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Abstract 
 

Widespread transcription in mammals revealed unexpected discovery of non-coding 

elements like long noncoding RNAs (lncRNAs) and repetitive elements. First, 

lncRNAs were previously identified in limited number of tissues or cell lines in mouse 

and the discovery of lncRNAs was still pending in many other tissues in mouse. To 

address this, we applied a computational pipeline that discovered 2,803 high-

confidence novel lncRNAs by mapping and de novo assembling billions of RNA-Seq 

reads in eight tissues and a primary cell line in mouse. Further, we integrated this 

catalog of lncRNAs with chromatin state maps and found many regulatory lncRNAs 

(promoter-associated and enhancer-associated lncRNAs). Second, more than half of 

the human genome contains repetitive elements. However, it is not clear how they 

are expressed across all mammalian tissues. To address this, as a part of Genotype-

Tissue Expression (GTEx) project, we profiled repetitive elements using 8,551 poly-A 

RNA-Seq datasets from 53 tissues across 550 individuals and found various repeat 

families transcribed across multiple human tissues in a tissue-specific manner. In 

summary, to understand the transcriptional landscape of non-coding genome, we 

mainly analyzed RNA-Seq datasets across many tissues in mammals and show that 

the non-coding elements like lncRNA and repetitive elements are not only 

transcribed but also tissue-specific. Together, this thesis work defines a unique 

collection of non-coding elements that are transcribed and tissue-specific in 

mammalian tissues. 

 
Resumen 
 
Una gran parte del genoma de mamiefores se expresa en forma de ARNs y se 

conoce hoy en dia que una gran parte de estos transcritos son no codificantes 

llamados lncRNAs y que contienen elementos repetitivos.  En ratones, estos han 

sido identificados recientemente en un número limitado de tejidos y líneas celulares. 

Esta tesis presenta un trabajo exhaustivo de estudio de lnRNAs en ratón en ocho 

tejidos y una línea celular. En este trabajo se descubrieron 2803 nuevos lncRNAs a 

los cuáles se les asignó una función reguladora (asociados a promotores o 

activadores “enhancers”) en el genoma usando datos del estado de la cromatina. 

Asimismo, más de la mitad del genoma humano contiene elementos repetitivos. 

Desafortunadamente no se conoce el patrón de expresión de estos elementos 

repetitivos en los tejidos mamíferos.  Como miembros del proyecto GTEx (Genotype-
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Tissue Expression), analizamos la expresión de estos elementos repetitivos en 

8,551 muestras de polyA RNA-Seq en 53 tejidos de 550 individuos. Encontramos 

que muchas familias de elementos repetitivos son expresadas en tejidos específicos 

en varios individuos, y representan una característica peculiar de la identidad de 

cada tejido en humanos. 
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Preface 
 

The mammalian genome is mostly (~98%) composed of non-coding regions, that is, 

regions that do not code for proteins {Kellis:2014gy}. However, a large fraction of 

these non-coding regions are transcribed. Indeed, thousands of long non-coding 

RNAs (lncRNAs) transcribed from non-coding regions of the genome have already 

been cataloged, but their regulatory roles are still unclear {Rinn:2012fh}. 

Interestingly, a substantial part of the lncRNAs is originated from or contain repetitive 

elements, which are normally transcriptionally repressed {Kapusta:2013kb}. Despite 

their general repressed state, specific families of repeats escape repression and their 

transcripts play a role in gene regulation (Elbarbary et al., 2016). Unfortunately, it is 

not exactly clear how many of them are expressed across all mammalian tissues and 

in which tissue they are expressed.  

 

Recently, regulatory lncRNAs have been shown to preferentially associate in the 

genome to promoter and enhancer chromatin states in a mouse cell line 

{Marques:2013cm}. While this observation is highly interesting, it was unclear 

whether the association was universal in different cell types and tissues. Moreover, 

the fact that the previous studies used only a single cell line statistically limited the 

testing of thousands of lncRNAs. To address those limitations, we built a 

comprehensive chromatin-associated mouse lncRNA data set using billions of 

mapped RNA-Seq reads to identify high-confidence novel lncRNAs (First 

Manuscript) {MouseENCODEConsortium:2012ku}. Next, we used more than a 

billion mapped chromatin immunoprecipitation sequencing reads of various histone 

marks to identify chromatin state maps in several cell lines and tissues 

{MouseENCODEConsortium:2012ku}. Finally, we integrated all these mouse 

lncRNAs with the chromatin state maps, which resulted in a comprehensive catalog 

of predicted functional lncRNA transcripts. The analysis across multiple tissues also 

revealed a novel set of lncRNAs that are significantly enriched with promoter and 

enhancer chromatin states. Interestingly, the majority of the lncRNA chromatin states 

switched from one state to another state across all the tissues or cell lines we tested. 

To our knowledge, at the time of the publication, this was the most comprehensive 

data set of chromatin state-associated lncRNAs in mouse. 

 

To understand the transcriptional landscape of repetitive elements in humans, we 

used mid-phase RNA sequencing (RNA-Seq) data from the GTEx project (Second 
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Manuscript) (Kellis et al., 2014; The GTEx Consortium et al., 2015). It consisted of 

8,551 RNA-Seq samples from 544 human individuals spanning 53 distinct body sites. 

The samples were extracted from individuals of different age, gender and race and 

the RNA-Seq data is of 76-base pair (bp), paired-end, unstranded, poly (A)-selected 

with a median sequencing depth of 60 million reads per sample and with a good RNA 

quality. The above 53 distinct body sites include 29 solid-organ tissues, 13 brain 

subregions, two cell lines (EBV-transformed lymphocytes and transformed 

fibroblasts) and a whole-blood sample. Additionally, around 5 million repetitive 

genomic instances of various repeat subfamilies, families and classes from the 

RepeatMasker database were used in the analysis as target sites (Kellis et al., 2014; 

Tarailo-Graovac and Chen, 2002). We found that about 206,000 repetitive elements 

expressed in at least once of the 53 distinct human body sites. Cerebellum and testis 

had the highest number of expressed repetitive elements. To test whether the 

repetitive elements transcription was tissue-specific, we performed hierarchical 

clustering on the normalized expression and the clustering successfully recapitulated 

each tissue type. In total, we found 3,295 tissue-specific repeat instances across the 

entire human genome. Once published, this work will be a valuable resource to help 

researchers select candidate regulatory lncRNAs or tissue-specific repetitive 

elements and conduct further experimental studies. 

 

List of publications during the thesis (2012-2016): 

 

1. Bogu GK, Vizán P, Stanton LW, Beato M, Di Croce L, Marti-Renom MA. 

Chromatin and RNA Maps Reveal Regulatory Long Noncoding RNAs in 

Mouse. Mol Cell Biol. 2015 Dec 28;36(5). 

2. Bogu GK, Ferran Reverter, The GTEx Consortium, Marc A Marti-Renom, 

Roderic Guigo. The Transcriptional Landscape of Repetitive Elements in 

Human Tissues. (Manuscript in preparation) 

Gireesh


Gireesh


Gireesh


Gireesh




! ix!

Contents 

 

Introduction          1 

 

1. Long noncoding RNAs       2

  
 1.1. Definition         2 

1.2. Classification        3 

1.3. Discovery         3 

1.4. Sequence features       4 

1.5. Localization        4 

1.6. Tissue specificity        5 

1.7. Evolutionary conservation      5 

1.8. Molecular Mechanisms of lncRNAs     6 

1.9. Technologies to understand mechanistic functions of lncRNAs  8 

1.10. LncRNAs in diseases       9 

1.11. Challenges        11 

 

2. Repetitive elements       12 
2.1. Definition         12 

2.2. Classification        13 

2.3. Discovery         13 

2.4. Sequence features and repeat families     14 

2.5. Expression        15 

2.6. Mechanisms of repetitive elements     16 

2.7. Repetitive elements in diseases      19 

2.8. Challenges        21 

 

Objective – 1         23 

 

First Manuscript: Chromatin and RNA Maps Reveal Regulatory Long Noncoding 

          RNAs in Mouse       25 

 

Objective – 2         53 

 



! x!

Second Manuscript: The Transcriptional Landscape of Repetitive Elements in  

               Human Tissues      55 

 

Discussion          77 

 

Conclusions         83 

 

References          85 



! 1!

Introduction 
 

Over the past ten years, advances in next-generation sequencing technologies have 

helped the analysis of transcriptome (total number of transcripts in a cell) of 

mammalian genomes at unprecedented depth and in an unbiased manner (Goodwin 

et al., 2016; M.-S. Kim et al., 2014; Rinn and Chang, 2012; Wilhelm et al., 2015). The 

conventional view of transcription is that mRNAs with defined gene structure are 

generated from the coding part of the genome. However, recent findings show that 

almost all of the mammalian genome is transcribed at some level (DGT, 2015; 

Djebali et al., 2016; Ho et al., 2015; Kapusta et al., 2013; Kellis et al., 2014; Perez-

Pinera et al., 2015; The FANTOM Consortium, 2005). It is further supported by other 

transcriptome studies that detected tens of thousands of transcripts, many of which 

spliced, coming from non-coding regions of mammalian genomes (Cabili et al., 2011; 

Guttman et al., 2010; Iyer et al., 2015; Marques et al., 2013; Treangen and Salzberg, 

2011). As the occurrence of these transcripts is widespread, this form of transcription 

has been described as ‘pervasive’ (Kapranov et al., 2007; Kapusta et al., 2013; 

Mouse ENCODE Consortium et al., 2012). However, whether pervasive transcription 

is simply ‘biological noise’ or whether it actually has distinct functional roles remains 

a challenging question (Doolittle, 2013; Eddy, 2012; Elbarbary et al., 2016; Kellis et 

al., 2014; Lander et al., 2001; Mouse ENCODE Consortium et al., 2012; Palazzo, 

2016; Treangen and Salzberg, 2011; van Bakel et al., 2011). 

 

Pervasive transcription in human and mouse revealed several findings, including the 

transcription of noncoding elements like long non-coding RNAs (lncRNAs) and 

repetitive elements (Cabili et al., 2011; Derrien et al., 2012; Devaux et al., 2015; 

Djebali et al., 2016; Faulkner et al., 2009; Fort et al., 2014; Guttman et al., 2010; Iyer 

et al., 2015; McClintock, 1951; Mele et al., 2015). LncRNAs, a group of long RNA 

transcripts with no apparent protein-coding potential, are found almost in every 

organism. Interestingly, the complexity of organisms correlate more with the diversity 

and size of non-coding RNA expression repertoires than with that of protein-coding 

genes, at least in eukaryotes (Chinwalla et al., 2002; Devaux et al., 2015; Feschotte 

et al., 2002; Kapusta and Feschotte, 2014; Lander et al., 2001). By recent estimates, 

the number of human lncRNAs overrun the number of protein-coding genes (Devaux 

et al., 2015; Djebali et al., 2016; Iyer et al., 2015; Kapusta and Feschotte, 2014). 

Moreover, the total number of known lncRNAs continues to grow, enhanced by 
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deeper and advanced RNA, epigenomic sequencing technologies and computational 

prediction methods.  

 

Repetitive DNA elements are sequences that are similar or identical to sequences 

elsewhere in the genome (Devaux et al., 2015; Elbarbary et al., 2016; Grote et al., 

2013; Treangen and Salzberg, 2011) and their transcription has a key influence upon 

the transcriptional output of the mammalian genome (Elbarbary et al., 2016; Faulkner 

et al., 2009; Lorenzen and Thum, 2016). It has been estimated that 6 to 30% of 

mouse and human RNA transcripts initiate within repetitive elements (Briggs et al., 

2015; Faulkner et al., 2009; Smit, 1996). Importantly, it has been shown that repeats 

can transcribe into RNA and especially into lncRNAs (Kapusta et al., 2013; Lu et al., 

2014; Ugarkovic, 2005; Ugarkovic and Plohl, 2002; van de Vondervoort, 2013). 

Although repetitive elements pervade mammalian genomes and transcribe into 

lncRNAs, their overall contribution to transcriptional activity is poorly defined. 

 

Analysis of transcription in human and mouse tissues revealed novel lncRNAs and 

repeat families in various studies (Belgard et al., 2011; Guttman et al., 2010; Knoll et 

al., 2015; Lander et al., 2001; Luo et al., 2013; Lv et al., 2013; Marques et al., 2013; 

Morán et al., 2012; Ramos et al., 2013). However, these discoveries were far from 

complete, as many tissues have not been analyzed in detail. In this thesis work, I 

discuss my current understanding of non-coding mammalian genome especially by 

looking at lncRNAs and repetitive elements.! In this thesis work, I study the 

transcriptional landscape of non-coding genome to evaluate whether the non-coding 

elements show evidence of encoding transcriptional products. In particular, we 

analyze the transcription of lncRNAs (First Manuscript) and repetitive elements 

(Second Manuscript) across various mammalian tissues. We find that specific non-

coding elements that result from pervasive transcription are more than 'transcriptional 

noise' and have important functions in gene regulation. 

 

 

 

1. Long noncoding RNAs 

 

1.1. Definition  
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RNAs that do not encode any protein and are longer than 200 nucleotides in length 

have been named as lncRNAs (Knoll et al., 2015; Rinn and Chang, 2012; Usdin, 

2008). The use of an arbitrary length cut-off contributed to separate them from the 

so-called small non-coding RNAs (Mercer et al., 2009; Sun et al., 2013; Usdin, 

2008). LncRNA transcripts mainly classified as non-coding based on the absence of 

long open reading frames (ORFs) with a size more than 100 codons or the absence 

of codon conservation across different species (Knoll et al., 2015; Morris and Mattick, 

2014), though there were few exceptions (Banfai et al., 2012; M.-S. Kim et al., 2014; 

Lorenzen and Thum, 2016; Mele et al., 2015; Wilhelm et al., 2015).  

 

1.2. Classification 
 

According to their relative genomic position with respect to neighboring protein-

coding genes, lncRNAs have been classified in five categories (Criscione et al., 

2014; Devaux et al., 2015; Lorenzen and Thum, 2016; Mattick and Rinn, 2015):  

1. Intergenic lncRNAs (lincRNAs) are located between two protein-coding 

genes; the majority of lncRNAs belong to this category.  

2. Intronic lncRNAs are located within introns of protein-coding genes.  

3. Bidirectional promoter lncRNAs are transcribed within 1 kilobases (kb) of 

promoters in the opposite direction from the protein-coding transcript.  

4. Sense lncRNAs are transcribed from the sense strand of protein-coding 

genes, and can overlap introns and part or all of the exon.  

5. Antisense lncRNAs are transcribed from the antisense strand of protein-

coding genes, and can overlap an exon of the protein-coding gene in the 

sense strand, an intron, or both. 

This classification has been used mainly to reduce ambiguity and overlap with 

protein-coding genes. However, there are no evidences of any intrinsic difference 

between these transcripts, for example, in their interaction with chromatin-activating 

or chromatin repressive complexes (Göke et al., 2015; Huarte, 2015; Morris and 

Mattick, 2014; Sahu et al., 2015; Schmitt and Chang, 2016).  

 

1.3. Discovery  
 

Genomic projects over the past decade have used shotgun sequencing and 

microarray hybridization to obtain evidence for many non-coding transcripts in 

mammals, However, these approaches have presented limitations including lack of 
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strand information and low sequence coverage (Elbarbary et al., 2016; Martin and 

Zhong Wang, 2011; Prensner et al., 2011; Slotkin and Martienssen, 2007). Advances 

in RNA-Seq have opened the way to unbiased and efficient analysis of the complete 

transcriptome of mammals (Slotkin and Martienssen, 2007; Tsai et al., 2010; Zhong 

Wang et al., 2009). Utilizing the RNA-Seq reads, several methods that de novo 

reconstruct the transcriptome have emerged (Bourque, 2009; Elbarbary et al., 2016; 

Gutschner et al., 2013; Guttman et al., 2010; Pertea et al., 2015; Trapnell et al., 

2012; Tripathi et al., 2010) and led to the discovery of thousands of novel multi-

exonic lncRNAs across different mammalian cell lines and tissues. Guttman and 

colleagues took an entirely different approach to discover functional lncRNAs on the 

basis of exploiting chromatin structure (Guttman et al., 2009; Ichiyanagi, 2013; 

Prensner et al., 2013). They systematically discover functional lncRNAs by 

overlapping transcribed regions with RNA polymerase II (Pol II) and marked by 

trimethylation of lysine 4 of histone H3 (H3K4me3) at their promoter and 

trimethylation of lysine 36 of histone H3 (H3K36me3). Until now, tens of thousands of 

lncRNAs have been discovered in mammals including our mouse study (Bogu et al., 

2016; Estecio et al., 2012; Huarte, 2015; Mele et al., 2015; Schmitt and Chang, 

2016).  

 

1.4. Sequence features 
 

Derrien and colleagues showed that 98% of lncRNAs are spliced, however only 25% 

of lncRNA genes show evidence of alternative splicing with at least two different 

transcript isoforms per gene locus (Derrien et al., 2012; Kapusta and Feschotte, 

2014; Necsulea and Kaessmann, 2014; Tashiro et al., 2011). Median size of exons 

(149 bp) and introns (2280 bp) of lncRNA in humans are larger than protein-coding 

exons (132 bp) and introns (1602 bp). However, overall lncRNA transcripts are 

shorter than protein-coding (median 592 bp compared with 2453 bp for protein-

coding transcript (Derrien et al., 2012; Faulkner et al., 2009; Guttman et al., 2009; 

Kunarso et al., 2010).  

 

1.5. Localization 
 

According to their cellular localization, lncRNAs can be categorized into nuclear or 

cytosolic, but some lncRNAs can be found in both compartments (Cabili et al., 2011; 

Derrien et al., 2012; Djebali et al., 2016; Iyer et al., 2015; Lunyak and Atallah, 2011). 
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Nuclear lncRNAs such as Xist are likely to exert their functions by modifying 

chromatin structure, thereby influencing gene transcription, whereas cytosolic 

lncRNAs regulate target mRNA stability and translational efficiency through RNA-

RNA interactions (Cabili et al., 2011; Elbarbary et al., 2016; Knoll et al., 2015). The 

observation that many nuclear lncRNAs can be depleted in cultured cells by 

expression of short hairpin RNAs suggests that lncRNAs probably shuttle between 

the nucleus and cytosol, although this hypothesis has not been tested (Knoll et al., 

2015; Mariner et al., 2008). 

 

1.6. Tissue specificity 
 

A striking feature of lncRNAs is that they have greater tissue specificity than protein-

coding RNAs, which suggests that lncRNAs might have a crucial role in the formation 

of multiple, if not all, cell types (Allen et al., 2004; Knoll et al., 2015). Mercer and 

colleagues first published a study detailing precise and specific expression several 

lncRNAs in various subcellular compartments of mouse brain (Faulkner et al., 2009; 

Mercer et al., 2008). Later, transcriptome-wide studies showed that lncRNAs in 

general exhibit more specific expression profiles than mRNAs (Cabili et al., 2011; 

Derrien et al., 2012; Kapusta et al., 2013). Furthermore, lncRNA expression patterns 

are often correlated with mRNA expression patterns both in cis and in trans, 

suggesting that certain lncRNAs may be co-regulated in expression networks 

(Kapusta and Feschotte, 2014; Quinn and Chang, 2016; Rinn and Chang, 2012). 

This tissue or cell specificity has been used as evidence that lncRNA expression is 

even more tightly regulated than that of protein-coding genes, thereby arguing for the 

essential role of lncRNAs in determining cell state (Elbarbary et al., 2016; Guttman et 

al., 2009).  

 

1.7. Evolutionary conservation 
 

Evolution in gene sequence, expression or regulation leads to phenotypic differences 

between species and therefore the evolution history of lncRNAs can provide their 

functionality (Lev-Maor et al., 2007; Necsulea and Kaessmann, 2014). A recent study 

has characterized a major fraction of lncRNA across eight organs and eleven species 

by discovering 11,000 primate-specific lncRNAs (Necsulea and Kaessmann, 2014; 

Sorek et al., 2002). Very few lncRNAs (2,500) were highly conserved at both 

sequence and expression level suggesting that most of the lncRNA sequence and 
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expression seem to evolve more rapidly compared to protein-coding genes. This 

rapid turnover impacts the neighboring protein-coding gene expression and 

contributes biological difference between species (An et al., 2004; Kutter et al., 

2012). Even the LncRNAs that were shared between species had lower expression 

conservation and organ specificity levels than protein-coding counterparts. Another 

similar study revealed that clustering of lncRNA expression recapitulates organ type 

with the help of high coverage RNA-Seq data across 9 tissues and 6 species further 

supporting their functional relevance (Elbarbary et al., 2013; Washietl et al., 2014). 

 

1.8. Molecular Mechanisms of lncRNAs 
 

LncRNA molecular mechanisms, at epigenetic or transcriptional level, range broadly. 

We can find lncRNA regulating protein-coding gene expression in space and/or time 

(signals), recruiting chromatin-modifier proteins to the promoters of protein-coding 

genes (guides), binding proteins and moving them away from the chromatin 

(decoys), and bringing together multiple proteins to form ribonucleoprotein 

complexes (scaffolds) (Fitzpatrick and Huang, 2014; Guttman and Rinn, 2012; Rinn 

and Chang, 2012; Kevin C Wang and Chang, 2011).  

 

• Signals are lncRNAs that regulate spatiotemporal gene expression such as 

activating of genes within specific tissues of an organism at specific times 

during development. For example, the lncRNA Xist is expressed during 

female development and binds to the chromosome where it is transcribed. 

During that process, it helps silencing most of the genes on the inactivated X-

chromosome (Tian et al., 2010). Both HOTTIP and HOTAIR lncRNAs are 

spatially expressed from HOX genomic loci along developmental axes and 

their expression demarcates broad chromosomal domains of differential 

histone methylation and RNA polymerase accessibility (Rinn et al., 2007; 

Kevin C Wang et al., 2011). The expression of eRNAs (enhancer RNAs) 

transcribed from enhancer regions (enhancers are the non-coding regions 

that are located far away from the promoter a gene but regulate its 

transcription) positively correlated with nearby protein-coding genes that 

regulate neuronal activity in mouse at different time points (T.-K. Kim et al., 

2010). Several lncRNAs with enhancer-like functions have also been 

identified in various human cell lines and shown to regulate several master 

regulators of cellular differentiation (Qrom et al., 2010).  
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• Guides are lncRNAs that directly bind to transcription factors or other proteins 

like chromatin modifiers. These guides recruit the proteins to the promoters of 

protein-coding genes to either activate or repress them (Kevin C Wang and 

Chang, 2011). LncRNAs can guide changes in gene expression in cis (nearby 

genes) or trans (far away genes) manner. For example, eRNAs regulate the 

gene expression in cis manner (Qrom et al., 2010; Ørom and Shiekhattar, 

2011) and in contrast, HOTAIR regulates in trans manner (Meredith et al., 

2016). In fact, HOTAIR was the first lncRNA that has been shown to regulate 

transcription of the genes on the other chromosome. Also it has been shown 

that knocking down several lncRNAs induce gene expression changes in 

genes far away in sequence (Guttman et al., 2011). Xist, Air, COLDAIR, 

CCND1, and HOTTIP are other examples of lncRNAs that act in cis mode 

and LincRNA-p21, Jpx in trans mode (Kevin C Wang and Chang, 2011).  

 

• Decoys are lncRNAs that transcribe and bind to a protein and then move it 

away from the target site (Kevin C Wang and Chang, 2011). LncRNA 

upstream to DHFR protein-coding gene binds to transcription factor IIb and 

inhibits DHFR transcription by preventing it from binding to the promoter 

(Martianov et al., 2007). TERRA is a telomeric repeat-lncRNA binds to 

telomerase and retains it near the telomeric 3’ end while inhibiting its action 

(Kevin C Wang and Chang, 2011). LncRNA PANDA (P21 associated ncRNA 

DNA damage activated) binds to a transcription factor NF-YA and prevents it 

from activating the apoptosis (Hung et al., 2011). Several lncRNAs also acts 

as decoys for miRNAs and splicing factors (Kevin C Wang and Chang, 2011).  

 

• Scaffolds are lncRNAs that contain different structural domains and they 

could bind to both activator and repressor proteins at the same time to 

regulate gene expression (Kevin C Wang and Chang, 2011). LncRNA ANRIL 

serves as a scaffold and recruits multiple sets of polycomb complexes (PRC1 

and PRC2) to the target gene for silencing (Hung et al., 2011; Yap et al., 

2010). Like ANRIL, HOTAIR also recruits different chromatin proteins (LSD1 

and PRC2) and repressed the gene expression (Rinn et al., 2007; Tsai et al., 

2010). 

 

Recent evidences suggest that lncRNAs also regulate functions at post-

transcriptional level (Göke and Ng, 2016; Mercer et al., 2009). For example, an 
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antisense lncRNA mask the splice site of Zeb2 protein-coding gene from the 

spliceosome by binding to the 5’ UTR resulting in intron retention. The translation 

machinery can then recognize and bind an internal ribosome entry site (IRE) in the 

retained intron, resulting in efficient Zeb2 translation and expression (Beltran et al., 

2008; Treangen and Salzberg, 2011).  

 

1.9. Technologies to understand mechanistic functions of lncRNAs 

 

Experimental approaches that validate mechanisms or functions of the genome 

focused mainly on protein-coding genes or miRNAs but not on lncRNAs. However, 

recently lncRNA-centric experimental approaches that interrogate structure, genomic 

organization and protein interactions of lncRNAs are slowly emerging (Chu et al., 

2015; Steijger et al., 2013). ChIRP (Chromatin Isolation by RNA purification), 

developed by Chu Ci and colleagues at Stanford (Cabili et al., 2011; Chu et al., 

2011), helps identifying complete genome-wide binding sites of any given lncRNA. 

Similar methods have been published known as CHART-Seq (Capture Hybridization 

of RNA Targets Sequencing) and RAP (RNA Antisense Purification) (Engreitz et al., 

2013; Simon et al., 2013; Tarailo-Graovac and Chen, 2002) and successfully applied 

to predict genome-wide lncRNA and chromatin interactions. Recently, CHART-Seq 

and RAP methods have been applied and revealed detailed mechanisms of Xist on 

X-chromosome inactivation (Engreitz et al., 2013; Hoen et al., 2016; Simon et al., 

2013). Though the above methods capture the chromatin binding sites of lncRNA, 

not every lncRNA regulate functions by binding DNA. Crosslinking and 

Immunoprecipitation (CLIP) methods designed by Jernej and colleagues (Ingolia et 

al., 2011; Ule et al., 2005; Zhen Wang et al., 2010) have been widely used to identify 

genome-wide interactions between RNA and proteins. Similar methods have been 

published known as HITS-CLIP (High-throughput sequencing of RNA isolated by 

crosslinking immunoprecipitation), CLIP-Seq (cross-linked immunoprecipitation 

followed by next generation sequencing) and PAR-CLIP (Photoactivatable 

Ribonucleoside-Enhanced Crosslinking and Immunoprecipitation) have been applied 

successfully to capture the RNA-protein interactome (Chi et al., 2009; Guttman et al., 

2013; Hafner et al., 2010; Yeo et al., 2009). Very recently, CLIP revealed novel 

proteins that bind to Xist and regulate X-chromosome inactivation (Ingolia et al., 

2014; McHugh et al., 2015). LncRNA structure also contribute to its biological 

function (M.-S. Kim et al., 2014; Mercer and Mattick, 2013; Wilhelm et al., 2015) and 

recently a method known as RNA-selective 2′-hydroxyl acylation and primer 

extension (SHAPE-Seq) has been developed to measure the structural reactivity of 



! 9!

all four nucleotides (Cabili et al., 2011; Guttman et al., 2011; Marques et al., 2013; 

Spitale et al., 2012; Ørom and Shiekhattar, 2011). Very recently, SHAPE-Seq 

revealed two lncRNAs named roX1 and roX2 contain certain stem loop structures 

that recruit a set of proteins responsible for activation of X chromosome (Chu et al., 

2015). Along with all these methods, direct gene knockout studies using CRISPR 

(Clustered Regularly Interspaced Short Palindromic Repeat) can reveal more 

detailed functions of lncRNA (Perez-Pinera et al., 2015). Though most of the 

methods mainly focused on X-chromosome inactivation, they can be applied in wide-

range of biological processes or diseases to gain better understanding of lncRNA 

functions.   

 

1.10. LncRNAs in diseases 
 

Considering the tissue-specific expression and the wide range of roles that lncRNAs, 

they could play a major in gene regulation as well as be linked to various diseases 

(Batista and Chang, 2013). Supporting this notion, many functional evidences have 

implicated lncRNA in various human diseases in various tissues including heart, 

brain, kidney, and several endocrine tissues (Satpathy and Chang, 2015). Moreover, 

recent works have associated lncRNAs with regulating cancer pathways regulated in 

human (Huarte, 2015; Schmitt and Chang, 2016). 

 

Interestingly, heart is the better-studied organ with respect to finding functions of 

lncRNAs (Devaux et al., 2015). It has been shown that lncRNAs regulate both the 

development and ageing of the cardiac cells (Devaux et al., 2015). LncRNAs, MIAT 

(Myocardial infarction associated transcript), MHRT (myosin heavy chain-associated 

RNA transcript), CHRF (Cardiac hypertrophy-related factor), CARL (cardiac 

apoptosis- related lncRNA), and SENCR (smooth muscle and endothelial cell 

enriched migration/differentiation-associated long non-coding RNA) regulate various 

heart-related functions by acting as decoys for miRNAs (Devaux et al., 2015). 

LncRNA FOXF1 adjacent to another noncoding developmental regulatory RNA 

known as FENDRR acts as a guide lncRNA and by forming complex with PRC2 and 

inhibit few keys genes involved in cardiac development (Devaux et al., 2015; Grote et 

al., 2013). Many other lncRNAs involved in cardiac identity, differentiation, heart 

development, heart failure, cardiac autophagy and myocardial infarction listed in 

detail by Lorenzen and colleagues in their very recent review (Lorenzen and Thum, 

2016).  
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Genome-wide association studies (GWASs) and comparative transcriptomics studies 

have associated lncRNAs with neuronal disorders like schizophrenia (lncRNA 

GOMAFU or MIAT), autism spectrum disorder (Moesin pseudogene-1 anti-sense 

lncRNA, MSNP1AS) and various brain cancers (Briggs et al., 2015). Van de 

Vondervoot and colleagues (van de Vondervoort, 2013) listed several lines of 

published evidences that show lncRNAs regulation in brain-related diseases 

including: (i) Genomic deletions of several lncRNAs (ST7OT1-3, PTCHD1AS1-3) 

associate with AD; (ii). SOX2OT lncRNA modulates expression of SOX2 protein-

coding gene and cause micropthalmia syndrome-3; (iii) NRON lncRNA regulates 

nuclear shuttling of NFAT, whose reduced activity leads to down syndrome features. 

4. FRM4 lncRNA silenced in Fragile X syndrome patients; knockdown results in 

alterations in cell cycle regulation and increased apoptotic cell death.  

 

LncRNAs have also been linked to the development and function of endocrine 

organs like pancreatic β cells, white and brown adipose tissue, and the misregulation 

of these lncRNAs can lead to hormonal disorders (Knoll et al., 2015).  LncRNAs that 

are expressed in pancreatic islet cells (HI-LINC25, H19, KCNQ1OT1), muscle and 

adipose tissue (naPINK1) linked to diabetes mellitus (Knoll et al., 2015). Sra1 

(Steroid receptor RNA activator 1) lncRNA regulates adipocytes during the 

development by co-activating a transcription factor PPARγ (Peroxisome proliferator-

activated receptor) and it was the first lncRNA that discovered to be associated with 

the development of adipocytes. FIRRE (functional intergenic repeating RNA element) 

is another lncRNA that localizes across a 5 megabases domain near its site of 

transcription and is in close proximity to five distinct transchromosomal loci (four of 

which were previously described as having regulatory roles in adipogenesis) and 

helps in their coregulation (Sun et al., 2013). Many other lncRNAs have also been 

found to be associated with endocrine cancers like breast cancer and pancreatic 

cancer (Knoll et al., 2015). All the above findings suggest that the lncRNAs have 

critical roles in the development of endocrine organs. 

 

The study of lncRNAs in kidney (also many other organs) is still in its infancy 

(Lorenzen and Thum, 2016). Up-regulation of lncRNAs including Xist and NEAT1 

associated with membranous nephropathy, MALAT1 with diabetic nephropathy, 

TapSAKI (TrAnscript Predicting Survival in AKI) with acute kidney injury, HOTAIR, 

CADM (Cadmium induced) with renal cell carcinoma, RP11-355P17.15-001 with 

acute rejection, and down regulation of Mest (Mesoderm specific transcript) and H19 

linked to diabetes (Lorenzen and Thum, 2016).  
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Expression and regulation of several lncRNAs are linked with oncogenic functions 

and play a major role in cancer pathways (Huarte, 2015; Sahu et al., 2015; Schmitt 

and Chang, 2016): PCAT1, a breast-cancer associated lncRNA, interacts with PRC2 

complex and silences gene expression in trans and also post-transcriptionally 

activates c-MYC and inhibits BRACA2 genes (Prensner et al., 2011). HOTAIR 

lncRNA, a tumor inducing lncRNA, is a classic example of epigenetic silencing, 

where it recruits a polycomb repressive complex (PRC2) and lysine-specific 

demethylase (LSD1) and silences HOXD gene loci. Increased expression of HOTAIR 

leads to PRC2 enrichment and ultimately represses several tumor HOX genes (Tsai 

et al., 2010). LncRNA ANRIL that is antisense to a protein-coding gene that codes an 

inhibitor of cyclin kinase 4b (INK4b). INK4b encodes three tumor suppressor genes 

and have been linked to various cancers. MALAT1 is another lncRNA that modulates 

the distribution of splicing factors nuclear paraspeckles and affects the 

phosphorylation state of SR RNA binding proteins eventually leading to tumor 

formation (Gutschner et al., 2013; Tripathi et al., 2010). SCHLAP1 lncRNA interacts 

with chromatin remodelers (SWIF/SNIF) and antagonizes its functions in prostate 

cancer (Prensner et al., 2013). For more detailed examples involved in cancer 

pathways pleaser refer to work of Huarte and Schmitt (Huarte, 2015; Schmitt and 

Chang, 2016). 

 

In summary, it is evident that many new insights into the functions of lncRNAs and 

their implication with various diseases have recently emerged. It is expected that 

these associations will be further analyzed with advances in technological methods 

as well as the deeper understanding of lncRNAs function.  

 

1.11. Challenges 

 

Identifying lncRNAs and assigning functions in human and also in other species is 

very challenging. It seems that there is a noticeable difference in the total number of 

identified lncRNA genes across different species (Kapusta and Feschotte, 2014; 

Necsulea and Kaessmann, 2014). This could be debatable because of the following 

reasons: First, this might be because of the difference in the methods used by 

previous studies. For example, Guttman and colleagues used both chromatin marks 

and transcription in the same cell lines (Guttman et al., 2009) but others used only 

transcription to identify transcribed lncRNA genes (Cabili et al., 2011; Derrien et al., 

2012; Iyer et al., 2015). Using chromatin marks drastically reduce the number of 
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lncRNA genes from thousands to hundreds (Cabili et al., 2011).  Second, several 

studies identified lncRNAs in cell types or tissues (Cabili et al., 2011; Guttman et al., 

2010; Rinn and Chang, 2012) and many others used whole organism at different 

stages of development (Kapusta et al., 2013; Necsulea et al., 2015; Ulitsky et al., 

2011; Young et al., 2012). A small fraction of lncRNAs actually overlaps between 

whole-organism based and cell or tissue-based studies (Kapusta and Feschotte, 

2014; Marques et al., 2013). Third, different de novo assemblers have been used to 

reconstruct the novel lncRNA transcripts and the differences between organisms 

could impact in the number of gene predictions (Li et al., 2014; Mouse ENCODE 

Consortium et al., 2012; Steijger et al., 2013). Fourth, sequencing depth of RNA-Seq 

can majorly influence the discovery of lncRNAs because of their lower expression 

levels (Mouse ENCODE Consortium et al., 2012; Rinn and Chang, 2012). Fifth, 

different methods have been used to assess coding potential using different set of 

features. For example, many studies predicted coding potential of lncRNAs based on 

their sequence features, conservation and overlapping with existing protein 

databases (Derrien et al., 2012; Iyer et al., 2015; Jia et al., 2010) but recently Ingolia 

and colleagues introduced ribosome footprints to assess more accurate coding 

potential (Derrien et al., 2012; Guttman et al., 2013; Ingolia et al., 2014; Iyer et al., 

2015; Jia et al., 2010; Tarailo-Graovac and Chen, 2002). In addition, recent large-

scale human proteome studies based on mass spectrometry revealed hundreds of 

novel lncRNAs that produce short peptides (Goodwin et al., 2016; Guttman et al., 

2013; Ingolia et al., 2014; M.-S. Kim et al., 2014; Tarailo-Graovac and Chen, 2002; 

Wilhelm et al., 2015). All these could create discrepancies in the total number of 

putative lncRNAs genes across different species. Ultimately, assigning functions to 

these thousands of lncRNA is the major challenge in the non-coding RNA field. 

Though it is a difficult task, now with the advent of CRISPR (clustered regularly 

interspaced short palindromic repeats) system it is possible to knockout non-coding 

genes in mammals (DGT, 2015; Djebali et al., 2016; Goodwin et al., 2016; Ho et al., 

2015; Kellis et al., 2014; M.-S. Kim et al., 2014; Perez-Pinera et al., 2015; The 

FANTOM Consortium, 2005; Wilhelm et al., 2015). 

 

 

 

2. Repetitive elements 

 

2.1. Definition 
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Repetitive DNA elements are sequences that occur several times in the genome in 

identical of similar fashion (Cabili et al., 2011; DGT, 2015; Djebali et al., 2016; 

Guttman et al., 2010; Ho et al., 2015; Iyer et al., 2015; Kellis et al., 2014; Perez-

Pinera et al., 2015; The FANTOM Consortium, 2005; Treangen and Salzberg, 2011). 

Mammalian genomes are filled with repetitive sequences. For example, nearly half of 

the human and mouse genome is covered by repeats (Cabili et al., 2011; Guttman et 

al., 2010; Iyer et al., 2015; Kapranov et al., 2007; Kapusta et al., 2013; Treangen and 

Salzberg, 2011). 

 

2.2. Classification 
 

Repetitive elements are broadly classified as transposons, satellite repeats and 

simple repeats (Doolittle, 2013; Eddy, 2012; Elbarbary et al., 2016; Kapranov et al., 

2007; Kapusta et al., 2013; Kellis et al., 2014; Lander et al., 2001; Palazzo, 2016; 

Treangen and Salzberg, 2011; van Bakel et al., 2011). Transposons or Transposable 

Elements (TEs) are DNA sequences that have the ability to be integrated elsewhere 

in a genome. TEs are further classified as retrotransposons and DNA transposons. 

Retrotransposons transpose via an RNA intermediate propagating via copy-and-

paste amplification mechanism that has allowed them to accumulate in DNA, giving 

rise to the bulk of repeats in mammalian genomes. DNA tranpsons transpose directly 

without an RNA intermediate. The three major retrotransposon classes are long 

terminal repeat (LTR) retrotransposons, long interspersed elements (LINEs), and 

short interspersed elements (SINEs). Satellite repeats are further divided into 

microsatellites constitute a class of repetitive DNA comprising tandem repeats that 

are ≥2bp in length, minisatellites (10–60 bp in length), and satellites (up to 100 bp in 

length). Satellites are often associated with centromeric or pericentromeric regions of 

the genome. Simple sequence repeats, consisting of direct repetitions of relatively 

short k-mers such as (A)n, (CA)n or (CGG)n. 

 

2.3. Discovery 
 

The first TEs were discovered by Barbara McClintock in Maize more than a half-

century ago as the genetic agents that are responsible for the sectors of altered 

pigmentation on mutant kernels (Doolittle, 2013; Eddy, 2012; Elbarbary et al., 2016; 

Kellis et al., 2014; Lander et al., 2001; McClintock, 1951; Palazzo, 2016; Treangen 
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and Salzberg, 2011; van Bakel et al., 2011). This discovery and the ensuing 

characterization of the genetic properties of TEs led to her being awarded a Nobel 

Prize in 1983, after TEs had been documented in the genomes of Drosophila 

melanogaster, Saccharomyces cerevisiae, Escherichia coli, Caenorhabditis elegans, 

mouse and humans (Cabili et al., 2011; Chinwalla et al., 2002; Derrien et al., 2012; 

Djebali et al., 2016; Faulkner et al., 2009; Feschotte et al., 2002; Fort et al., 2014; 

Guttman et al., 2010; Iyer et al., 2015; Kapusta and Feschotte, 2014; Lander et al., 

2001; McClintock, 1951; Mele et al., 2015). Now it is well established that nearly half 

of the mouse and human genomes are derived from repetitive elements (Chinwalla 

et al., 2002; Djebali et al., 2016; Feschotte et al., 2002; Iyer et al., 2015; Kapusta and 

Feschotte, 2014; Lander et al., 2001). 

 

2.4. Sequence features and repeat families 
 

LINEs are transcribed by RNA polymerase II (Pol II) and around thousand base pairs 

in length. Their Pol II promoter generates an mRNA-like capped and polyadenylated 

transcript. LINE-1 (L1), LINE-2 (L2), Chicken Repeat 1 (CR1) and RTE are different 

families of LINEs and in humans L1 transcript contains two open reading frames 

(ORFs): The first encodes RNA-binding protein and second encodes a protein with 

reverse transcriptase. These proteins recognize a specific sequence in the 3′ end of 

the LINE transcript that encodes them and create two staggered nicks at specific 

sequences in the genome. Finally by using the genomic sequence as a primer, these 

protein reverse transcribe the LINE RNA into cDNA that is simultaneously 

incorporated into the genome (Djebali et al., 2016; Elbarbary et al., 2016; Iyer et al., 

2015; Kapusta and Feschotte, 2014; Treangen and Salzberg, 2011).  

 

SINEs are transcribed by RNA polymerase III (Pol III) and range from 85 to 500 bp. 

Their Pol III promoter generates a 5’ head, a body, and 3’ tail. Arthrobacter luteus 

(Alu) elements and mammalian-wide interspersed repeats (Mir) are different families 

of SINEs and they do not encode any protein. In most cases, LINE-encoded proteins 

recognize SINE RNAs with 3′ sequences that are similar to the 3′ sequence of the 

LINE RNA from which these proteins were synthesized; subsequently, they generate 

and integrate a cDNA copy of the SINE RNA into the genome (Elbarbary et al., 2016; 

Faulkner et al., 2009; Treangen and Salzberg, 2011).  

 

LTR retroposons are characterized by a region of several hundred base pairs called 

the long terminal repeat, that appears at each end. Some autonomous elements are 
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cousins of retroviruses (e.g., HIV) but are unable to survive outside of the cell, and 

are called endogenous retroviruses (ERV1, ERVL, ERVK). And another family called 

MaLR (mammalian LTR) elements, which arose before the mammalian radiation, 

seems to be non-autonomous repeats that move via proteins from endogenous 

retroviruses (Elbarbary et al., 2016; Faulkner et al., 2009; Smit, 1996).  

 

DNA transposons are full-length autonomous elements and encode a protein, called 

transposase, by which an element can be removed from one position and inserted at 

another. DNA transposons typically have short inverted repeats at each end. Satellite 

repeats range from 5 bp to 170 bp in length and mostly centered towards centromere 

and telomeres of chromosomes (Faulkner et al., 2009; Kapusta et al., 2013; Lu et al., 

2014; Smit, 1996; Ugarkovic, 2005; Ugarkovic and Plohl, 2002). Estimates from the 

human genome sequencing project indicate that simple and low complexity repeats 

make up ~3% of the sequenced human genome (Belgard et al., 2011; Guttman et al., 

2010; Kapusta et al., 2013; Lander et al., 2001; Lu et al., 2014; Luo et al., 2013; Lv et 

al., 2013; Marques et al., 2013; Morán et al., 2012; Ramos et al., 2013; Ugarkovic, 

2005; Ugarkovic and Plohl, 2002). However, the true number and length of such 

repeats may be much higher than the current database suggests since these 

sequences are prone to deletion when propagated in bacteria and yeast (Belgard et 

al., 2011; Guttman et al., 2010; Lander et al., 2001; Luo et al., 2013; Lv et al., 2013; 

Marques et al., 2013; Morán et al., 2012; Ramos et al., 2013; Rinn and Chang, 2012; 

Usdin, 2008). Additionally, this repeats are often unstable or hypervariable in 

mammals as well. Thus, genomes are polymorphic with respect to many of these 

repeats, with some individuals or families having some tandem repeat tracts that are 

significantly longer than those seen in the general population (Mercer et al., 2009; 

Rinn and Chang, 2012; Usdin, 2008).  

 

2.5. Expression 
 

Expression of repetitive elements is usually very low and also very tricky to estimate. 

Very few studies analyzed the global expression of repetitive elements in human 

using various methods. For example, Faulkner and Djebali and colleagues used 

CAGE tags in 8 to 13 human cell lines (Djebali et al., 2016; Faulkner et al., 2009; 

Mercer et al., 2009; Morris and Mattick, 2014; Usdin, 2008), Mele and colleagues 

used poly(A)+ RNA-Seq reads in 10 adult human tissues (Banfai et al., 2012; Djebali 

et al., 2016; Faulkner et al., 2009; M.-S. Kim et al., 2014; Mele et al., 2015; Morris 

and Mattick, 2014; Wilhelm et al., 2015), Criscone and colleagues used RNA-Seq 
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reads in normal and cancer lines (Banfai et al., 2012; Criscione et al., 2014; Devaux 

et al., 2015; M.-S. Kim et al., 2014; Mattick and Rinn, 2015; Mele et al., 2015; 

Wilhelm et al., 2015) and finally, Goke and colleagues for the first time used single-

cell RNA reads across different embryonic tissues (Criscione et al., 2014; Devaux et 

al., 2015; Göke et al., 2015; Mattick and Rinn, 2015; Morris and Mattick, 2014). All 

these studies shown that expression of the repetitive elements are positively 

correlated with near-by protein-coding genes. 

 

2.6. Mechanisms of repetitive elements 

 

Mammalian genomes are subjected to mainly two types of changes. One is direct 

changes to the DNA sequence and second, changes at epigenetic level (Elbarbary et 

al., 2016; Göke et al., 2015; Martin and Zhong Wang, 2011; Morris and Mattick, 

2014; Slotkin and Martienssen, 2007). Changes to the DNA sequence can result 

from the errors made during replication or repair or from the insertion of TEs. 

Depending on its type of insertion, TEs can either disrupt gene expression or create 

an advantageous modification to gene expression or be of no immediate 

consequence. Changes can be genetic, epigenetic, or both (Elbarbary et al., 2016; 

Martin and Zhong Wang, 2011; Slotkin and Martienssen, 2007; Zhong Wang et al., 

2009). In this way, TEs restructure genomes and act as evolutionary drivers 

(Bourque, 2009; Elbarbary et al., 2016; Guttman et al., 2010; Pertea et al., 2015; 

Slotkin and Martienssen, 2007; Trapnell et al., 2012; Zhong Wang et al., 2009). 

 

Repetitive elements regulate epigenetic events. For example, LINEs and SINEs have 

high GC content, making them hotspots for DNA methylation, which is used by cells 

to repress transcription (Bourque, 2009; Elbarbary et al., 2016; Guttman et al., 2010; 

2009; Ichiyanagi, 2013; Pertea et al., 2015; Trapnell et al., 2012). The methylation of 

LINE and SINE in enriched CpG islands has the potential to silence the expression of 

nearby genes (Bogu et al., 2016; Estecio et al., 2012; Guttman et al., 2009; 

Ichiyanagi, 2013; Mele et al., 2015). SINEs, and Alu elements in particular, can 

function as transcriptional enhancers, as shown by two members of the ancient SINE 

family Amniota SINE1 (AmnSINE1), which act as enhancers for the genes encoding 

fibroblast growth factor 8 (Fgf8) and special AT-rich sequence-binding protein 2 

(Satb2) in the developing brain (Figure 1) (Bogu et al., 2016; Derrien et al., 2012; 

Estecio et al., 2012; Mele et al., 2015; Tashiro et al., 2011). Retrotransposons 

located immediately upstream of protein-coding genes may function as promoters 

because putative binding sites for many transcription factors have been identified in 
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SINEs (Figure 1) (Derrien et al., 2012; Faulkner et al., 2009; Kunarso et al., 2010; 

Tashiro et al., 2011). LINEs and SINEs can demarcate the boundary between 

heterochromatin and euchromatin. For example, one mouse B2 element functions as 

a boundary element to prevent cis-residing heterochromatin from silencing 

developmental expression of the five genes located in the mouse growth hormone 

locus (Figure 1) (Derrien et al., 2012; Djebali et al., 2016; Faulkner et al., 2009; 

Kunarso et al., 2010; Lunyak and Atallah, 2011).  

 

Figure 1. SINEs or LINEs can promote or inhibit the transcription of nearby genes 

(TSS, transcription start site; TF, transcription factor) (source: (Djebali et al., 2016; 

Elbarbary et al., 2016; Knoll et al., 2015; Lunyak and Atallah, 2011)). 

 

Repetitive elements regulate transcriptional events as well. For example, LINEs and 

SINEs regulation of transcription not only mediated as DNA elements that recruit 

transcription factors but also via the RNAs that they encode. Generally, SINEs are 

transcriptionally repressed in somatic tissues; however, in response to stressors 

such as heat shock (Elbarbary et al., 2016; Knoll et al., 2015; Mariner et al., 2008), 

SINE Pol III promoters are activated and SINE RNAs are up-regulated. Stress 

mediated up-regulation of human Alu and mouse B2 RNAs inhibits the transcription 

of many genes (Figure 2) (Allen et al., 2004; Knoll et al., 2015; Mariner et al., 2008). 

LINEs and SINEs can also introduce a new transcription start site (TSS). In fact, 6 to 

30% of human and mouse 5’-capped transcripts use repetitive sequence-associated 

TSSs (Allen et al., 2004; Faulkner et al., 2009; Knoll et al., 2015; Mercer et al., 2008). 

Surprisingly, 75-83% of lncRNAs contain transposable elements (TEs), a 

considerably higher percentage compared with protein-coding genes (Cabili et al., 

2011; Derrien et al., 2012; Faulkner et al., 2009; Kapusta et al., 2013; Mercer et al., 

2008). Nineteen percent of lncRNAs consist of more than 50% TE sequence (Cabili 
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et al., 2011; Derrien et al., 2012; Kapusta et al., 2013; Kapusta and Feschotte, 2014; 

Quinn and Chang, 2016; Rinn and Chang, 2012), suggesting that exaptation of TEs 

and evolution of lncRNAs are closely related. 

 

Figure 2. Upon heat shock, RNA polymerase II transcribe RNAs from SINE elements 

and their increased expression inhibits Pol II, and inhibits the transcription of protein-

coding genes (source: (Elbarbary et al., 2016; Guttman et al., 2009; Kapusta and 

Feschotte, 2014; Quinn and Chang, 2016; Rinn and Chang, 2012)). 

 

Repetitive elements regulate co-transcriptional events like pre-mRNA splicing. Alu 

elements contain cryptic splice sites and usually need few mutations to become 

functional splice sites and promote exonization (Elbarbary et al., 2016; Guttman et 

al., 2009; Lev-Maor et al., 2007; Necsulea and Kaessmann, 2014). This leads to 

inclusion of an intronic sequence within the resulting spliced mRNA and it is 

estimated that 5% of alternatively spliced exons in humans derive from Alu 

sequences and that most Alu-containing exons are alternatively spliced (Lev-Maor et 

al., 2007; Necsulea and Kaessmann, 2014; Sorek et al., 2002).  

 

Repetitive elements also regulate post-transcriptional processes like mRNA stability, 

localization, translation and exonization of Alu repeats. (1) mRNA stability: SINEs 

have the potential to act in cis and/or in trans to influence mRNA turnover. The 

poly(T) sequence that exists in antisense Alu elements is the source of ~40% of 

identified 3’ UTR AU-rich elements, which regulate mRNA half-life through the 

competitive binding of proteins that stabilize or destabilize the transcript (An et al., 

2004; Kutter et al., 2012; Necsulea and Kaessmann, 2014; Sorek et al., 2002). (2) 

mRNA localization and translation: Not all mRNAs are efficiently exported from the 

nucleus to the cytoplasm for translation. A protein known called STAU1 binds to the 

Alu in the 3’ UTR of mRNAs and precludes the binding of another protein known as 
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p54nrb (a protein component of nuclear paraspeckles) and it eventually leads to their 

nuclear export (An et al., 2004; Elbarbary et al., 2013; Kutter et al., 2012; Washietl et 

al., 2014). A subset of 3′UTR Alus mediates translational repression by binding and 

activating dsRNA-dependent protein kinase (PKR) (Elbarbary et al., 2013; Fitzpatrick 

and Huang, 2014; Guttman and Rinn, 2012; Rinn and Chang, 2012; Kevin C Wang 

and Chang, 2011; Washietl et al., 2014). (3) Exonization of Alu repeats: Adenosine-

to inosine (A-to-I) RNA editing is a tissue-specific posttranscriptional process where 

adenosine residues located in double stranded RNAs are deaminated to inosines by 

adenosine deaminase (ADAR) proteins (Athanasiadis et al., 2004; Fitzpatrick and 

Huang, 2014; Guttman and Rinn, 2012; Rinn and Chang, 2012; Tian et al., 2010; 

Kevin C Wang and Chang, 2011). Alu repeats acts as binding sites for ADARs and 

more than 90% of A-to-I editing occurs within Alu elements (Athanasiadis et al., 

2004; Rinn et al., 2007; Tian et al., 2010; Kevin C Wang et al., 2011).  

 

2.7. Repetitive elements in diseases 
 

The study of repetitive elements associated with diseases is still in its infancy. Most 

of the previous studies often shown repetitive element genomic insertions causing 

diseases. Around 100 diseases have been shown to be associated with germline 

insertions of retrotransposons (Athanasiadis et al., 2004; Belancio et al., 2008; 2010; 

Hancks and Kazazian, 2012; T.-K. Kim et al., 2010; Rinn et al., 2007; Kevin C Wang 

et al., 2011). Some of them are hereditary nonpolyposis colorectal cancer, prostate 

cancer, alport syndrome and breast cancer. LINE or SINE insertions can also affect 

mRNA stability leading to reduced protein production or altered spatio-temporal 

expression of protein-coding genes. This phenomenon has been associated with X-

linked dilated cardiomyopathy, hemophilia A, hereditary-nonpolyposis colorectal 

cancer and hyper-immunoglobulin syndrome (Belancio et al., 2010; 2008; Hancks 

and Kazazian, 2012; Kaer and Speek, 2013; T.-K. Kim et al., 2010; Qrom et al., 

2010). 

 

Repetitive elements can disrupt protein-coding sequences and cause aberrant 

protein production or NMD (Non-sense mRNA Decay) eventually leading to diseases 

including hemophilia B, breast cancer, colon cancer and neurofibromatosis type 1 

(Hancks and Kazazian, 2012; Kaer and Speek, 2013; Qrom et al., 2010; Kevin C 

Wang and Chang, 2011). Also it has been shown that altered DNA methylation 

increases expression of LINE and SINE RNA at early stages of various cancers 

(Belancio et al., 2010; Hancks and Kazazian, 2012; Qrom et al., 2010; Kevin C Wang 
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and Chang, 2011; Ørom and Shiekhattar, 2011). Further, altered pre-mRNA splicing 

caused by retrotransposon insertions leading aberrant protein production linked with 

diseases like fukuyama-type congenital muscular dystrophy, neurofibromatosis type 

1, hemophilia A, breast cancer, coffin-lowry syndrome (Belancio et al., 2010; Hancks 

and Kazazian, 2012; Kaer and Speek, 2013; Meredith et al., 2016; Qrom et al., 2010; 

Ørom and Shiekhattar, 2011). X-chromosome associated diseases like retinitis 

pigmentosa and dilated cardiomyopathy have been shown to be caused by 

retrotransposon mediated premature transcription termination (Guttman et al., 2011; 

Hancks and Kazazian, 2012; Kaer and Speek, 2013; Meredith et al., 2016). LINEs 

also participate in X- chromosome inactivation (XCI) via one of two mechanisms: 

Transcriptionally silent L1 elements contribute to the formation of a silent nuclear 

compartment during XCI, whereas L1 RNAs that derive from young LINE elements 

(which are enriched in the X chromosome) participate in inactivating X-chromosome 

loci that would otherwise escape XCI (Chow et al., 2010; Guttman et al., 2011; 

Hancks and Kazazian, 2012; Kevin C Wang and Chang, 2011). Very recently 

retrotransposons have been shown to affect sites of A-to-I editing causing 

amyotrophic lateral sclerosis (ALS), astrocytoma, metastatic melanoma, aicardi-

Goutières syndrome and hepatocellular carcinoma.  

 

Interestingly, increase in copy number of simple repeats by dynamic mutations have 

been associated with neurodegenerative diseases like mental retardation, kennedy 

disease, huntington disease, haw-river syndrome, machado joseph disease and 

nearly thirty hereditary disorders (Chow et al., 2010; Mirkin, 2007; Sutherland and 

Richards, 1995; Kevin C Wang and Chang, 2011). The repeat expansion diseases 

are a group of human genetic disorders caused by long and highly polymorphic 

tandem repeats (Martianov et al., 2007; Mirkin, 2007; Sutherland and Richards, 

1995; Usdin, 2008; Kevin C Wang and Chang, 2011). The repeat expansion 

diseases can be divided into two categories: those like huntington disease or 

spinobulbar muscular atrophy, where the repeat is located in an exon, and those like 

myotonic dystrophy or fragile X syndrome, where the repeat is outside of the open 

reading frame (Martianov et al., 2007; Usdin, 2008; Kevin C Wang and Chang, 

2011). 

 

In summary, nearly half of the human genome is derived from repetitive elements 

and surprisingly very few studies explored their role in human diseases in the past. In 

the future, with advances in technological methods, it will be possible to understand 
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expression and functions of these repetitive elements and especially their role in 

human diseases.  

 

2.8. Challenges 
 

Standard benchmarking and expression quantification are the main computational 

challenges in the field of repetitive elements. A recent study re-examined the whole 

human genome using an algorithm that instead relies on relatedness within entire 

groups of evolutionarily diverged repeats (de Koning et al., 2011; Hung et al., 2011; 

Usdin, 2008; Kevin C Wang and Chang, 2011). This led them to an increased 

estimate of 66–69% for the proportion of repeat-derived sequence in the human 

genome, after correcting for false positives. These results imply that repetitive DNA 

may have played a larger part in human evolution than was previously assumed. 

However, there are no standard benchmarks of repetitive elements especially 

transposable elements annotation and there is a necessity to create standard 

benchmarks (de Koning et al., 2011; Hoen et al., 2016; Hung et al., 2011; Kevin C 

Wang and Chang, 2011). Estimating the expression of repetitive elements is also 

challenging. Challenges include (but are not limited to: short read length. reads that 

map to more than one genomic location (multi-mapped reads), low sequencing 

depth, inaccurate alignment methods raise problems in expression quantification 

(Criscione et al., 2014; Day et al., 2010; Hoen et al., 2016; Treangen and Salzberg, 

2011; Kevin C Wang and Chang, 2011). Previously, the inclusion of multi-mapped 

RNA-Seq reads has questioned the conclusions of a few key studies (Criscione et 

al., 2014; Day et al., 2010; Hung et al., 2011; Marinov et al., 2015; Royo et al., 2016; 

Samans et al., 2014; Sienski et al., 2012; Treangen and Salzberg, 2011; Kevin C 

Wang and Chang, 2011; Yap et al., 2010). Recently, there are few novel methods 

designed to deal with the multimapping problems, but they are not fast enough to 

quantify large number of RNA-Seq datasets (Criscione et al., 2014; Day et al., 2010; 

Hung et al., 2011; Marinov et al., 2015; Rinn et al., 2007; Royo et al., 2016; Samans 

et al., 2014; Sienski et al., 2012; Tsai et al., 2010; Yap et al., 2010). 

 

Other than benchmarking and quantification, there are other important challenges 

(Criscione et al., 2014; Day et al., 2010; Göke and Ng, 2016; Mercer et al., 2009; 

Rinn et al., 2007; Tsai et al., 2010): 

 

1. Among the many repetitive elements that are transcribed or which show 

regulatory activity, which elements are biologically relevant? 
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2. What is the function of individual elements and transcripts generated from 

retrotransposons? 

3. Does co-expression or tissue-specific expression of families or subfamilies of 

repetitive elements indicate common or specific functions?  

4. What are the pathways and interaction partners for repeat-derived RNAs?  

5. Which repetitive elements are translated, and which repeat-derived RNAs are 

noncoding?  

6. What are the precise sequences of repeat-derived RNAs? Will long read 

sequencing technology help overcome current limitations? 
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Objective - 1 
 

Several studies in the past decade have shown tens of thousands of novel lncRNAs 

across various cell or tissue types in mammals. However, identifying lncRNAs that 

are most likely to be functional has been a challenging task.  

 

Interestingly, first, Guttman and colleagues revealed functional lncRNAs by 

identifying K4-K36 chromatin domains that lay outside known protein-coding gene 

loci (Guttman et al., 2009). These K4-K36 domains marked by H3K4me3 at their 

promoter and H3K36me3 along the length of the transcribed region. These K4-K36 

domains are conserved from yeast to humans and demarcate known Pol II 

transcribed genes, including protein-coding and miRNA genes. Though this study 

successfully identified functional lncRNAs it was only in limited to three mouse cell 

types. Second, Marques and colleagues overlapped lncRNA promoters with 

enhancer (enriched with H3K4me1 and depleted with H3K4me3) and promoter 

(enriched with H3K4me3 and depleted with H3K4me1) chromatin states and 

revealed two distinct classes of lncRNA known as elncRNA (enhancer-associated 

lncRNA) and plncRNA (promoter-associated lncRNA) (Marques et al., 2013). 

However, this study also limited to only one mouse cell type. Not only both above 

mentioned studies limited to few cell types but they also failed to show whether the 

chromatin status of lncRNAs remains the same in other cell or tissue types. 

 

Functional cataloging or classifying lncRNAs across many mouse tissues have not 

been explored yet. In addition, large-scale de novo discovery of lncRNAs across 

many mouse tissues is also pending. The main objective (Objective 1, First 

manuscript) here is to address the above challenges by following steps. 

 

1. Assembling transcriptomes from eight different mouse tissues and one cell 

type using RNA-seq data 

2. Classifying them by overlapping with chromatin states defined by various 

histone marks.  

3. Checking how the chromatin state of lncRNA in one tissue switches to 

another in other tissues.  

4. Showing the novel lncRNAs identified by both strategies as functional using 

experimental methods.  
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Chromatin and RNA Maps Reveal Regulatory Long Noncoding RNAs
in Mouse

Gireesh K. Bogu,a,b,c,d Pedro Vizán,b,d Lawrence W. Stanton,e,f Miguel Beato,b,d Luciano Di Croce,b,d,g Marc A. Marti-Renoma,b,d,g

CNAG-CRG, Center for Genomic Regulation (CRG), Barcelona Institute of Science and Technology (BIST), Barcelona, Spaina; Gene Regulation, Stem Cells and Cancer
Program, Center for Genomic Regulation (CRG), Barcelona Institute of Science and Technology, Barcelona, Spainb; Bioinformatics and Genomics Program, Center for
Genomic Regulation (CRG) , Barcelona Institute of Science and Technology, Barcelona, Spainc; Universitat Pompeu Fabra (UPF), Barcelona, Spaind; Department of
Biological Sciences, National University of Singapore, Singapore, Singaporee; Stem Cell and Developmental Biology Group, Genome Institute of Singapore, Singapore,
Singaporef; Institució Catalana de Recerca i Estudis Avançats (ICREA), Barcelona, Spaing

Discovering and classifying long noncoding RNAs (lncRNAs) across all mammalian tissues and cell lines remains a major chal-
lenge. Previously, mouse lncRNAs were identified using transcriptome sequencing (RNA-seq) data from a limited number of
tissues or cell lines. Additionally, associating a few hundred lncRNA promoters with chromatin states in a single mouse cell line
has identified two classes of chromatin-associated lncRNA. However, the discovery and classification of lncRNAs is still pending
in many other tissues in mouse. To address this, we built a comprehensive catalog of lncRNAs by combining known lncRNAs
with high-confidence novel lncRNAs identified by mapping and de novo assembling billions of RNA-seq reads from eight tissues
and a primary cell line in mouse. Next, we integrated this catalog of lncRNAs with multiple genome-wide chromatin state maps
and found two different classes of chromatin state-associated lncRNAs, including promoter-associated (plncRNAs) and enhanc-
er-associated (elncRNAs) lncRNAs, across various tissues. Experimental knockdown of an elncRNA resulted in the downregula-
tion of the neighboring protein-coding Kdm8 gene, encoding a histone demethylase. Our findings provide 2,803 novel lncRNAs
and a comprehensive catalog of chromatin-associated lncRNAs across different tissues in mouse.

Previous large-scale transcriptome-sequencing (RNA-seq)
studies have confirmed that !80% of the human genome is

transcribed, yet only a minor fraction of it (!3%) codes for pro-
tein (1, 2). It is now known that a major fraction of the transcrip-
tome consists of RNAs from intergenic noncoding regions of the
genome, which have been termed intergenic long noncoding
RNAs (lncRNAs). Comprehensive lncRNA catalogs were recently
established for various cell lines and tissues in human, mouse,
Caenorhabditis elegans, Drosophila, and zebrafish (3–8). In addi-
tion, we now know the functions of a limited number of the dis-
covered lncRNAs, such as Xist in X chromosome inactivation (9),
HOTAIR in cancer metastasis (10), lnc-DC in dendritic cell dif-
ferentiation (11), Braveheart in heart development (12), Mega-
mind and Cyrano in embryonic development (13), Fendrr in car-
diac mesoderm differentiation (14), Malat1 in alternative splicing
(15), and a few others, including one from our previous work
showing that RMST lncRNA regulates neurogenesis by physically
interacting with the Sox2 transcription factor (16).

Even though thousands of lncRNAs have been cataloged, it is
still unclear how to characterize regulatory lncRNAs. Very re-
cently, regulatory lncRNAs were shown to associate preferentially
with promoter and enhancer chromatin states in a single mouse
cell line (17). While this observation is highly interesting, it is not
clear whether there were more lncRNAs associated with these two
chromatin states, since the lncRNA associations were not tested in
multiple tissues. In addition, the lncRNA or chromatin state data
sets used in the previous study (17) were selected only in a single
cell line, which technically limits testing of thousands of lncRNAs.
Finally, it is also unknown whether these lncRNAs associate with
similar chromatin states across different tissues.

To build a comprehensive chromatin-associated mouse
lncRNA data set, we first used billions of mapped RNA-seq reads
to identify high-confidence novel lncRNAs and then combined

them with thousands of known lncRNAs. Second, we used more
than a billion mapped chromatin immunoprecipitation sequenc-
ing (ChIP-seq) reads of various histone marks to identify chroma-
tin state maps. Finally, we integrated all these mouse lncRNAs
with the chromatin state maps, resulting in a comprehensive cat-
alog consisting of thousands of chromatin state-associated
lncRNAs. The analysis across multiple tissues also revealed a novel
set of lncRNAs that are significantly enriched with promoter and
enhancer chromatin states. Interestingly, the majority of the
lncRNA chromatin states switch from one state to another state
across all the tissues or cell lines we tested. To our knowledge,
this is the most comprehensive data set of chromatin state-
associated lncRNAs in mouse, and we expect it will be a valu-
able resource to help researchers select candidate lncRNAs for
further experimental studies.

MATERIALS AND METHODS
Computational procedures. (i) Data sources. All data used in the analysis
were obtained from public databases. The links through which the data
were obtained are listed in Table S7 in the supplemental material. All
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novel lncRNAs identified in this study are listed in Table S2 in the supple-
mental material, and chromatin state maps can be accessed from https:
//github.com/gireeshkbogu/chromatin_states_chromHMM_mm9.

(ii) RNA-seq mapping and transcriptome assembly. TopHat 2.0.9
(18) was used to map RNA-seq reads against the mouse reference genome
(mm9), using default parameters unless otherwise specified (see Table S8
in the supplemental material). Cufflinks (19) was used to assemble
mapped reads to transcripts de novo, and Cuffmerge was used against
high-confidence de novo transcripts to generate a single transcript anno-
tation file, using default parameters unless otherwise specified (see Table
S8 in the supplemental material). Scripture v4 (20) was also used to as-
semble transcripts, using uniquely mapped reads with default parameters
unless otherwise specified (see Table S8 in the supplemental material).
Finally, Qualimap v.08 (21) was used with default parameters to count the
strand-specific reads overlapping lncRNAs.

(iii) Identification and genomic annotation of lncRNAs. We filtered
out transcripts from 8 tissues and a primary embryonic stem (ES) cell line
pooled by Cuffmerge by using an in-house computational pipeline. Our
pipeline relies on previously published software and protocols to identify
lncRNAs from transcriptomics data. The pipeline selects transcripts as
lncRNAs by their size (!200 nucleotides [nt]), number of exons (!2
exons), expression levels (!1 fragment per kilobase of exonic length per
million [FPKM] in at least one tissue or cell line that we used), overlap
coding regions (no overlap with a known gene set from RefSeq, Ensembl,
or UCSC on a similar strand), overlap noncoding regions (no overlap with
known snoRNAs, tRNAs, microRNAs [miRNAs], lncRNAs, or pseudo-
genes), and noncoding potential ("0.44 CPAT [22] and "100 PhyloCSF
score). PhyloCSF (23) was used to calculate the coding potential of tran-
scripts. First, we stitched mouse lncRNA exonic sequences into 18 mam-
mals, using mm9-multiz30way alignments from UCSC. Second, we ran
PhyloCSF against the stitched sequences, using default parameters unless
otherwise specified (see Table S8 in the supplemental material). We then
removed the transcripts with open reading frames with a PhyloCSF
score greater than 100, as previously suggested (24). The final lncRNA
PhyloCSF score is the average deciban score of all its exons based on
their strand direction and all possible frames. The transcripts that
passed PhyloCSF and CPAT coding potential filters were further se-
lected as potential lncRNAs.

lncRNAs that did not overlap any known protein-coding gene (within
a 10-kb window from both a transcription start site [TSS] and a transcrip-
tion end site [TES]) were classified as intergenic lncRNAs or lncRNAs.
lncRNAs that overlapped a transcript but on opposite strands were clas-
sified as antisense lncRNAs. lncRNAs that were close to a coding gene
(within 10 kb from both a TSS and a TES) were annotated as either con-
vergent (the same strand as the nearest coding) or divergent (the opposite
strand from the nearest coding) lncRNAs.

(iv) Tissue specificity calculations. To calculate the tissue specificity
of lncRNAs, we normalized the raw FPKM expression values, as suggested
in previous studies (4, 5). First, we added pseudocount 1 to every raw
FPKM value, and second, we applied log2 normalization to each value to
obtain a nonnegative expression vector. Finally, we normalized the ex-
pression vector by dividing it by the total expression counts. The resulting
matrix of lncRNA-normalized expression levels in each of the replicate
experiments per tissue or cell line was clustered by k means.

(v) Transcription factor binding sites, CAGE tags, and DNase I site
enrichment analyses. To identify transcription factor binding sites, we
first performed a de novo motif analysis of the 2,803 lncRNA 1-kb pro-
moters, using HOMER software with default parameters unless otherwise
specified (see Table S8 in the supplemental material). Second, the signif-
icant (P " 1e#5) de novo motifs from HOMER were used as input to the
TOMTOM program to search against the JASPAR CORE and UNI-
PROBE databases (25). Next, we combined all identified motifs from both
searches into a final list of transcription factor motifs. We then checked
the expression of genes in the master list and required that the candidate
transcription factor be expressed in the tissue. Finally, we used the PW-

MEnrich program (R package version 3.6.1 1– 46, 2014) to perform motif
enrichment analysis.

Cap analysis gene expression (CAGE) peak-based annotations for
mouse samples were downloaded from the FANTOM5 database (26) and
DNase I sites from ENCODE (27). We overlapped these with the 2,803
lncRNA promoters and their corresponding random regions using sitepro
from the CEAS program (28) with default parameters. We used the
shuffledBed program (29) with default parameters to randomize the cod-
ing RNA and lncRNA promoters in the mm9 genome.

(vi) Discovery of chromatin state maps. We first collected mapped
ChIP-seq reads of H3 lysine 4 monomethylation (H3K4me1), H3 lysine 4
trimethylation (H3K4me3), H3 lysine 36 trimethylation (H3K36me3),
H3 lysine 27 trimethylation (H3K27me3), and H3 lysine 27 monoacety-
lation (H3K27ac), CCCTC-binding factor (CTCF), and RNA polymerase
II from ENCODE. These data were originally produced from mouse
(strain C57BL/6; embryonic day 14 [E14] or 8 weeks old) brain, heart,
kidney, liver, small intestine, spleen, testis, or thymus or from an ES cell
line. Second, we used a Poisson-based multivariate hidden Markov model
29 (ChromHMM [http://compbio.mit.edu/ChromHMM/]) to identify
regions enriched in specific combinations of histone modifications, as
previously described but without extending the read lengths. We ran the
ChromHMM software to produce classified maps containing from 2 to 50
states. The 15-state model was rich enough and, at the same time, allowed
us to interpret the chromatin frequency observed across various tissues
and cell lines. Next, we classified the 15-state model into the final six major
chromatin state maps of active promoter and poised promoter, strong
enhancer and poised or weak enhancer, insulator, repressed, transcribed, or
heterochromatin state. In total, 3,612,616 regions in the mouse genome were
enriched in at least one of the six major chromatin state maps. promoter
(active and poised), enhancer (strong and poised/weak), transcribed
(transcription transition, elongation, and weak transcription), insulator,
repressed, and heterochromatin.

(vii) Collection of RNA promoters. We overlapped all 19,873
lncRNAs with protein-coding genes and removed the ones that over-
lapped by at least 1 nucleotide on either strand. This resulted in 14,147
intergenic lncRNAs. We avoided protein-coding vicinities by removing
the lncRNAs that fell within 1 kb from either the TSS or the TES of any
known protein-coding gene. This resulted in 12,129 strictly intergenic
lncRNAs. Further, we selected lncRNAs with an expression of more than
1 FPKM in a given tissue. Altogether, the filters resulted in 1,385 lncRNAs
in whole brain, 1,236 in ES cells, 903 in heart, 870 in kidney, 787 in liver,
435 in small intestine, 878 in spleen, 2,083 in testis, and 932 in thymus. We
created 200-bp promoters of these expressed lncRNAs by extending the
TSS 100 bp upstream and downstream. We created random promoters by
shuffling across intergenic space and then overlapped these promoters
with chromatin states in each tissue separately. Next, we used $30,000
RefSeq protein-coding gene promoters and overlapped them with chro-
matin states in a fashion similar to that described above (!1 FPKM in a
given tissue).

(viii) Overlapping chromatin state maps with RNA promoters. We
used intersectBed from the BEDtools package (29) to overlap RNA pro-
moters with chromatin state maps in each tissue or cell line. We consid-
ered the chromatin association to be significant if the P value was less than
0.001 (Fisher exact test) in all the tissues we tested. We found both active
promoter and strong enhancer chromatin states significantly associated
with lncRNA promoters (see Fig. 3B; see Table S4 in the supplemental
material). We used CAGE peaks from FANTOM5 and DNase sequencing
(DNase-seq) peaks from ENCODE, along with RNA-seq expression, to
identify active promoter lncRNA in liver, spleen, and thymus. We could
not find both CAGE and DNase-seq data for other tissues. We used the
same 200-bp promoter size for CAGE peaks (more than 1 tag) and over-
lapping DNase-seq peaks (see Table S5 in the supplemental material).

(ix) Transition of chromatin-associated lncRNAs. We selected 200-
bp-long promoters of expressed lncRNAs (!1 FPKM) in whole brain and
made sure that they did not overlap any protein-coding genes within a

Bogu et al.
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5-kb distance (from both TSS and TES). We then overlapped the lncRNA
promoters with active promoter and strong enhancer chromatin states in
whole brain. The analysis resulted in 163 enhancer-associated lncRNAs
(elncRNAs) and 33 promoter-associated lncRNAs (plncRNAs) in whole
brain. We repeated the above-mentioned steps in other tissues, resulting
in hundreds of chromatin-associated lncRNAs. This produced 41 ES
elncRNAs, 131 ES plncRNAs, 21 heart elncRNAs, 61 heart plncRNAs,
47 kidney elncRNAs, 61 kidney plncRNAs, 35 liver elncRNAs, 77 liver
plncRNAs, 25 small intestine elncRNAs, 20 small intestine plncRNAs, 20
spleen elncRNAs, 65 spleen plncRNAs, 88 testis elncRNAs, 258 testis
plncRNAs, 82 thymus elncRNAs, and 50 thymus plncRNAs. Finally, we
calculated the percentage of transition of chromatin-associated lncRNA
from one tissue to another (see Table S6 in the supplemental material).

(x) Gene ontology analysis. We ran the GREAT annotation tool (30)
on chromatin-associated lncRNA genomic locations by taking the two
nearest genes, using a default of a 1,000-kb distance window. A whole-
genome background was selected as a control.

Experimental procedures. (i) Cell culture. Wild-type (E14Tg2A) ES
cells were cultured feeder free in plates coated with 0.1% gelatin in Glas-
gow minimum essential medium (Sigma) supplemented with !-mercap-
toethanol, sodium pyruvate, essential amino acids, GlutaMax, 20% fetal
bovine serum (HyClone), and leukemia inhibitory factor (LIF). Heart,
liver, and kidneys were isolated from 8-week-old C57BL/6J mice and
snap-frozen before RNA extraction for chromatin immunoprecipitation
assays (only heart).

(ii) Chromatin immunoprecipitation assay. ES cells were cross-
linked in 1% formaldehyde (FA) for 10 min at room temperature. For
ChIPs from heart, cross-linking was performed on 1- to 3-mm3 fragments
in a conical tube for 10 min with rotation at room temperature in 1.5%
FA. Cross-linking was quenched with 0.125 M glycine for 5 min. Pelleted
cells and heart fragments were lysed and homogenized. Chromatin ex-
traction and immunoprecipitation were performed as previously de-
scribed (31), and 300 "g was used for immunoprecipitation. The antibod-
ies used were as follows: Suz12 (Abcam ab12073), histone H3 (Abcam
ab1791), histone H3K4me1 (Abcam ab8895), histone H3K27me3 (Active
Motif 39155), and histone H3K27ac (Millipore 07-360). The primers used
in the quantitative-PCR (qPCR) assays are listed in Table S2 in the sup-
plemental material.

(iii) Expression and siRNA knockdown analyses. RNA from organs
was extracted with TRIzol (Life Technologies). cDNA was generated from
1 "g of RNA with the First Strand cDNA synthesis kit (Fermentas). The
primers used in the quantitative real-time PCR (qRT-PCR) assays are
listed in Table S2 in the supplemental material. qRT-PCR was performed
in duplicate using the GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase) gene as a housekeeping gene for normalization. For ES-specific ln-
cRNA knockdowns, 50,000 cells/well in 6-well plates were seeded and
then transfected the next day with Lipofectamine RNAiMax reagent and
75 pmol of small interfering RNA (siRNA) duplexes (Invitrogen). The
cells were pelleted 24 h posttransfection, and RNA was extracted for qRT-
PCR with an RNA extraction kit (Qiagen). cDNA was generated as ex-
plained above. The primers used in the qRT-PCR assays and the siRNA
duplexes used are listed in Table S9 in the supplemental material. qRT-
PCR was performed in triplicate, using the GAPDH gene as a housekeep-
ing gene for normalization.

(iv) Characterization of mouse lncRNA-Kdm8 (see below) using
RACE. Total RNA extracted from mouse ES cells (E14) was used to gen-
erate rapid amplification of cDNA ends (RACE)-ready 3= and 5= cDNA
using the SMARTer RACE cDNA amplification kit (Clontech) following
the manufacturer’s protocol. cDNA ends were amplified with universal
primer mix and gene-specific primers (GSP), followed by a nested PCR
with the nested universal primer and the nested gene-specific primers
(NGSP) (see Table S9 in the supplemental material). The RACE products
were run on a 2% agarose gel, cloned in pRACE (a pUC19-based vector),
and sequenced using M13 primers. The recovered fragments were aligned

to obtain the different full-length transcripts produced by lncRNA-Kdm8
(see Table S9 in the supplemental material).

RESULTS
Transcriptome mapping, assembly, and quantification. About 3
billion raw sequence reads from RNA-seq experiments were
downloaded from the ENCODE project (32) and analyzed using a
computational pipeline consisting of TopHat (v2.0.9) (18), Cuf-
flinks (v2.1.1) (19), and Scripture (v4) (20) (Fig. 1A). We con-
structed a map of RNA expression in mouse by first collecting
RNA sequencing reads using long (76- to 108-nucleotide), paired-
end, polyadenylated, strand-specific high-throughput RNA se-
quencing data from 8-week-old adult brain, heart, kidney, small
intestine, liver, spleen, testis, and thymus and a paired-end ES cell
line (see Table S1 in the supplemental material). Next, the col-
lected reads were mapped to the reference mouse genome using
TopHat, which uniquely mapped 85% (2,631,897,546) of the se-
quence reads, with 2 mismatches allowed. Of the mapped se-
quences, #73% aligned with known transcript loci, and the re-
maining 27% aligned with either intergenic loci or coding genes in
an antisense direction, which suggested that novel transcripts
might exist. To test this, we assembled the mapped mouse tran-
scriptome data in a de novo approach using Scripture and Cuf-
flinks to reconstruct transcripts and quantified the expression by
masking regions, including those containing snoRNAs, tRNAs,
miRNAs, and pseudogenes. Transcripts that were significantly
covered (P $ 0.01) were selected to avoid noisy transcripts (see
Materials and Methods). In total, Scripture identified 593,102
multiexonic transcripts and Cufflinks identified 539,775 tran-
scripts, with an overlap of 500,530 transcripts between the two
methods. Of those overlapping transcripts, #86% (429,818) over-
lapped known coding transcripts (annotated in either RefSeq,
UCSC, or Ensembl) and 10.2% (51,134) overlapped known non-
coding transcripts (annotated as either snoRNA, tRNA, miRNA,
or pseudogenes). This shows the quality of the transcripts and
their ability to recover known noncoding transcripts. The remain-
ing 3.9% of the transcripts (20,018) did not overlap any known
coding or noncoding transcripts.

Genome-wide identification and annotation of lncRNAs in
mouse. We applied a computational pipeline to identify putative
intergenic lncRNAs, along with other types of lncRNAs (e.g., an-
tisense or intronic) (4, 5, 33). We identified 16,185 multiexonic
lncRNAs longer than 200 bp and with an expression level of !1
FPKM in at least one given tissue. Importantly, these lncRNAs did
not contain transcripts with coding potential, as measured by the
two independent methods, including conservation-independent
CPAT (22) and conservation-dependent PhyloCSF (23) (see Ma-
terials and Methods). About 85% of this data set overlapped pre-
viously identified lncRNAs (17, 20, 34–38) (see Fig. S1 in the sup-
plemental material), supporting the accuracy of our prediction
pipeline, with a total of 34% of all known lncRNAs recovered (Fig.
1B). The remaining 2,803 identified lncRNAs were considered
novel lncRNAs in mouse. Further, based on the genomic locations
of lncRNAs relative to the nearest protein-coding gene promoters,
we annotated 2,174 antisense (i.e., overlapping the protein-coding
gene in an antisense direction), 382 intergenic (e.g., located within
10 kb of the nearest protein-coding gene), and 247 strictly inter-
genic lncRNAs (e.g., located more than 10 kb away from the near-
est protein-coding gene) (Fig. 1C and Fig. S2 in the supplemental
material show examples of a novel lncRNA identified in testes).

lncRNAs in Mouse
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Properties of the 2,803 lncRNAs. It has been shown previously
that lncRNAs comprise few exons, are shorter, and are expressed
at low levels in a highly tissue- or cell-specific manner (3–5). The
2,803 lncRNAs reported here are consistent with these previous
studies. On average, our lncRNA transcripts have fewer exons (3
exons), are shorter (6,336 nucleotides), and are expressed at lower
levels (1.56 FPKM) than the average for the 27,259 RefSeq pro-
tein-coding transcripts, which (on average) have 10 exons, a
length of 50,453 nucleotides, and expression levels of 4.68 FPKM
(see Fig. S3 in the supplemental material). To gain more insight,
we combined our novel lncRNAs with all the known lncRNAs and
reanalyzed the genomic features by considering those with an ex-
pression level greater than 0.1 FPKM in at least 1 out of 8 tissues
and in a cell line and those that are far from protein-coding genes
(e.g., 10 kb away from either a TSS or a TES of a protein-coding
gene). This resulted in 3,759 lncRNAs. On average, these tran-
scripts have an exon size of 482 nucleotides, a transcript size of
9,710 nucleotides, an expression level of 1.87 FPKM, and a con-
servation score of 0.1 phastCons (phylogenetic analysis with space
or time conservation). These results further confirmed the
genomic features of lncRNA, such as expression and conservation
levels lower than those of protein-coding genes.

In mammals, lncRNAs are expressed in a tissue-specific man-
ner (3–5). To assess for any tissue specificity of our data set of
lncRNAs, we compared each lncRNA expression level in a given
tissue to its expression in the remaining 8 tissues (Fig. 2A; see
Table S2 in the supplemental material). We observed that 62% of
our novel intergenic lncRNAs are tissue specific, which is compa-
rable to known intergenic lncRNAs (68% tissue specific). More-
over, protein-coding genes resulted in 36.4% tissue specificity
across the eight tissues and the ES cell line (see Fig. S4 in the
supplemental material). Overall, the results clearly show that
lncRNAs are highly tissue specific in nature. Next, we selected the
tissue-specific lncRNAs from our list, as previously defined (e.g.,
with an entropy of !0.4) (4). To experimentally validate a pair of
these selected tissue-specific lncRNAs, we measured the expres-
sion levels by qRT-PCR of the heart (H-lnc1 and H-lnc2), liver
(L-lnc1 and L-lnc2), and kidney (K-lnc1 and K-lnc2) lncRNAs
with respect to the GAPDH housekeeping gene (Fig. 2B), which
confirmed their tissue specificity.

To assess whether our novel lncRNAs have active TSS and reg-
ulatory marks, we overlapped CAGE tags and DNase I tags from
the FANTOM and ENCODE projects with the promoters of our
lncRNAs (26, 27). We observed an enrichment of CAGE tags
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around our lncRNA promoters compared to random lncRNA
promoters (see Fig. S5A in the supplemental material). We also
observed an enrichment of tissue-specific DNase I tags in lncRNA
promoters from the brain, kidney, liver, spleen, and thymus tis-
sues, as well as for the ES cell line (see Fig. S5B in the supplemen-
tal material). Finally, we performed de novo motif analysis us-
ing lncRNA promoters to explore whether any transcription
factors could be regulating these lncRNAs. Indeed, we found sev-
eral significant transcription factor binding motifs enriched near
lncRNA promoters (see Fig. S5C in the supplemental material).
These results show that the 2,803 lncRNA promoters are enriched

with various regulatory marks in the mouse genome and could
potentially have regulatory roles.

Genome-wide identification of chromatin state maps in
mouse. Chromatin marks mapping across different cell lines in
mammals have been previously used to detect and annotate novel
regulatory regions in the genome, including for putative lncRNAs
(5, 17, 39). We hypothesized that integrating chromatin state
maps with the promoters of the transcripts identified here using
RNA-seq expression could guide us in annotating the potential
transcripts and in predicting their modes of regulation. A map of
chromatin marks was constructed from !1.4 billion mapped
reads obtained from 72 pooled ENCODE genome-wide ChIP-seq
data sets in eight tissues (brain, heart, liver, small intestine, kidney,
spleen, testis, and thymus) and the one primary ES cell line. The
ChIP-seq data sets used included regulatory histone modifica-
tions, such as H3K4me1, H3K4me3, H3K36me3, H3K27me3, and
H3K27ac, as well as CTCF marks and RNA polymerase II marks.

We applied the ChromHMM program (39) to create a chro-
matin state model at 200-bp resolution, which resulted in six ma-
jor chromatin state maps (Fig. 3A), i.e., promoter (active and
poised), enhancer (strong and poised/weak), transcribed (tran-
scription transition, elongation, and weak transcription), insula-
tor, repressed, and heterochromatin states (see Table S3 in the
supplemental material). In total, we mapped 261,175 promoter
states (covering !1% of the mouse genome), 863,677 enhancer
states (!3%), 1,133,166 transcribed states (!12%), 150,752 re-
pressed states (!1%), 322,521 insulator states (!1%), and
995,562 heterochromatin states (!82%). To validate the accuracy
of the predicted chromatin states or maps, we mapped (at "10 kb)
our 206,045 unique nonoverlapping active promoter maps to
known promoters of 23,431 RefSeq protein-coding genes and
3,190 RefSeq noncoding genes from TSSs. Our analysis recalled
82% (19,280) of the protein-coding promoters and 75% (2,401)
of the noncoding promoters. We repeated the above-described
mapping using the poised promoter map and mapped an addi-
tional 709 protein-coding and 92 noncoding gene promoters. Al-
together, we successfully mapped 85% of the known protein-cod-
ing and 78% of the noncoding gene promoters. These results
indicate that using combinatorial promoter chromatin states to
retrieve promoters results in !6% higher recall than using only
H3K4me3 as an active promoter chromatin mark (40).

Classification of lncRNAs using chromatin state maps. Pre-
viously, chromatin state maps at promoters were used to define
two distinct classes of lncRNAs (17). For example, elncRNA pro-
moters or TSSs are depleted of H3K4me3 and enriched with
H3K4me1, and plncRNAs are enriched with H3K4me3 and de-
pleted of H3K4me1. Using a similar promoter-overlapping ap-
proach for our chromatin state maps, we defined these two classes
of chromatin-associated lncRNAs across 8 tissues and an ES cell
line. For this classification, we first listed !30,000 unique protein-
coding promoter loci and !19,000 intergenic lncRNA promoter
loci (200 bp long), which were then passed through an expression
filter (requiring #1 FPKM in a given tissue) and an intergenic
filter (requiring them to be 5 kb away from both TSSs and TESs of
protein-coding genes). We found a few thousand lncRNAs that
passed these expression and intergenic filters (namely, 1,385
lncRNAs in whole brain, 1,236 in ES cells, 903 in heart, 870 in
kidney, 787 in liver, 435 in small intestine, 878 in spleen, 2,083 in
testis, and 932 in thymus). Overall, less than 10% (852) of these
intergenic lncRNAs significantly overlapped an active promoter
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or a strong enhancer chromatin state (P ! 0.001; Fisher exact test)
(Fig. 3B).

We next focused our analysis on these significant chromatin
state-associated lncRNAs. In total, we identified 852 unique inter-
genic lncRNA transcripts associated with either an active pro-
moter or a strong enhancer chromatin state (Fig. 3C and D; see
Table S4 in the supplemental material). This result apparently
contradicts a previous study (17) in which 52% of lncRNAs were
found to be associated with an enhancer chromatin state and 48%
with a promoter chromatin state. These differences could arise
from several parameters used in the previous study that are dis-
tinct from ours: specifically, the previous study considered single
exonic transcripts, used CAGE tags to define 5= ends, and used
DNase-seq peaks to identify active promoters. However, to check

the consistency, we also used CAGE peaks from FANTOM5 and
DNase-seq peaks from ENCODE, along with RNA-seq expres-
sion, to identify active promoter lncRNAs in liver, spleen, and
thymus. This reanalysis resulted in more than 40% of the lncRNAs
associated with the enhancer chromatin state in thymus ("50%
with the promoter chromatin state) and around 20% in liver and
spleen. (Fig. 3D; see Table S5 in the supplemental material).
Finally, we did not notice any enrichment in the number of
elncRNAs over plncRNAs in most of the tissues we analyzed
except brain and thymus. A total of 852 unique intergenic ln-
cRNAs were thus annotated as chromatin associated, including
514 plncRNAs and 433 elncRNAs.

Our approach successfully identified known enhancer-associ-
ated coding RNAs, such as Fos, Rgs2, Nr4a2, and Elf5 (41), and
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elncRNAs, such as lincRNA-Cox2, lincRNA-Spasm, and lincRNA-
Haunt (42) (see Fig. S6 in the supplemental material). Moreover,
we also found known promoter-associated coding RNAs in our
analysis, such as Sox2, Oct4, and Nanog, and plncRNAs, such as
linc1405 and linc1428 (5) (see Fig. S7 in the supplemental mate-
rial). Additionally, by pooling all promoter chromatin state maps
into one major promoter chromatin state map and enhancers into
an enhancer chromatin state map we were able to recall 71% of
published enhancer-associated lncRNAs (24). Our approach suc-
cessfully recalled 64% of plncRNAs (74 out of 115) and 56% of
elncRNAs (69 out of 124) from another study (17). We also ex-
perimentally tested histone modifications around the lncRNA
promoters in both mouse ES cells and heart cells (see Fig. S8 in the
supplemental material), using Klf4 as a negative control and Zic1
as a positive control. Altogether, our study provides a high-confi-

dence list of chromatin-associated lncRNAs across a wide range of
tissues in mouse.

Properties of chromatin-associated lncRNAs. To investigate
whether the two types of chromatin-associated lncRNAs have dif-
ferent properties, we calculated their sequence lengths and expres-
sion levels (Fig. 4A and B). plncRNAs with a median length of !6
kb were not significantly different from elncRNAs. However, our
finding of an !6-kb length for both elncRNAs and plncRNAs
differs from a previous study, which reported them to be !1 kb
long (17). plncRNAs are highly expressed compared to elncRNAs,
as previously observed (17). We asked whether these chromatin-
associated lncRNAs were enriched in any biological processes by
using a nearest-gene approach and whole-genome background
with the GREAT software (30). Indeed, they showed enrichment
of various biological processes (see Fig. S9 in the supplemental
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material). Interestingly, we also observed the changes in the status
of chromatin-associated lncRNAs based on their respective tissue
or cell line. In total, !17% of chromatin-associated lncRNAs
(144 out of 852) tend to switch from one chromatin state to
another in multiple tissues (see Table S6 in the supplemental
material). plncRNAs are more likely to switch to plncRNAs,
and also, the percentage of this type of transition is higher than
that of the plncRNA-to-elncRNA or the elncRNA-to-plncRNA
transition (Fig. 4C and D; see Table S6 in the supplemental
material).

We hypothesized that if a lncRNA is expressed in a specific
tissue and also associated with tissue-specific epigenetic modifica-
tions in the same tissue but not in others, it could be associated
with regulatory functions. To test this, we selected for lncRNAs
with the following characteristics: (i) associated with a specific
chromatin state only in ES cells, (ii) expressed only in ES cells, (iii)
associated with DNase I peaks only in ES cell, (iv) associated with
pluripotent transcription factors in ES cells, and (v) close to a
protein-coding gene associated with pluripotency in ES cells. In
total, 12 lncRNAs passed the above-mentioned filters.
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For validation, we focused on an ES cell-specific predicted
regulatory enhancer-associated lncRNA (chromosome 7
[chr7]: 132560406 to 132561472 [!]) located approximately
20 kb away from the protein-coding gene Kdm8, which encodes a
histone lysine demethylase and regulates embryonic cell prolifer-
ation (Fig. 5A and D) (30). We named this lncRNA-Kdm8, based
on its proximity to the Kdm8 protein-coding gene. Using the
RACE technique, we experimentally characterized the lncRNA-
Kdm8 genomic structure; this revealed at least 3 variants (RACE-a,
-b, and -c) in the 5= end of lncRNA-Kdm8 and also defined the
exon-intron boundaries (Fig. 5B and C). We then knocked down
lncRNA-Kdm8 with two different siRNAs and checked the expres-
sion of the Kdm8 transcript and the positive-control gene Taf3. As
predicted, upon elncRNA knockdown, expression of the Kdm8
gene significantly decreased compared to that of Taf3, which fur-
ther supported the cis mode of enhancer-associated lncRNA gene
regulation (Fig. 5E) (43, 44). Together, our results show that chro-
matin-associated lncRNAs annotated by their chromatin marks
could have regulatory roles.

DISCUSSION
Our study identified novel lncRNAs in mouse by using deep-
RNA-sequencing data from eight tissues and an ES cell line. Public
ENCODE large-scale RNA-seq data allowed us to de novo recon-
struct high-confidence novel lncRNA transcripts. The transcrip-
tome data used in this study to discover lncRNAs go beyond pre-
vious lncRNA studies in terms of depth (32). The tissue-specific
nature of these lncRNAs is in agreement with previous findings
(3–5). The 2,803 lncRNAs included 2,174 antisense and 629 inter-
genic transcripts. Antisense lncRNAs have been shown to be key
regulators, and interestingly, many of the antisense lncRNA tran-
scripts we observed were from ES cells. We used intersection of
transcripts assembled by using two different de novo assemblers
and also a stringent expression threshold to filter out the spurious
transcripts. Further, we validated the expression of the lncRNA
transcripts identified in this study by qRT-PCR, thus confirming
the quality of the transcripts identified in the study, as well as their
expression.

By using ChromHMM, we further characterized combinato-
rial chromatin state maps in mouse, using more than 70 ChIP-seq
data sets across the same tissues used for lncRNA discovery. In
previous studies, promoter, enhancer, and insulator maps were
identified using a specific set of ChIP-seq data sets, like H3K4me3
(promoter), H3K4me1 with P300 (enhancer), and CTCF (insula-
tor) (40). We built upon that work by further including additional
histone marks, allowing us to produce more detailed chromatin
state maps. For example, the Fendrr lncRNA, which was previ-
ously annotated as enhancer associated, has enhancer histone
(p300/H3K4me1) marks (42) at the promoter but is also enriched
in H3K27me3 in brain. We conclude that its chromatin status is
likely to be poised or to switch to other states rather than to be
enhancer associated, which emphasizes the importance of taking
chromatin states into account when classifying chromatin-associ-
ated lncRNAs.

By integrating chromatin state maps and promoters of
lncRNAs across eight tissues and an ES cell line, we were able to
classify lncRNAs into two classes: promoter-associated lncRNAs
and enhancer-associated lncRNAs. Our study provides a compre-
hensive catalog of chromatin-associated lncRNAs across several
mouse tissues. We also observed that plncRNAs were highly ex-

pressed and shorter than other chromatin-associated lncRNAs
and retained their embryonic promoter chromatin status in
adult tissues. Experimental knockdown of an enhancer-associ-
ated lncRNA partially validated the regulatory behavior of
chromatin state-associated lncRNAs in mouse.

Many of the bidirectional lncRNAs and enhancer-associated
RNAs have been shown to be nonpolyadenylated (41, 45). How-
ever, recent findings (2, 17), along with our study, suggest the
existence of polyadenylated bidirectional transcripts and chroma-
tin-associated RNAs. Still, because of the poly(A)-based RNA se-
quencing, we could be missing a large fraction of nonpolyadeny-
lated lncRNAs.

In the future, even more comprehensive catalogs of chroma-
tin-associated lncRNAs should be possible to obtain by associa-
tion of chromatin states and lncRNA promoters across all tissues
and cell lines in mammals. In addition, using techniques like
CRISPR against regulatory lncRNAs would reveal more valuable
information. Altogether, our study provides a novel set of classi-
fied lncRNAs, which represents a valuable resource for future
genomic experimental studies in mouse.
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Objective - 2 
 

Not only repetitive elements occupy nearly half of the human genome but also 

facilitate genome evolution (Bourque, 2009). They also provide alternative 

promoters, exons and splice junctions to the protein-coding genes (Faulkner et al., 

2009). Their genomic insertions and transcription can disrupt gene expression 

(McClintock, 1951) and cause numerous diseases (Kaer and Speek, 2013). Thus, 

the insertions and transcription of repetitive elements proximal to protein-coding and 

lncRNA genes may create new transcriptional landscapes throughout the evolution.  

 

Although repetitive elements pervade mammalian genomes, their overall contribution 

to transcriptional activity is poorly defined. Previously, using array and CAGE 

technologies, genome-wide transcription of repetitive elements has been profiled 

across limited tissues in human and mouse (Djebali et al., 2016; Faulkner et al., 

2009; Fort et al., 2014; Nigumann et al., 2002). However, these technologies were 

limited by cross-hybridization, read length and mapping issues.  

 

Characterization of global transcription of repetitive elements across many human 

tissues has not been explored yet. The main objective (Objective 2, Second 

manuscript) here is to address the above challenge by utilizing GTEx RNA-Seq data 

from 53 different human body sites.  





! 55!

 
SECOND MANUSCRIPT 





! 57!

 

The Transcriptional Landscape of Repetitive Elements in 

Human Tissues 

 
Gireesh K. Bogu 1,2,3, Ferran Reverter 1, Marc A. Marti-Renom 2,3,4,5, Roderic Guigo 1,3,6,7 

 

 

1. Bioinformatics and Genomics, Center for Genomic Regulation (CRG), Barcelona, 

Catalonia, Spain. 

 

2. Gene Regulation, Stem Cells and Cancer Program, Center for Genomic Regulation 

(CRG), Barcelona Institute of Science and Technology, Barcelona, Spain. 

 

3. Universitat Pompeu Fabra (UPF), Barcelona, Spain. 

 

4. CNAG-CRG, Center for Genomic Regulation (CRG), Barcelona Institute of Science 

and Technology (BIST), Barcelona, Spain. 

 

5. Institució Catalana de Recerca i Estudis Avançats (ICREA), Barcelona, Spain. 

 

6. Institut Hospital del Mar d’Investigacions Mèdiques (IMIM), Barcelona, Catalonia, 

Spain. 

 

7. Joint CRG-Barcelona Super Computing Center (BSC)–Institut de Recerca Biomedica 

(IRB) Program in Computational Biology, Barcelona, Catalonia, Spain 

 

 

 

 

 

 

 

 

 



! 58!

 

Abstract  
 

More than half of the human genome contains repetitive elements and majority of 

their transcription is repressed. However, it is not clear how many of them are 

expressed and where they are expressed. To address this, as a part of Genotype-

Tissue Expression (GTEx) project, we profiled the transcription of around 5 million 

repetitive elements using 8,551 poly-A RNA-seq datasets from 53 distinct body sites 

across 544 individuals. We report 11,502 intergenic repetitive elements originating 

from various repeat subfamilies that are systematically transcribed across multiple 

human tissues. Using linear mixed models, we show that, on average, variation in 

repeat expression is far greater among tissues (~57%) than among individuals 

(~1%). Further, we found 3,295 tissue-specific repetitive elements and we show that 

majority of their transcription is not induced by locus-specific effect. We also show 

that brain and testis consist of higher tissue-specific expression of repetitive 

elements compared to any other tissue. In summary, we find that repeats are 

expressed globally and their tissue-specific expression is a hallmark of tissue identity 

in humans. 
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Nearly half of the human genome is derived from repetitive elements (Lander et al., 

2001). The majority of the repetitive elements belong to a retrotransposon type (a 

transposon whose sequence shows homology with that of a retrovirus and genetic 

elements that can amplify themselves via RNA intermediate) and the rest to DNA 

transposons, satellite repeats and simple or low-complexity repeats (Kazazian, 

2004). Retrotransposons are further divided into various classes like SINE (short 

interspersed nuclear element), LINE (long interspersed nuclear element) and LTR 

(long terminal repeat) (Elbarbary et al., 2016). Repetitive elements contribute the 

coding and noncoding transcriptome by acting as enhancers, alternative promoters, 

repeat-derived RNAs and transcription factor binding sites (Bourque, 2009; Göke and 

Ng, 2016). Multiple evidences show that insertions of repetitive elements at DNA 

level linked various diseases (Callinan and Batzer, 2006; Göke and Ng, 2016; Kaer 

and Speek, 2013). 

 

The overall contribution of repeat expression to the transcriptional activity across 

human adult tissues is poorly understood. Previously, using array and CAGE (CAP 

Analysis of Gene Expression) technologies, the transcriptional output of repetitive 

elements has been analyzed in human adult tissues (Djebali et al., 2016; Faulkner et 

al., 2009; Fort et al., 2014) but these technologies suffer from various limitations 

including cross-hybridization, they are expensive and the short tags cannot be 

uniquely mapped to the reference genome (Wang et al., 2009). Here we investigate 

the transcription of millions of genomic repetitive instances in the human genome 

using thousands of RNA-Seq datasets across wide range of tissues and individuals. 

We show hundreds of thousands of genomic repetitive instances being expressed 

and various repeat subfamilies varying greatly between tissues rather than 

individuals. We also identify novel repeat families that are tissue-specific in nature. 

Our findings highlight the tissue-specific nature of the repetitive elements in the 

human genome.  

 

We used mid-phase RNA sequencing (RNA-Seq) data from Genotype-Tissue 

Expression (GTEx) Project,  (The GTEx Consortium et al., 2015). It consists of 8,551 

RNA-Seq samples from 544 human individuals spanning 53 distinct body sites 

(Supplementary Fig. 1). These individuals are of different age, gender and race and 

the RNA-Seq data is of 76-base pair (bp), paired-end, unstranded, poly (A)-selected 

with a median sequencing depth of 60 million reads per sample and with a good RNA 
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quality (Supplementary Fig. 1). The above 53 distinct body sites include 29 solid-

organ tissues, 13 brain subregions, two cell lines (EBV-transformed lymphocytes and 

transformed fibroblasts) and a whole-blood sample. Around 5 million repetitive 

genomic instances or copies of various repeat subfamilies, families and classes from 

RepeatMasker database were used in the analysis (Supplementary Table 1) 

(Tarailo-Graovac and Chen, 2002). That majorly includes SINE, LINE, LTR, DNA, 

satellite, simple, low complexity and unknown repetitive classes. These repetitive 

classes represent more reliable annotations of 26 families and 1,250 subfamilies 

covering 46.5% of the human genome (hg19), corresponding to about 1,439 Mb.  

 

To get an overview of repeat transcription, first, we calculated the fraction of 

transcriptome that originated from all types of repetitive elements across all 53 

distinct human body sites (Fig. 1a). We found that brain and whole blood show 

relatively higher fraction of reads mapped to repeats compared to other tissues and 

skeletal muscle show the least of them. Second, we found 205,779 repetitive 

elements expressed in at least once of the 53 distinct human body sites 

(Supplementary Fig. 2b). Cerebellum, testis and endocervix seem to have highest 

number of expressed repetitive elements. 11,502 out of 205,779 repetitive elements 

are intergenic. Also in this intergenic repeats the highest expression is found in 

cerebellum and testis (Fig. 1c, Supplementary Table 2). Most of the expressed 

intergenic repeats belong to either LINE or LTR or SINE repeat classes.  

 

To test whether the repetitive elements transcription is tissue-specific, we performed 

hierarchical clustering on the normalized expression (Supplementary Fig. 2a). 

Remarkably, the clustering largely recapitulates tissue type. We repeated the 

hierarchical clustering on only intergenic repeats and found that the tissue-specific 

clustering is not an artifact of overlapping protein-coding or lncRNA genes (Fig. 2a). 

Using linear mixed models, we found that variation in repetitive elements expression 

is far greater among tissues (57% of total variance in gene expression) than among 

individuals (1% of total variance, Supplementary Fig. 3). During the early stages of 

development, the genome is largely permissive for transcription; so repetitive 

elements that reside within transcribed loci are likely to be passively expressed. 

However, it has been shown that embryonic stages can still be clearly distinguished 

even after taking the average expression for all repetitive elements that belong to the 

same family suggesting that expression of ERV (endogenous retrovirus) elements is 

not a locus-specific effect caused by permissive transcription but instead a property 

of the families that the transcribed repetitive elements belong to (Göke et al., 2015). 
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This previous study was only limited to human embryonic tissues and to a specific 

family of repetitive elements known as ERVs. We extended this analysis to human 

adult tissues by analyzing all types of repetitive families to see whether expression of 

repetitive elements is a locus-specific effect or not. To do this, we averaged the 

expression of all repetitive elements that belong to the same family and performed 

hierarchical clustering. Interestingly, all adult tissues can still be clearly distinguished 

confirming the previous study (Supplemental Fig. 2a).  

 

To identify which repeat families show tissue-specific expression in adult tissues, we 

calculated differential expression of all repetitive elements from every family at each 

tissue level (Methods). We found 3,295 tissue-specific repetitive elements in 18 

major tissues that showed significant differential expression (Fig. 2b). Further, to 

illustrate the tissue-specific expression; we have shown few examples with RNA-Seq 

expression across many GTEx tissue samples (Supplementary Fig. 4). 

Interestingly, most of them correspond to either LTRs or LINEs (Supplementary 

Table 3). It is not exactly not known why the other tissues do not have any tissue-

specific repetitive elements. Overall, these 18 tissues showed various distributions of 

tissue-specific repeat classes. Liver, pancreas, thyroid, pituitary, spleen contains 

almost equal levels of LTR, SINE and LINE repeats. Esophagus mucosa and ovary 

contains more SINE and LINE repeats than LTR. Lymphocytes contain more LTR 

repeats than SINE and LINEs. Brain and testis contain more LINE and LTR repeats 

than SINEs. Skeletal muscle has almost no LTR or LINE repeats. Brain (mostly 

Cerebellum) and testis showed higher tissue-specific expression of repetitive 

elements. Interestingly, we found tissue-specific satellite repeats only in testis 

(REP522, SST1, HSAT5, HSATI, D20S16, GSAT) (Supplementary Table 4). 

However, it is still needed to test whether these different distributions of tissue-

specific repeat classes have any impact on tissue development.   

 

Almost every repeat subfamily has similar copies of their sequence spread across 

many different unique locations in the genome. Even though tissue-specific 

expression of repeat subfamilies is specific to one tissue, it is possible that their 

copies could be shared between other tissues. In total, we identified 464 subfamilies 

that are differentially expressed with at least one copy being expressed in one of the 

18 major tissues (Supplementary Table 4). 39% of them (181 subfamilies) 

expressed more than one copy and without any locus-specific effect 

(Supplementary Table 4, highlighted in green color). For example, AluJb is brain-

specific repeat subfamily with 29 copies in brain, 18 in testis and few copies in other 
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tissues. This again confirms the tissue-specificity is not a result of locus-specific 

effect. However, there are exceptions to this. 14% of repeat subfamilies (64) contain 

more than one copy of a repeat subfamily but with locus-specific effect 

(Supplementary Table 4, highlighted in red color). For example, L1ME5 subfamily 

contains 3 expressed copies located in 3 different places in the genome. One copy is 

expressed in pituitary gland, the second one in spleen and the third one in testis. 

Though these copies are tissue-specific, the overall subfamily average expression is 

not. Interestingly, 47% (218 subfamilies) of the 464 tissue-specific subfamilies 

express only one copy (Supplementary Table 4, highlighted in orange color). For 

example, LTR39 in brain, HAL1b in liver, MER39 in pancreas and LTR10E in spleen 

etc. However, 135 subfamilies of this type belong only to testis, 43 to brain and the 

other 40 to other tissues.  

 

To gain insights into tissue-specific expression, we mapped a global network of all 

tissue-specific repetitive elements across 18 human tissues (Supplementary Fig. 

5a). This global network is simply made of nodes and edges, where nodes represent 

repetitive subfamilies (orange) and tissues (blue), and edges (grey) represent the 

tissue-origin of repeat subfamilies. The size of the tissue-node represents the 

number of tissue-specific repetitive elements and the size of the repeat subfamily-

nodes represent the number of expressed copies. The distance between tissue-node 

and repeat subfamily-node along with thickness of the nodes define their strength of 

association. For example, L2a subfamily is more close to testis than brain 

(Cerebellum) because it is more associated with brain by having maximum number 

of expressed copies (62 copies) than testis (33 copies) (Supplementary Fig. 5). 

From the network it is very apparent that all tissue-specific repetitive elements show 

a clear bias towards brain (Supplementary Fig. 6) and testis (Supplementary Fig. 

7) as expected before. However, it is still to be tested, how this tissue-specific 

regulatory network of repeat subfamilies across human tissues is controlled.  

 

Repetitive elements have shown to be repressed by various biological processes like 

DNA methylation or histone modifications. However, few studies suggested that the 

specific types of repetitive elements (retrotransposons) are transcribed in embryonic 

tissues at different stages of development and in few adult tissues of human. Overall, 

in this repeat-analysis, we have taken the advantage of massive RNA-Seq data from 

human tissues to investigate the genome-wide expression of repetitive elements. Our 

analysis shows that repetitive elements expression is a common phenomenon in 

human. To overcome the challenges associated with the analysis, we used only 
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uniquely mappable reads from 76 bp RNA-Seq data and found that these are 

sufficient to detect tissue-specific transcription. In conclusion, in this study, we show 

that all types of repetitive elements can transcribe across 53 distinct human tissue 

sites and are highly expressed in brain and testis. The transcription of repetitive 

elements across many tissues is tissue-specific in nature suggests that these 

elements could play an important role in the tissue's development, function and 

pathology. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



! 64!

 

METHODS 

 

Data preparation.  

 

8,551 RNA-Seq samples from 53 distinct body sites across 544 individuals were 

downloaded from the database of Genotypes and Phenotypes (dbGAP) as a part of 

GTEx project. We eliminated samples with sex-irregularities and obtained by surgical 

procedure to avoid heterogeneity.  

 

Mapping 

 

RNA-Seq reads were aligned with TopHat2 (Kim et al., 2013) to the human genome 

version hg19. Uniquely mapped reads were selected using Samtools (Li et al., 2009) 

for further analysis. Multi-mapped reads were distributed equally to repeat families 

using RepEnrich tool ((Criscione et al., 2014)). 

 

Quantification  

 

We used the RepeatMasker annotation (http://www.repeatmasker.org/) to define 

repeats and we removed those repeats overlapping known genes (Gencode v12, 

RefSeq, UCSC, ENSEMBL, Caibili et.al lncRNA and Gencode V17 comprehensive 

annotations). We counted the number of uniquely mapped reads overlapping each 

annotated repeat instance in the 8,551 samples from the 53 distinct body sites. Read 

counts were normalized by the length of the repetitive element and by the sum of 

reads mapping to all repetitive elements and annotated genes (in millions). 

Normalized read counts were then log transformed after adding a pseudo-count of 

0.01. Using this approach, from the 5,285,549 annotated repeats, around 200k 

repetitive elements were expressed in at least one tissue.  

 

Clustering 

 

We ran hierarchical clustering based on average linkage criterion on the read counts 

of the 11k intergenic repeats using specific settings 

(clustering_distance_rows=”euclidean”, clustering_distance_cols=”correlation”, 
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clustering_method=”average”). The clustering recapitulated tissue classification. This 

suggesting that the repetitive element tissue-specific expression is not an artifact of 

overlapping with protein-coding genes.  

 

Tissue-specificity 

 

First the median of the normalized data was calculated for every repetitive element in 

each tissue. For every repeat family, the distribution of median normalized read 

count values was then compared to the distribution of median normalized read count 

values in all other tissues using the Wilcoxon and the t-test. Elements, which had a 

p-value<0.001 for the t-test and the Wilcoxon test were selected as tissue-specific. 

ggnet was applied to produce networks of tissue-specific repetitive elements 

(reference). 

 

Variation 

 

To assess the contribution of tissue and individual to gene expression variation, we 

used a linear mixed model (LMM). Repetitive element expression was modeled as a 

function of tissue and individual (considered as random factors). The LMM was 

implemented in the R package lme4 ((Bates et al., 2015)). Repetitive elements not 

expressed (RPKM > 0) in any of the samples were excluded from the analysis. We 

used log2-normalized data and pseudo-counts to deal with zero expression values. 

To obtain the variance components, we divided the restricted maximum likelihood 

(REML) estimators for the random effects of tissue, individual and residual variance 

by their sum. We visually examined the scatter plot of the contribution to expression 

variation of tissue plus individual versus median expression.  
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Figure 1

A. B.

Figure 1. Repetitive elements expression in humans.
(A) Fraction of uniquely-mapped RNA-seq reads that map to repetitive elements. Boxplots show 
the distribution for all RNA-seq samples from different tissues. 
(B) Number of expressed intergenic repetitive elements of various repeat classes by tissue.
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Tissues
Number of tissue-specific 

repeat instances
Testis 1758
Brain 905
EBV Transformed Lymphocytes 129
Spleen 114
Pituitary 79
Thyroid 76
Pancreas 68
Liver 45
Skin 23
Ovary 18
Esophagus 18
Muscle Skeletal 12
Adrenal Gland 12
Fibrobalsts 9
Kindey Cortex 8
Heart 8
Nerve Tibial 5
Minor Salivary Gland 4
Artery 3
Bladder 1

Figure 2. Tissue-specific expression of repeat families in humans.
(A) Hierarchical clustering of 11,502 intergenic repetitive elements expression across 8,551 RNA-Seq
samples spanning all 53 different human body sites. Heatmap is showing clusters of repetitive element 
expression human by tissue and by repetitive element class. Red indicates overrepresentation, green 
indicates underrepresentation. Color intensity is based on Log10 (normalised expression + pseudocount,
0.5) scale from -20 to +20. 
(B) Number of tissue-specific repeat instances by tissue based on the differential expression from one 
tissue to another. 
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Supplementary Figure 1

A. B.

Supplementary Figure 1. GTEx data statistics
(A) Distribution of number of samples per tissue (in total, 8,551).
(B) Distribution of GTEx RNA-Seq samples library size across different tissues.



! 71!

 
 
 
 
 

8,551 GTEx RNA-seq samples
(by tissue)

1,
09

5 
R

E
 s

u
b

fa
m

il
ie

s
(b

y 
cl

as
s)

Supplementary Figure 2

A.

B.

Supplementary Figure 2. Human repetitive elements expression
(A) Heirarchical clustering of repetitive elements expression by family (including the ones that overlap 
protein-coding genes) recapitualtes tissue type.
(B) Number of expressed repeats (including the ones that overlap protein-coding genes) across
different tissues in human,.
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Supplementary Figure 3

A. B.

Supplementary Figure 3. Variance in repetitive elements expression across tissues and 
individuals
(A) Contribution of tissue and individual to gene expression variation of repetitive lements. 
Top left: repetitive elements with high individual variation and low tissue variation.
Bottom right: repetitive elements with low individual variation and high tissue variation
(B) Box-plots showing that tissue variance is higher than the individual variation.
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ERV3-16A3_I.int
 (ERVL/ LTR)
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Supplementary Figure 4. Tissue-specific repetitive elements expression at twodifferent loci. 
Data from heart samples is shown in purple (A) and thyroid in green (B). The box-plots represent the distri-
bution of repetitive elements expression in thousands of RNA-seq samples across various tissues. Arrow 
marks (red in color) in UCSC browser figures and higher medians in box-plots highlight the stage-specific 
ERV elements (THE1D-int, ERV3-16A3_I.int).

Supplementary Figure 4
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Supplementary Figure 5. Tissue-specific repetitive elements networks in humans.
A complete network of tissue-specific repetitive elements in human. Blue color represents tissues
and orange repeat subfamilies. Node size represents the total number of tissue-specific repetitive instances. 

Supplementary Figure 5.
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Supplementary Figure 6.

Supplementary Figure 6. Brain tissue-specific repetitive elements network. Compisition of repetitive
elements in brain by family, subfamily (Top) and complete tissue-specific repeat netwrok of brain (Bottom).

Subfamilies

Families

All copies or instances of subfamilies
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Supplementary Figure 7.

Families

Subfamilies

All copies or instances of subfamilies

Supplementary Figure 7. Testis tissue-specific repetitive elements network. Compisition of repetitive
elements in testisby family, subfamily (Top) and complete tissue-specific repeat netwrok of testis (Bottom).
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Discussion 
 

This thesis work is a survey of the lncRNA transcriptome in mouse and repetitive 

elements transcriptome in human. Characterizing the deepest part of the 

transcriptome for each specific tissue or sub-cellular compartment is essential to an 

understanding of the complexity of the non-coding genome in both human and 

mouse. The non-coding genome has a plethora of potential regulatory features, such 

as the chromatin-associated lncRNAs and tissue-specific repetitive elements 

described in this study. 

  

This work relies on the capacity of RNA-Seq can accurately detect transcription of 

both lncRNAs and repetitive elements. More than 90% of the RNA-Seq reads 

successfully mapped to the mammalian genomes using advanced mappers (Trapnell 

et al., 2009; 2012b). Also to the rise of consortiums, especially ENCODE and GTEx, 

which make publicly available high quality RNA-Seq data with greater sequencing 

depth and longer read length and make it availability to the public (Mouse ENCODE 

Consortium et al., 2012; The GTEx Consortium et al., 2015). Such high-quality RNA-

Seq data enables single-nucleotide resolution and therefore enables the discovery of 

shorter length repetitive elements and obviously the longer non-coding RNAs. 

Additionally, we confirmed the expression of lncRNAs by qRT-PCR in multiple 

tissues. 

  

Our work also integrated ChIP-Seq to support RNA-Seq based discoveries. By using 

advanced machine learning method, we further characterized combinatorial 

chromatin state maps in mouse, using more than 70 ChIP-Seq data sets across the 

same tissues used for lncRNA discovery. In previous studies, promoter, enhancer, 

and insulator maps were identified using a specific set of ChIP-Seq data sets, like 

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

et al., 2012). We built upon that work by further including additional histone marks, 

allowing us to produce more detailed chromatin state maps. For example, the Fendrr 

lncRNA, which was previously annotated as enhancer associated, has enhancer 

histone (p300/H3K4me1) marks at the promoter but is also enriched in H3K27me3 in 

brain. We conclude that its chromatin status is likely to be poised or to switch to other 

states, which emphasizes the importance of taking chromatin states into account 

when classifying chromatin-associated lncRNAs. By integrating chromatin state 

maps and promoters of lncRNAs across eight tissues and an ES cell line, we were 
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able to classify lncRNAs into two classes: promoter-associated lncRNAs and 

enhancer-associated lncRNAs. Our study was the first one to provide a 

comprehensive catalog of chromatin-associated lncRNAs across several mouse 

tissues. 

  

We discovered 2,803 lncRNAs by mapping reads from 19 RNA-Seq datasets, 

assembling them de novo in mouse brain, heart, kidney, small intestine, liver, spleen, 

testis, and thymus and a paired-end ES cell line, Further, we identified 11,502 

expressed intergenic repetitive elements by mapping reads from 8,551 RNA-Seq 

datasets in human tissues including, adipose, adrenal gland, artery, bladder, brain, 

breast, lymphocytes, whole blood, fibroblasts, cervix, colon, esophagus, fallopian 

tube, heart, kidney, liver, lung, salivary gland, skeletal muscle, tibial nerve, ovary, 

pancreas, pituitary, prostate, skin, small intestine, stomach, testis, thyroid, uterus and 

vagina. Despite being accurately detected, both lncRNAs and repetitive elements 

were less expressed on average than protein-coding genes. This level of low 

expression is likely to result even more underestimated because lncRNA transcripts 

are preferentially localized in the nucleus, which may be obscured by the much larger 

number of cytoplasmic RNA transcripts. 

  

Because signal from repetitive elements in many cases is likely to be weaker than 

from genes, as a consequence of their low level of activity, previous studies favored 

a strategy that assigned reads to repetitive element subfamilies as opposed to 

individual instances (Criscione et al., 2014; Djebali et al., 2016; Faulkner et al., 

2009b; Fort et al., 2014b). However, by taking advantage of the sequencing depth of 

GTEx data, we have quantified all ~5 million instances of repetitive elements in the 

human genome. 

 

Another limitation on the analysis of transcripts from repetitive regions is the nature 

of multi-mapping sequencing reads (read mapping in several localizations in the 

genome) (Göke and Ng, 2016; Mercer et al., 2009; Treangen and Salzberg, 2011). 

These reads are routinely omitted from further analysis, leading to experimental bias 

and reduced coverage. RNA-Seq reads that mapped to multiple genomic locations 

were mostly excluded from the main analysis of lncRNAs and repetitive elements. 

However, we did analyze the data assigning multi-mapped reads in a probabilistic or 

“fractional-count” manner to made sure that results were not biased by this problem. 
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Many of the bidirectional lncRNAs and enhancer-associated RNAs have been shown 

to be non-polyadenylated (T.-K. Kim et al., 2010). However, recent findings, along 

with our study (Chapters 2 and 3), suggest the existence of polyadenylated 

bidirectional transcripts and chromatin-associated RNAs (Djebali et al., 2016; 

Marques et al., 2013). In our thesis work, we used poly(A)-based RNA-Seq data in 

both mouse and human and because of this, we could be missing a large fraction of 

non-polyadenylated lncRNAs and also some repetitive elements. 

 

Different methods have been used to reconstruct the transcripts of protein-coding 

genes and lncRNAs. However, the comparison of these methods revealed larger 

differences between the low abundance transcripts especially lncRNA transcripts 

(Beltran et al., 2008; Steijger et al., 2013; Treangen and Salzberg, 2011). This could 

be due to the differences in the algorithms that assemble low abundance transcripts 

(Cabili et al., 2011; Chu et al., 2015; Steijger et al., 2013). To avoid this problem, we 

applied both cufflinks and scripture methods on RNA-Seq data and considered the 

lncRNA transcripts that were built by both methods. However, interpretation of 

unannotated lncRNA transcripts assembled from RNA-Seq data should be cautious 

and should be subject to experimental validation. In our study, we experimentally 

validated the exact start and end exon splice junctions, and number of isoforms, 

using rapid amplification of cDNA ends (RACE). This transcriptome reconstruction 

could be improved by increase in sequence depth, computational methods validated 

by experimental methods.  

 

Several others and we used around 5 million repeat instances from RepeatMasker 

where it provides exact genomic location and names of millions of repetitive 

elements (Cabili et al., 2011; Chu et al., 2011; Tarailo-Graovac and Chen, 2002). 

However, still there are still repeats of unknown families exist in human genome. 

Recently, several scientists who work on repetitive elements called for a standard 

benchmarking of repetitive elements across all the species. In future, this work would 

help accurate annotations of repetitive elements (Engreitz et al., 2013; Hoen et al., 

2016; Simon et al., 2013; Tarailo-Graovac and Chen, 2002).   

 

For long time it has been believed that the lncRNAs do not code any protein. 

However, a landmark study from Ingolia and colleagues in 2011 shown that lncRNAs 

have higher ribosome occupancy than 3’ UTRs and raised many questions in the 

non-coding RNA field (Engreitz et al., 2013; Hoen et al., 2016; Ingolia et al., 2011; 

Simon et al., 2013). However, in the same study they have shown XIST, a classic 
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lncRNA that have been experimentally annotated as non-coding showed higher 

ribosome occupancy doubting the quality of their ribosome sequencing data. 

Supporting this, in 2013, Guttman and colleagues published another follow-up study 

showing that ribosome occupancy alone is not sufficient to predict the coding 

potential of a transcript and supporting the claim that lncRNAs are indeed non-coding 

(Guttman et al., 2013; Ingolia et al., 2011; Ule et al., 2005; Zhen Wang et al., 2010). 

Again in 2014, Ingolia and colleagues published their experimental findings indicating 

coding potential of several lncRNAs (Chi et al., 2009; Guttman et al., 2013; Hafner et 

al., 2010; Ingolia et al., 2014; Yeo et al., 2009). To make things even more 

complicated two different studies that capture the proteome of wide-range of human 

tissues catalogued hundreds of peptide signatures from lncRNAs (Ingolia et al., 

2014; M.-S. Kim et al., 2014; McHugh et al., 2015; Wilhelm et al., 2015). However, it 

is now apparent that there are thousands of lncRNAs exist in mammals and the 

above ribosome profiling or proteomic studies however revealed very small fraction 

of them as coding. Most of the lncRNA-discovery based studies including our study 

only used computational filters that assess coding potential of the lncRNAs and these 

above findings raise the awareness of experimentally validating the true coding 

potential. In addition, proteome of repetitive elements is completely unexplored area 

so far. It would be interesting to check which repetitive families are translated, and 

which repeat family derived RNAs are noncoding.  

 

LncRNAs are highly tissue-specific compared to protein-coding genes. This was 

previously shown by several studies based on differential expression between 

tissues and cell lines and also proposed that these tissue-specific lncRNAs could act 

as enhancers, promoting the transcription of neighboring genes (Cabili et al., 2011; 

Guttman et al., 2011; M.-S. Kim et al., 2014; Marques et al., 2013; Mercer and 

Mattick, 2013; Wilhelm et al., 2015; Ørom and Shiekhattar, 2011). In fact, in our 

mouse study, we validate the functional capacity of an enhancer lncRNA (lncRNA-

KDM8) by using siRNA knockdown strategy and show that it positively regulates its 

neighboring a protein-coding gene (KDM8). Thousands of specific repetitive 

elements in human are also tissue-specific in nature suggesting the possibility of 

their functions. Interestingly, similar to lncRNAs, most of the tissue-specific repetitive 

elements belong to testis and brain.  

 

Although a model of transcribed non-coding elements acting as functional elements 

is attractive, it is far from proven. Testing this hypothesis for lncRNAs and repetitive 

elements function will require more systematic studies. Taken together, this thesis 
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work along with recent reports has probably just begun to unravel the set of 

unexpected functions of non-coding elements. We anticipate extensive biological 

analyses as a consequence of this work, such as phenotypic effects of large-scale 

knockdown of lncRNA and repetitive elements expression using methods like 

CRISPR. Ultimately, lncRNAs and repetitive elements are a pervasive source of 

transcription and transcriptional regulation and therefore important to be considered 

in future genomic research. 
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Conclusions 
 

By developing and applying computational pipelines to analyze RNA-Seq and ChIP-

Seq data, we have been able to further characterize lncRNA in mammals. Our 

results suggest that lncRNAs and in particular transcripts from repetitive elements 

despite having low levels of expression are not negligible. We also demonstrated that 

a large proportion of such transcripts are tissue specific indicating a potential 

functional role in the cell.  Overall, our work has resulted in a series of conclusions:  
 

• We discovered a set of nove2,803 lncRNAs in mouse using published RNA-

Seq data (mostly ENCODE) from 8-week-old adult brain, heart, kidney, small 

intestine, liver, spleen, testis, and thymus and an ES cell line.  
 

• We reported that, on average, our lncRNA transcripts have fewer exons (3 

exons), are shorter (6,336 nucleotides), and are expressed at lower levels 

(1.56 FPKM) than the average for the protein-coding transcripts, which (on 

average) have 10 exons, a length of 50,453 nucleotides, and expression 

levels of 4.68 FPKM.  
 

• We observed that 62% of our novel intergenic lncRNAs are tissue specific, 

which is comparable to known intergenic lncRNAs (68% tissue specific). 

Moreover, protein-coding genes resulted in 36.4% tissue specificity across 

the eight tissues and the ES cell line. 
 

• We defined genome-wide chromatin states in mouse by ︎using 1.4 billion 

mapped reads obtained from 72 pooled ENCODE genome-wide ChIP-Seq 

data sets in eight tissues (brain, heart, liver, small intestine, kidney, spleen, 

testis, and thymus) and one ES cell line. The ChIP-Seq data sets used 

included regulatory histone modifications, such as H3K4me1, H3K4me3, 

H3K36me3, H3K27me3, and H3K27ac, as well as CTCF marks and RNA 

polymerase II marks. 

 

• In total, we identified 852 unique intergenic lncRNA transcripts associated 

with either an active promoter or a strong enhancer chromatin state, and 

named them as promoter-associated (plncRNA) and enhancer-associated 

lncRNA (elncRNA). We also showed that these lncRNAs switch their 

chromatin state from one tissue to another.  
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• To assess the regulatory potential of lncRNAs, we focused on an ES cell-

specific enhancer-associated lncRNA located approximately 20 kb away from 

the protein-coding gene Kdm8 (lncRNA-Kdm8), which encodes a histone 

lysine demethylase and regulates embryonic cell proliferation. Using the 

RACE technique, we characterized the genomic structure of this lncRNAs 

and then knocked it down using two different siRNAs. As predicted, upon this 

lncRNA knockdown, expression of the Kdm8 gene significantly decreased.  
 

• We reported a set of 205,779 repetitive elements as expressed by analyzing 

8,551 poly-A RNA-Seq datasets from 53 distinct body sites across 544 

human individuals. We also showed that 11,502 of them are intergenic in 

nature. Most of the expressed repetitive elements belong to retrotransposons 

(LTR, SINE and LINEs). 
 

• Clustering of intergenic repeat expression recapitulates tissue-type. Using 

linear mixed model, we found that on average variation in repeat expression 

is far greater among tissues (~57%) than among individuals (~1%).  

 

• We identified 3,295 unique repeat instances that are tissue-specific. We 

found 18 tissues with at least one location tissue-specific repeat instance and 

most of the tissue-specific repeat instances belong to cerebellum and testis 

tissues.  
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