA to plncRNA, across eight tissues and an ES cell line. Top bars indicate 629 
the total number of chromatin-associated lncRNAs that undergo a transition per 630 
tissue or cell line, which included whole brain (20 plncRNAs and 72 elncRNAs), 631 
ES cells (62 plncRNAs and 8 elncRNAs), heart (44 plncRNAs and 4 elncRNAs), 632 
small intestine (17 plncRNAs and 18 elncRNAs), kidney (50 plncRNAs and 24 633 
elncRNAs), liver (46 plncRNAs and 10 elncRNAs), spleen (55 plncRNAs and 12 634 
elncRNAs), testes (29 plncRNAs and 12 elncRNAs) and thymus (47 plncRNAs 635 
and 40 elncRNAs). Links inside the bars indicate the number of lncRNAs that 636 
switch their chromatin states from one tissue to another (red, plncRNAs; gold, 637 
elncRNAs). The lncRNA transition table used to generate the circos plot is shown 638 
in Table S6. (D) Percentage of chromatin-associated transitions across all the 639 
mouse tissues, showing the high percentage of plncRNA-to-plncRNA transitions 640 
as compared to elncRNA-to-elncRNA transitions. 641 
 642 
Figure 5. An enhancer-associated lncRNA, lncRNA-Kdm8, regulates the 643 
expression of a neighboring protein-coding gene Kdm8. (A) The lncRNA-644 
Kdm8 locus promoter overlaps with a enhancer chromatin state and occurs 645 
within 20 kb of the TSS of a protein-coding gene, Kdm8 (e.g., it is an enhancer-646 
associated lncRNA). Gene tracks represent DNase I hypersensitive sites (HS) 647 
and ChIP-seq data for H3K4me1, H3K27ac, and H3K4me3 from ENCODE. The 648 
genomic scale is indicated on the top, and the scale of both DNase I HS and 649 
ChIP-seq data on the top right. (B and C) The 5′- and 3′-ends and the exon-650 
intron boundaries of the enhancer-associated lncRNA, lncRNA-Kdm8, were 651 
determined by RACE (see Supplemental Materials and Methods). Black arrows 652 
depict TSSs and direction of transcription for respective genes. Kdm8 mRNA and 653 
the lncRNA-Kdm8 are shown in green and red, respectively. Genomic DNA 654 
sequence corresponding to the 5′- and 3′-ends of the cloned lncRNA are shown 655 
in black at the bottom of the lncRNA-Kdm8 gene track, defining accurate 5′-end 656 
and exon-intron boundaries for exon 1, exon 3, exon 4, and exon 5 of lncRNA-657 
Kdm8.  (D) Expression levels of lncRNA-Kdm8 in mES cells and other tissues, as 658 

 on July 20, 2016 by B
iblioteca de la U

niversitat P
om

peu F
abra

http://m
cb.asm

.org/
D

ow
nloaded from

 

http://mcb.asm.org/


 30

measured by directional RNA-seq and expressed as fragments per kilobase of 659 
exonic length per million (FPKM). (E) RT-PCR expression (triplicates, normalized 660 
against housekeeping gene RPO) after siRNA-based knockdown of lncRNA-661 
Kdm8 (chr7:132560406-132561472, –) resulted in a significant decrease of 662 
neighboring gene Kdm8 (t-test *P ≤0.05, **P ≤0.01), which was not observed for 663 
the negative control of the distant coding gene Taf3 (chr2:9836179-9970236, 664 
+). Primers used for siRNA oligonucleotides of the lncRNA-Kdm8 are given 665 
in Table S9. 666 
  667 
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