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    Abstract     Once viewed as part of the “dark matter” of genome, long noncoding 
RNAs (lncRNAs), which are mRNA-like but lack open reading frames, have 
emerged as an integral part of the mammalian transcriptome. Recent work demon-
strated that lncRNAs play multiple structural and functional roles, and their analysis 
has become a new frontier in biomedical research. In this chapter, we provide an 
overview of different lncRNA families, describe methodologies available to study 
lncRNA–protein and lncRNA–DNA interactions systematically, and use well- 
studied lncRNAs as examples to illustrate their functional importance during 
normal development and in disease states.  
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1         Introduction 

 In 2002, following high throughput sequencing of mouse cDNA libraries, Okazaki 
et al. revealed that a vast proportion of the mammalian transcriptome does not code 
for proteins and defi ned long noncoding RNAs (lncRNAs) as a signifi cant transcript 
class (Okazaki et al.  2002 ). Ten years later, the ENCODE (Encyclopedia of DNA 
Elements) study reported the existence of over 9,640 lncRNA loci in the human 
genome, roughly half the number of protein-coding genes (Djebali et al.  2012 ). 
These studies have changed our view of the mammalian genome and highlighted 
the importance of understanding lncRNA function. 

    Chapter 4   
 Functional Analysis of Long Noncoding 
RNAs in Development and Disease 

             Ling-Ling     Chen      and     Jing     Crystal     Zhao    

        L.-L.   Chen      (*)
  State Key Laboratory of Molecular Biology ,  Institute of Biochemistry 
and Cell Biology, Shanghai Institutes for Biological Sciences, 
Chinese Academy of Sciences ,   Shanghai   200031 ,  China   
 e-mail: linglingchen@sibcb.ac.cn   

    J.  C.   Zhao       
  RNA Biology Program ,  Sanford Burnham Medical 
Research Institute ,   La Jolla ,  CA   92037 ,  USA   
 e-mail: czhao@sanfordburnham.org  

mailto:linglingchen@sibcb.ac.cn
mailto:czhao@sanfordburnham.org


130

 The biogenesis of lncRNAs is similar to that of mRNA in that many lncRNAs are 
transcribed by RNA polymerase II and have a 5′ cap and 3′ polyadenylation signal. 
Their size ranges widely from 200 bp to over 100 kb. lncRNAs can reside in either 
nuclear or cytoplasmic compartments and be soluble or chromatin-bound. Unlike 
small noncoding RNAs, such as microRNAs or piRNAs, lncRNAs function via 
diverse mechanisms and comprise different classes.  

2     Systematic Discovery of Different lncRNA Classes 

 The completion of sequencing of the human and mouse genomes together with 
recent analyses of their transcriptional outputs have revealed that about 80 % of the 
mammalian genome is transcribed in a cell-specifi c manner, leading to a new under-
standing of transcriptional regulation, particularly of noncoding regions (Djebali 
et al.  2012 ; Dunham et al.  2012 ). Earlier studies exploiting the increased sensitivity 
of genome tiling arrays (Katayama et al.  2005 ; Kapranov et al.  2007 ; Preker et al. 
 2008 ), together with asymmetric strand-specifi c analysis of gene expression 
(ASSAGE) (He et al.  2008 ) and global run-on sequencing (GRO-seq) (Core et al. 
 2008 ), have revealed widespread antisense transcription (natural antisense tran-
scripts, NATs) and promoter-associated transcripts (such as promoter-associated 
long RNAs, PALRs; promoter-upstream transcripts, PROMPTs) in mammalian 
cells (Fig.  4.1 ). More signifi cant progress has been made in discovery of novel 
lncRNAs following improvement in RNA sequencing (RNA-seq) and application of 
integrated methodologies. Several studies have systematically identifi ed lncRNAs 
in a variety of organisms by monitoring patterns of “K4-K36” chromatin modifi ca-
tion (Khalil et al.  2009 ; Cabili et al.  2011 ; Ulitsky et al.  2011 ; Guttman and Rinn 
 2012 ). For example, it was determined that an intergenic transcript could be defi ned 

  Fig. 4.1    Pervasive transcription of various classes of lncRNA in mammalian genomes.  PARLs  
promoter-associated long RNAs,  NATs  natural antisense transcripts,  lincRNAs  large intergenic 
noncoding RNAs,  sno-lncRNAs  snoRNA-related lncRNAs,  circRNAs  circular RNAs. See text 
for details       
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as a potential lncRNA if it exhibited histone 3 Lys 4 trimethylation (H3K4me3) in 
its promoter region followed by histone 3 Lys 36 trimethylation (H3K36me3) across 
its actively transcribed region. Other criteria have also been applied to evaluate 
whether transcripts are true lncRNAs, including the presence of a transcription ini-
tiation signal and polyA site, potential coding capacity, orthology features, and 
analysis of its expression pattern among tissue samples. Since many lncRNAs are 
transcribed from discrete loci in previously unannotated intergenic regions between 
protein-coding genes, they were termed large intergenic noncoding RNAs (lin-
cRNAs) (Fig.  4.1 ). A survey of the entire mouse or human genome using these 
chromatin marks in numerous cell types or tissues revealed that 5,000–8,000 
K4-K36 domains represented lincRNAs (Guttman and Rinn  2012 ; Cabili et al.  2011 ).

   While a large proportion of the thousands of “K4-K36” lincRNAs identifi ed by 
chromatin signature are polyadenylated (Cabili et al.  2011 ; Derrien et al.  2012 ), 
recent studies indicate that a number of Pol II-transcribed long noncoding RNAs are 
processed in alternative ways (Wilusz et al.  2008 ; Sunwoo et al.  2009 ; Burd et al. 
 2010 ; Yap et al.  2010 ; Hansen et al.  2011 ,  2013 ; Salzman et al.  2012 ; Yin et al. 
 2012 ; Jeck et al.  2013 ; Memczak et al.  2013 ). MALAT1 (also called  NEAT2 ) and 
Menβ (also called NEAT1_2), which are both nuclear, are processed at their 3′ ends 
by RNase P (which processes the 5′ ends of tRNAs) (Wilusz et al.  2008 ; Sunwoo 
et al.  2009 ). RNase P cleavage leads to formation of the mature 3′ end of the 
lncRNA, which is protected by a highly conserved triple helical structures (Brown 
et al.  2012 ; Wilusz et al.  2012 ). Investigators using RNA-seq to defi ne the popula-
tion of non-polyadenylated “poly(A)-” transcripts in the human transcriptome 
report that both MALAT1 and Menβ and many previously unannotated intronic tran-
scripts are enriched in poly(A)-transcriptomes (Yang et al.  2011a ). Some of these 
intronic RNAs were further demonstrated to constitute a new family of lncRNAs 
derived from introns and capped by small nucleolar RNAs (snoRNAs) at both ends 
(sno-lncRNAs) (Yin et al.  2012 ) (Fig.  4.1 ). Additional non- polyadenylated lncRNAs 
from intronic regions were also found in various human cell lines (Derrien et al. 
 2012 ) and in  Xenopus tropicalis  (Gardner et al.  2012 ). 

 Circular RNAs (circRNAs) are a type of lncRNA that is protected from degrada-
tion by head-to-tail circularization. Several recent reports suggest that non- linearized 
RNAs are largely generated from back-spliced exons, in which splice junctions 
formed by an acceptor splice site at the 5′ end of an exon and a donor site at a down-
stream 3′ end (Burd et al.  2010 ; Yap et al.  2010 ; Hansen et al.  2011 ; Salzman et al. 
 2012 ). For example, the INK4a/ARF locus-associated lncRNA ANRIL participates 
directly in epigenetic transcriptional repression (Yap et al.  2010 ) (see Part VI for 
details). This locus also encodes heterogeneous species of RNA transcripts including 
a circular form of ANRIL (cANRIL) whose expression is correlated with INK4/ARF 
transcription (Burd et al.  2010 ). Moreover, sequencing of rRNA- depleted RNAs 
from human fi broblasts that had been digested with RNase R exonuclease identifi ed 
numerous circRNAs containing non-colinear exons (Fig.  4.1 ). These RNAs are pro-
posed to compete with endogenous RNAs in the cytoplasm (Jeck et al.  2013 ). Very 
recent studies demonstrate that many circRNAs form by back-spliced exons in ani-
mal cells (Memczak et al.  2013 ) and some of the most abundant ones function as 
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effi cient “sponges” to sequester microRNAs to regulate gene expression (Hansen 
et al.  2013 ; Memczak et al.  2013 ). 

 Pervasively transcribed lncRNAs exhibit several interesting features. First, 
although most are transcribed by RNA Pol II, many lncRNAs undergo maturation 
in ways different from mRNAs. Second, their expression is strikingly cell- or tissue- 
specifi c compared with coding genes and such RNAs are often coexpressed with 
neighboring genes (Cabili et al.  2011 ; Yin et al.  2012 ). Third, most show low pri-
mary sequence similarity with coding sequences (Cabili et al.  2011 ; Derrien et al. 
 2012 ; Zhu et al.  2013 ). Interestingly, however, loss- and gain-of-function studies of 
several lncRNAs in zebrafi sh demonstrate that they play key roles during embryonic 
development (Ulitsky et al.  2011 ), indicating the functional conservation despite 
their limited sequence conservation. Although detailed functions of lncRNAs are 
only beginning to be defi ned, several lines of evidence show that they participate in 
critical processes, such as X chromosome inactivation, genomic imprinting, main-
tenance of nuclear architecture, pluripotency, and developmental patterning (for 
reviews, see Wilusz et al. ( 2009 ), Chen and Carmichael ( 2010 ), Guttman and Rinn 
( 2012 ), Rinn and Chang ( 2012 )).  

3     Novel High Throughput Approaches Enable Analysis 
of lncRNA–Protein Interactions 

 As a regulatory mechanism some lncRNAs partner with chromatin modifi ers to 
either silence or activate genes epigenetically. A breakthrough in this fi eld came 
from pioneering studies that identifi ed the lncRNAs HOTAIR and  Xist , which are 
transcribed from human HOX locus and mouse X-chromosome, respectively, and 
target chromatin repressor Polycomb proteins onto specifi c mammalian loci (Rinn 
et al.  2007 ; Zhao et al.  2008 ). Since then, lncRNAs from various genomic locations, 
including imprinted or cancer gene loci, have been shown to interact not only with 
chromatin repressors (Nagano et al.  2008 ; Pandey et al.  2008 ; Khalil et al.  2009 ; 
Yap et al.  2010 ; Zhao et al.  2010 ; Cabianca et al.  2012 ) and activators (Orom et al. 
 2010 ; Wang et al.  2011 ; Gomez et al.  2013 ; Lai et al.  2013 ) but with other types of 
proteins, including DNA methyltransferases (Schmitz et al.  2010 ), transcription fac-
tors (Yao et al.  2010 ; Jeon and Lee  2011 ), and splicing factors (Tripathi et al.  2010 ; 
Gong and Maquat  2011 ; Yin et al.  2012 ). Some lncRNAs, like HOTAIR and  Xist , 
function to “guide” proteins to their targets (Rinn et al.  2007 ; Zhao et al.  2008 ). 
Others act as a scaffold to bridge protein complexes at specifi c genomic loci (Tsai 
et al.  2010 ), modify proteins allosterically to alter protein function (Shamovsky 
et al.  2006 ; Wang et al.  2008 ), or serve as a sponge to titrate away proteins in cells 
(Zhao et al.  2008 ; Tripathi et al.  2010 ; Yin et al.  2012 ). 

 Several technologies have been developed to allow unbiased identifi cation of 
protein-interacting lncRNAs genome-wide by coupling RNA immunoprecipitation 
(RIP) with high throughput sequencing. Conceptually, RIP-seq is analogous to 
widely used technology ChIP-seq (chromatin IP coupled with high throughput 
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sequencing), which was designed to identify transcription factor binding sites or 
histone modifi cation patterns genome-wide. Both protocols rely on use of an anti-
body against the protein of interest to specifi cally pull-down either RNA or DNA 
associated with the protein. Major RIP-seq methods include native RIP-seq (nRIP- 
seq), cross-linked RIP-seq (CLIP-seq), photoactivatable-ribonucleoside-enhanced 
 CLIP - seq  (PAR-CLIP-seq), and individual-nucleotide resolution CLIP-seq (iCLIP-
seq). The similarities and differences among these methods are enlisted in Table  4.1  
and discussed below.

3.1       Native RNA Immunoprecipitation Coupled with High 
Throughput Sequencing (nRIP-seq) 

 Following our discovery that lncRNA  Xist  acts  in cis  to target Polycomb protein 
complex 2 (PRC2) onto X-chromosomes to establish the chromosome-wide hetero-
chromatic mark trimethylated histone H3 residue lysine 27 (H3K27-3me) (Zhao 
et al.  2008 ), we predicted that other PRC2-interacting lncRNAs or mRNAs likely 
exist, as PRC2 occupies over 2,000 mammalian DNA loci through unknown mecha-
nisms (Ku et al.  2008 ). To capture the PRC2 transcriptome in mouse embryonic 
stem cells (mESCs) we developed nRIP-seq (Zhao et al.  2010 ), a modifi cation of 
previous RIP-ChIP strategies (Keene et al.  2006 ). Briefl y, since PRC2 protein is 
primarily nuclear, an mESC nuclear extract is prepared, and then an antibody target-
ing Enhancer of zeste homolog 2 (Ezh2), the methyltransferase subunit of PRC2, 
was added for immunoprecipitation, followed by washing, RNA extraction, library 
construction, high throughput-sequencing and bioinformatics analysis. One advan-
tage of the method is that it captures protein–RNA interaction in the native state 
since cross-linking reagents are generally not employed. Using nRIP-seq, we dis-
covered over 9,000 Ezh2-interacting transcripts. Binding specifi city was validated 
by generating a library under the same experimental conditions but made from an 
Ezh2-null cell line. Compared to the wild type library, we detected tenfold less RNA 
in the control library, suggesting that the Ezh2 transcriptome is highly enriched. 
Therefore, nRIP-seq is an excellent tool to study interactions between RNA binding 
proteins and their targets.  

3.2     Cross-Linking and Immunoprecipitation (CLIP)-Seq 

 One limitation to nRIP-seq is that it cannot distinguish direct from indirect inter-
actions. To do so requires application of techniques that utilize ultraviolet (UV) 
cross- linking of RNA to protein to precisely map protein binding sites in RNA. 
One of those methods, called cross-linking and immunoprecipitation (CLIP) 
(Ule et al.  2003 ), uses a short wave (254 nm) UV light to create a covalent bond 
between RNA and interacting proteins in living cells and allows stringent 
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experimental manipulation in order to minimize capture of nonspecifi c lncRNAs. 
Following cross-linking, an antibody against a protein of interest is used to immu-
noprecipitate RNA, and then RNAses are used to digest unbound RNA fragments, 
leaving a 50–100 bp protein- interacting RNA fragment, which is then radiola-
beled and then size- fractionated by SDS-PAGE. The cross-linked complex, usually 
slightly larger than the protein, is extracted and treated with proteinase K to 
remove RNA-bound protein. Recovered RNA is then ligated to adapters for 
reverse transcription and PCR amplifi cation. Amplifi ed cDNA libraries are then 
sequenced using multiple platforms, such as 454, Illumina, or SOLID, followed 
by bioinformatics data analysis. 

 CLIP and CLIP-seq have been used in diverse biological systems, including to 
identify splicing factor recognition sites, such as the RNA networks of splicing 
factor NOVA in mouse brain tissue (Ule et al.  2003 ; Licatalosi et al.  2008 ; Zhang 
et al.  2010 ), FOX2 binding sites in stem cells (Yeo et al.  2009 ), and SFRS1 interac-
tion sites (Sanford et al.  2009 ) in human embryonic kidney cells. Multiple laborato-
ries have also mapped mammalian microRNA–mRNA interaction sites through 
Argonaute CLIP-seq (Chi et al.  2009 ; Leung et al.  2011 ) [or    Zisoulis et al.  2010  if 
including nematodes]. In addition, using this method, Guil et al. found nuclear pro-
tein hnRNPA1 binds a microRNA precursor and is required for microRNA- mediated 
repression (Guil and Caceres  2007 ), while Xu et al. showed that the germ cell- 
specifi c DNA/RNA-binding protein MSY2 binds small RNAs (Xu et al.  2009 ). 
These studies prove that this method is a powerful tool for identifying protein–RNA 
interaction in vivo. However, caveats include low cross-linking effi ciency at short 
UV wavelengths (typically 1–5 % of RNA–protein complexes are cross-linked) and 
the inability to identify the precise nucleotide that binds to protein. Recently, a new 
method named PAR-CLIP-seq was developed based on CLIP-seq to provide solutions 
to these problems.  

3.3     Photoactivatable-Ribonucleoside-Enhanced 
(PAR)-CLIP-Seq 

 The PAR-CLIP-seq method was developed in 2010 by Thomas Tuschl and 
colleagues (Hafner et al.  2010 ). Rather than cross-linking cells at 254 nm, Hafner 
et al. metabolically labeled cells with photoreactive nucleoside analogs, such as 
4- thiouridine (4-SU) or 6-thioguanosine (6-SG), allowing more effi cient cross-
linking at 365 nm. Both nucleoside analogs are readily taken up by mammalian 
cells following their addition to cell culture medium and are relatively nontoxic, at 
least in human embryonic kidney (HEK) 293 cancer cells. Like CLIP-seq, cross- 
linked RNA–protein complexes are digested with RNases, followed by fraction-
ation, isolation, proteinase K treatment, adaptor ligation, cDNA library construction, 
and high throughput sequencing. The advantage of this method is that cross-linking 
of 4-SU or 6-SG to proteins results in respective thymidine to cytidine and guanosine 
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to adenosine transitions in cDNAs at 4-SU and 6-SG incorporation sites, making it 
possible to map interacting RNA nucleotides and distinguish true protein-binding 
RNA species from background. 

 Using this method, Tuschl and colleagues identifi ed RNA interacting sites of 
several RNA- or microRNA-binding proteins, including PUM2, QK1, IGF2BP1-3, 
AGO/EIF2C1-4, and TNRC6A-C (Hafner et al.  2010 ). Another recent study 
reported ~26,000 HuR/ELAVL1 binding sites in HeLa cells (Lebedeva et al.  2011 ). 
Following comparison of the HuR/ELAVL1 and Argonaute 2 transcriptomes using 
CLIP-seq and PAR-CLIP-seq methods, Kishore et al reported small differences in 
accuracies of these methods in identifying binding sites of HuR and Ago2 proteins 
(Kishore et al.  2011 ). They also suggested that optimizing conditions used for 
RNases treatment are critical step for library bias (Kishore et al.  2011 ).  

3.4     Individual-Nucleotide Resolution CLIP-Seq (iCLIP-Seq) 

 Both CLIP-seq and PAR-CLIP-seq require reverse transcription to pass through the 
amino acid covalently bound to RNA at the cross-linking site. Often, cDNAs are 
prematurely truncated immediately before that nucleotide (Urlaub et al.  2002 ). 
To resolve this problem König et al. developed iCLIP (Konig et al.  2010 ), in which 
cleavable adaptors are ligated after reverse transcription allowing RT products to be 
circularized. This step allows quantifi cation of truncation sites and discrimination 
between unique cDNA products and PCR duplicates. The group has successfully 
applied quantitative iCLIP to predict dual splicing effects of T-cell intracellular anti-
gen (TIA)-RNA interactions (Wang et al.  2010 ) in order to characterize RNA targets 
of the splicing factor TDP-43 in brain (Tollervey et al.  2011 ). Work from the same 
group suggests that direct competition between hnRNP C and U2AF65 protects the 
transcriptome from exonization of Alu elements (Zarnack et al.  2013 ). Two other 
groups have also used the method to defi ne landscapes of the RNA splicing factors 
SRSF3 and SRSF4 (Anko et al.  2012 ), and U2AF65 (Schor et al.  2012 ). 

 Which method to choose for transcriptome analysis largely depends on the 
nature of RNA–protein interaction, and factors such as protein abundance, cellular 
location of protein–RNA complex, and specifi city of the protein–RNA interaction. 
An important issue to be considered for any immunoprecipitation-based method is 
availability of a highly specifi c and sensitive antibody. Therefore, optimization for 
the immunoprecipitation should be carried out using different antibodies. Some 
studies also use epitope-tagged rather than endogenous proteins to isolate binding 
RNAs when a high quality antibody is not available. However, since overexpression 
of tagged proteins may alter protein function and protein–RNA interaction, this 
approach should be taken with additional validation experiments. Furthermore, a 
proper control dataset, including libraries produced using a nonspecifi c antibody 
such as IgG and/or control cells lacking the protein of interest, should be generated 
side-by-side with the target library in order to separate true sequences from 
background. With proper controls and experimental optimization, RIP-seq is a pow-
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erful tool for global analysis of subsets of mRNAs or lncRNAs bound to various 
RNA- binding proteins .    

4     Use of lncRNA as Bait to Study lncRNA–Protein/DNA 
Interactions 

 LncRNAs are implicated in many important biological processes (for reviews, see 
Wilusz et al. ( 2009 ), Chen and Carmichael ( 2010 ), Guttman and Rinn ( 2012 ), Rinn 
and Chang ( 2012 )). Although only a handful have been characterized mechanisti-
cally, evidence suggests that lncRNAs often function by recruiting, assembling, 
modifying, or scaffolding other cofactors, including proteins (Tripathi et al.  2010 ; 
Tsai et al.  2010 ; Yap et al.  2010 ; Yin et al.  2012 ), DNA (Martianov et al.  2007 ; 
Schmitz et al.  2010 ), and other factors (Cesana et al.  2011 ; Salmena et al.  2011 ; 
Hansen et al.  2013 ; Memczak et al.  2013 ). Clearly, identifying these cofactors is of 
key importance for understanding the function of a specifi c lncRNA. 

4.1     Using lncRNA as a Bait to Investigate 
an lncRNA–Protein Complex 

 Although approaches exist to identify RNA binding proteins (RBPs), progress in 
this area has been hampered due to the instability of lncRNAs and the fl exibility of 
their structures. On the other hand, like proteins, nucleic acids can be affi nity- 
tagged, allowing one to decipher an lncRNA–protein complex using the RNA of 
interest as bait. A variety of tags, including RNA aptamers and chemical labels, 
have been developed to allow affi nity purifi cation of nucleic acids. Proteins cap-
tured using such tags are then systematically identifi ed by mass spectrometry. 

 RNA aptamers or RNA affi nity tags that bind to specifi c RNA molecules can also 
be used to identify binding proteins by affi nity chromatography or visualize RNA 
traffi cking in living cells (Zhou et al.  2002 ; Janicki et al.  2004 ; Mao et al.  2011 ; 
Vasudevan and Steitz  2007 ; Maenner et al.  2010a ). Some RNA aptamers are natu-
rally occurring, such as the MS2 coat protein-binding sequence, which is an RNA- 
hairpin structure that specifi cally binds to bacteriophage MS2 coat protein (Graveley 
and Maniatis  1998 ). Multiple copies of MS2 hairpins can be fused with a bait RNA 
using recombinant techniques, and then resultant tagged RNAs are obtained by 
in vitro or in vivo transcription. Affi nity purifi cation of the RNA–protein complex 
is then achieved by incubation of tagged RNAs with a fusion protein containing the 
MS2 coat protein and maltose-binding protein (MS2-MBP), followed by affi nity 
selection by binding to amylose resin (Zhou et al.  2002 ; Vasudevan and Steitz  2007 ). 
This method has been used to isolate human spliceosomes assembled on a well-
characterized model pre-mRNA (Zhou et al.  2002 ) and protein complexes associ-
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ated with regulatory lncRNAs (Vasudevan and Steitz  2007 ; Maenner et al.  2010a ). 
For example, it is known that the lncRNA  Xist  is required to maintain mammalian 
female X-chromosome inactivation (XCI) by recruiting silencing chromatin remod-
eling complexes (Penny et al.  1996 ; Zhao et al.  2008 ). Interestingly, the most con-
served  Xist  RNA regions correspond to repeat elements, among which the A region 
is the most highly conserved and is critical for XCI initiation (Hoki et al.  2009 ). To 
identify proteins interacting with the mouse A Region, the entire A region as well 
as several fragments from it were fused with the MS2 hairpin followed by affi nity 
purifi cation and mass spectrometry (Maenner et al.  2010a ). These analyses revealed 
components of PRC2 that directly bind A region, a discovery critical to our under-
standing of X inactivation. This MS2 hairpin and RNA fusion system together with 
the MS2 coat protein tagged with a fl uorescent protein have also been used to track 
RNA localization in living cells (Janicki et al.  2004 ; Mao et al.  2011 ). 

 Other aptamers, such as streptavidin or Sephadex aptamers, which can bind 
small molecules as well as complex macromolecules, have been identifi ed by 
screening synthetic libraries (Srisawat et al.  2001 ; Walker et al.  2008 ). Such aptam-
ers have been fused to regulatory RNAs, usually short and abundant ncRNAs, to 
successfully pull down RNP complexes, including  RPP1  RNA, the large RNA sub-
unit of RNase P (Srisawat and Engelke  2001 ; Li and Altman  2002 ). However, as yet 
there is no generalized rule used to design bait RNAs or aptamers that can fold cor-
rectly and maintain a stable conformation; thus fusion of an aptamer to an lncRNA 
of interest may not always result in an ideal outcome, and synthetic aptamers are not 
yet widely used to study lncRNA–protein complexes. Recently, however, a strepta-
vidin aptamer has been scaffolded to a tRNA backbone that can stabilize the aptamer 
RNA conformation (Iioka et al.  2011 ). This scaffold strategy achieved about a ten-
fold increase in affi nity to effi ciently pull down RNA–protein complexes from cell 
lysates (Iioka et al.  2011 ). Thus use of scaffolded aptamers remains a promising 
approach to study lncRNA–protein complexes. 

 Another alternative to RNA aptamers is chemical labeling. Incoporation of mod-
ifi ed ribonucleotide triphosphates (rNTPs) containing compounds such as biotin 
into RNA during in vitro transcription has been used to isolate RNP complexes and 
applied to identify proteins specifi cally associated with lncRNAs (Huarte et al. 
 2010 ; Tsai et al.  2010 ; Yang et al.  2011b ; Klattenhoff et al.  2013 ). In such assays, 
the biotin-incorporated lncRNA or a fragment of that sequence is fi rst denatured/
renatured with RNA structure buffer to maintain correct conformation. RNAs are 
then incubated with cellular/nuclear extracts and affi nity beads, followed by wash-
ing and elution to collect associated proteins. Biotin labeling of different fragments 
of the PRC2-interacting lncRNA  HOTAIR  followed by affi nity purifi cation of 
 associated RNP complexes surprisingly revealed that the HOTAIR 5′ or 3′ domain 
could retrieve either PRC2 or the LSD1/CoREST/REST complex (a histone demeth-
ylase complex that mediates H3K4me2 demethylation). This approach provided 
direct evidence that HOTAIR acts as a modular scaffold for at least two distinct 
histone modifi cation complexes to coordinate specifi c combinations of histone 
modifi cations on target gene chromatin (Tsai et al.  2010 ). Recent studies have 
applied a similar strategy to reveal that distinct sets of proteins are associated with 

L.-L. Chen and J.C. Zhao



139

individual lncRNAs to modulate their function (Huarte et al.  2010 ; Yang et al. 
 2011b ; Klattenhoff et al.  2013 ). 

 There are some limitations to the use of tagged RNAs to identify associated RNP 
complexes. First, proper folding is required for aptamer/RNA function as well as for 
RNA–protein interactions. Second, chemical modifi cations and fusion of affi nity 
tags to RNA may lead to structural perturbations that inhibit RNA–protein complex 
formation. Third, chemically modifi ed or aptamer-tagged RNAs made from in vitro 
transcription may not refl ect the true nature of complexes formed in vivo. Finally, 
since cross-linking is rarely used (Huarte et al.  2010 ; Tsai et al.  2010 ; Yang et al. 
 2011b ; Klattenhoff et al.  2013 ) in in vitro studies, transient lncRNA/protein interac-
tions may not be captured, while nonspecifi c interactions may be unintentionally 
retrieved, leading to misinterpretation (Riley and Steitz  2013 ). However, it is worth 
noting that a recent study aimed at defi ning the mRNA interactome in human cells 
developed two complementary protocols for covalent UV cross-linking of RBPs to 
RNA. This study identifi ed over 800 proteins associated with mRNAs by pull-down 
with oligo d(T) magnetic beads (Castello et al.  2012 ). In addition, two recent studies 
developed genome-wide assays to study both genomic binding sites of an lncRNA 
and lncRNA–protein complexes by incubating nuclear extracts with biotinylated 
antisense oligos targeting the lncRNA of interest (Chu et al.  2011 ; Simon et al.  2011 ) 
(see below for details). Thus, despite potential pitfalls inherent in these methods, 
accumulating evidence suggests that tagging an RNA bait with a reagent in order to 
“fi sh out” associated proteins is a reliable way to analyze lncRNA function.  

4.2     Global Approaches to Study Genomic Binding Sites 
of an lncRNA 

 Many lncRNAs function at the level of chromatin by interacting with chromatin- 
modifying machinery or acting as scaffolds for multiple complexes (for reviews, see 
Guttman and Rinn ( 2012 ), Rinn and Chang ( 2012 )). While some lncRNAs, such as 
 Xist  and Air, work in  cis  on neighboring genes (Nagano et al.  2008 ; Zhao et al. 
 2008 ), others, such as roX2 (in  Drosophila ) and HOTAIR, work in trans to regulate 
distant genes (Gelbart and Kuroda  2009 ; Rinn et al.  2007 ). In these cases, an 
lncRNA can interact directly or indirectly with a chromatin DNA through a specifi c 
RNA or protein. Thus, uncovering binding sites of these lncRNAs genome-wide is 
essential to understand their function. Recently, a combination of chemical tagging 
of RNAs and deep sequencing technology have allowed one to systematically iden-
tify those sites (Chu et al.  2011 ; Simon et al.  2011 ). 

 Two such approaches, named CHART (Capture Hybridization Analysis of 
RNA Targets) (Simon et al.  2011 ) and ChIRP (Chromatin Isolation by RNA 
Purifi cation) (Chu et al.  2011 ), were independently developed by the Kingston and 
Chang laboratories, respectively. These approaches are similar in principle to 
ChIP-seq methodology. Briefl y, chemically labeled oligos complementary to an 
lncRNA are incubated with cross-linked nuclear extracts, followed by affi nity 
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purifi cation and elution of the precipitated materials, including DNAs and pro-
teins. To obtain the genomic map of lncRNA occupancy, the reverse cross-linked 
DNAs are then subjected to deep sequencing and analyses (Fig.  4.2 ). 

 As lncRNAs are known to be highly structured, the key feature of these 
approaches is to design appropriate chemically labeled oligos that are specifi c and 
accessible to a structured lncRNA in cross-linked cells. Two principles are applied 
to design such oligos. In CHART, a mapping assay using RNase H, which hybro-
lyzes the RNA strand of a DNA–RNA hybrid, was adapted to probe sites on an 
lncRNA available to hybridization in extracts of cross-linked chromatin. The most 
sensitive or “accessible” regions in the lncRNA are then identifi ed by incubating 
individual 20-mer complementary DNA oligos one at a time with the extracts. 
Identifi ed regions are then used to design 24–25-mer desthiobiotin-conjugated 
C-oligos, which are 3′-modifi ed by a single desthiobiotin and four oligoethyleneg-
lycol spacers (Dejardin and Kingston  2009 )), to allow biotin elution to achieve a 
lower background (Fig.  4.2 ) (Simon et al.  2011 ). In ChIRP, dozens of 20-mer bioti-
nylated complementary DNA oligo probes that tile the entire length of an lncRNA 
are synthesized. These probes target all regions of an lncRNA equally, as there is no 
prior knowledge of its secondary structure or functional domains (Fig.  4.2 ) (Chu 
et al.  2011 ). Such unbiased design of oligonucleotides has been used successfully in 
single-molecule RNA fl uorescent in situ hybridization and yielded highly specifi c 
signals (Raj et al.  2008 ).

    To analyze global genomic binding sites of an lncRNA, principles used to design 
labeled DNA oligos can be slightly varied. In CHART, RNaseH mapping allows one 
to design labeled DNA oligos accessible to specifi c regions of an lncRNA (Simon 
et al.  2011 ). However, there are limitations to the method with lncRNAs such as 
HOTAIR, which harbors functional domains separate from each other (Tsai et al. 
 2010 ). Thus use of selected probes may result in potential loss of information due to 
failure to identify all functional domains of an lncRNA. This disadvantage poten-
tially can be overcome by ChIRP, which uses unbiased biotinylated tiling  oligos. 
However, ChIRP precipitation of nonspecifi c DNA fragments may occur due to off-
target hybridization of pooled oligonucleotide probes. One way to eliminate this 
artifact is to split tiling oligos into “even” and “odd” probes based on their relative 
positions along the target RNA and then pooling them into two groups. Independent 
experiments run with “even” or “odd” probe groups and analyses then focus only on 
overlapping signals (Chu et al.  2011 ). As the two probe sets share no overlapping 
sequences, they target only the RNA of interest and its associated chromatin. 

 Both CHART and ChIRP are powerful in that they not only identify genomic 
maps showing lncRNA occupancy but provide a new insight into RNA–chromatin 
interaction at almost single nucleotide resolution. The lncRNA roX2 is known to 
localize to the X chromosome, where it acts together with the MSL complex to 
regulate X chromosome dosage compensation in  Drosophila  (Gelbart and Kuroda 
 2009 ). CHART has been successfully used to identify roX2 genomic binding (Simon 
et al.  2011 ). CHART-seq analysis of roX2 yielded the same preference for chroma-
tin entry sites, namely, a GA-rich polypurine motif, as the MSL complex, consistent 
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with the notion that roX2 is an integral subunit of the MSL complex bound to chro-
matin. ChIRP has also been successfully applied to several lncRNAs including 
TERC, roX2, and HOTAIR (Chu et al.  2011 ). Interestingly, motif analysis of 
 HOTAIR  ChIRP-seq-enriched sites revealed a novel GA-rich polypurine motif, sug-
gesting that many lncRNAs function similarly to guide chromatin–lncRNA com-
plexes such as PRC2-HOTAIR and MSL-roX to appropriate genomic loci. Finally, 
as both CHART and ChIRP utilize reversible cross-linking, enriched materials can 
be used to analyze proteins and even RNAs associated with the lncRNA of 
interest.   

  Fig. 4.2    Schematic overview of approaches used to analyze genomic binding sites of an 
lncRNA. See text for details       
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5     lncRNAs Function in X-Inactivation During Mammalian 
Development 

 The most extensively studied lncRNAs come from a region named the X-chromosome 
inactivation center (XIC) located on the X-chromosome (Rastan  1983 ; Rastan and 
Robertson  1985 ; Brown et al.  1991b ). At least six different lncRNAs have been 
identifi ed from this locus, and they function together to regulate the epigenetic pro-
cess of X-chromosome inactivation (XCI) (Fig.  4.3a ) (Brockdorff et al.  1991 ; 
Brown et al.  1991a ; Lee et al.  1999 ; Lee and Lu  1999 ; Ogawa and Lee  2003 ; Tian 
et al.  2010 ; Anguera et al.  2011 ; Chureau et al.  2011 ). XCI failure results in female 
embryonic lethality; thus these lncRNAs play an essential role in female develop-
ment. Their mechanisms and regulation are discussed below. 

5.1     X-Chromosome Inactivation and Xist lncRNA 

 Indispensable for XCI is the 17Kb lncRNA named  X-inactivation specifi c transcript  
( Xist)  (Borsani et al.  1991 ; Brockdorff et al.  1991 ; Brown et al.  1991a ). Other 
lncRNAs relevant to the locus likely function through regulating  Xist  expression. 
 Xist  is expressed at low levels from two active X-chromosomes in female embryos 
or female embryo-derived embryonic stem cells before XCI initiation and then is 
upregulated and, extraordinarily, starts to “coat” almost the entire X-chromosome. 
 Xist  spreading along the X transforms that allele into heterochromatin. Eventually, 
that in active allele (Xi) undergoes DNA methylation, repressing over a thousand 
genes. Xi remains silent during subsequent cell divisions, and  Xist  then becomes 
dispensable for chromosome-wide silencing, despite the observation that its expres-
sion remains high (Brown and Willard  1994 ; Csankovszki et al.  1999 ).  
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  Fig. 4.3    Schematic drawing of X-inactivation center (XIC) and  Xist  RNA. ( a ) A cluster of 
lncRNAs transcribed from the XIC is required for mammalian dosage compensation. lncRNAs 
include  Xist  (X-inactivation specifi c transcript),  Tsix  (antisense of  Xist ),  Tsx  (testis-specifi c 
X-linked gene),  Xite  (X-inactivation intergenic transcription element),  RepA  RNA,  Jpx  (also 
known as  Enox  (Expressed Neighbor of  Xist )), and  Ftx  (Five prime to  Xist ).  Ftx, JPX,  and  RepA  
lncRNAs promote  Xist  transcription, while  Tsixn Xite  and  Tsx  inhibit it. ( b ) Gene structure and 
repeat regions of  Xist  RNA. Exons are represented as  boxes        
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5.2     Xist Silencing Mechanisms 

  Xist  is the only RNA reported so far capable of “spreading” along almost an entire 
chromosome and converting an active euchromatin to a condensed heterochroma-
tin. An intensive area of investigation in the fi eld of epigenetics is to understand how 
 Xist  achieves such silencing. Questions remain as to how it is tethered onto the inac-
tive X and what silencing factors it interacts with. 

5.2.1     Loading and Spreading of XIST on the Inactive X-Chromosome (Xi) 

 Currently, evidence suggests that specifi c DNA or RNA sequences facilitate  Xist  
spreading. For example, naturally occurring or induced X:autosome translocations 
indicate that  Xist  spreads differently along autosomal DNA segments (Surralles and 
Natarajan  1998 ; Popova et al.  2006 ). A search for sequence differences between the 
X-chromosome and autosomes revealed that LINE (long interspersed elements) ele-
ments showed greater density on the X (Lyon  1998 ). Mary Lyon proposed that 
interspersed repetitive LINE elements act as booster elements to promote  Xist  
spread. Indeed, a transgenic study in mouse embryonic stem cells (mESCs) showed 
that chromosome regions with greater LINE density are inactivated more effi ciently 
by a  Xist  transgene (Popova et al.  2006 ). Recently, another study suggested that 
specifi c LINEs may participate in local propagation of XCI into regions that would 
otherwise escape it (Chow et al.  2010 ). However, the exact function of LINE ele-
ments in establishment of XCI remains to be investigated. 

  Trans -acting factors functioning in this process have been identifi ed only 
recently. A landmark paper from Jeannie Lee’s group showed that the RNA/DNA 
binding protein Yin-Yang 1 (YY1) is required to tether  Xist  RNA to the inactive X 
(Jeon and Lee  2011 ). In YY1 knockdown cells,  Xist  RNA remained highly expressed 
but exhibited a diffuse localization pattern rather than forming a “cloud” on top of 
the Xi. However, since YY1 binding sites are widespread throughout the mamma-
lian genome, it remains unclear why YY1 does not guide  Xist  RNA onto an entire 
autosome in the transgene studies. In addition to YY1, a screening study showed 
that the nuclear scaffold protein hnRNPU is essential for  Xist  loading and spreading 
(Hasegawa et al.  2010 ). Currently, it is not known whether YY1 and hnRNPU form 
a complex with  Xist .  

5.2.2    XIST Silences Genes Through Repressive Polycomb Proteins 

 Upon  Xist  spreading, the X-chromosome loses active chromatin marks, such as 
trimethylated histone H3 lysine 4 (H3K4-3me), and gains the heterochromatic 
marks H3K27-3me and mono ubiquinated H2A (H2AK119u1) (Plath et al.  2003 ; 
Silva et al.  2003 ; de Napoles et al.  2004 ; Fang et al.  2004 ; Okamoto et al.  2004 ). 
These observations suggest that  Xist  interacts with chromatin modifi ers. Indeed, our 
work and that of others proved  Xist  to be a cofactor to target Polycomb group 
proteins onto X-chromosome during XCI. 
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 First identifi ed in  Drosophila  as repressing  HOX  loci (Alkema et al.  1995 ; 
Harding et al.  1995 ; Yu et al.  1995 ), Polycomb proteins are known to play critical 
roles in epigenetic gene regulation in almost all organisms, including mammals. 
Polycomb proteins comprise two major complexes, Polycomb Repressive Complex 
1 (PRC1) and Polycomb Repressive Complex 2 (PRC2) (Simon and Kingston 
 2013 ). PRC2 bears histone methyltransferase activity through its catalytic subunit 
Ezh2 (Cao et al.  2002 ; Czermin et al.  2002 ; Kuzmichev et al.  2002 ). Once PRC2 
establishes the H3K27-3me heterochromatin mark, protein with chromo-domain 
from PRC1 complex recognize that mark and guide PRC1 to specifi c genomic loci 
to establish ubiquinated histone H2A (H2AK119u1) (Fischle et al.  2003 ; Min et al. 
 2003 ; Wang et al.  2004 ). H2AK119u1 deposition is proposed to repress gene 
expression by facilitating chromatin compaction or inhibiting RNA polymerase 
II-dependent transcriptional elongation (Francis et al.  2004 ; Zhou et al.  2008 ). Both 
PRC1 and PRC2 complexes are highly enriched on the inactive X-chromosome dur-
ing XCI establishment (Silva et al.  2003 ; de Napoles et al.  2004 ; Plath et al.  2003 ; 
Okamoto et al.  2004 ). Deletion of some Polycomb proteins, such as Eed from the 
PRC2 complex, reverses Xi in extra-embryonic tissues, suggesting an essential role 
for Polycomb proteins in maintaining XCI (Kalantry et al.  2006 ). To determine how 
PRC2 is recruited onto the inactive X-chromosome, we undertook studies showing 
that  Xist  directly binds to the Ezh2 subunit (Zhao et al.  2008 ). Interestingly, that 
interaction occurred at the  Xist  silencing domain. 

  Xist  RNA contains six different repeat regions (A to F) (Fig.  4.3b ), which likely 
represent distinct functional domains. The most well studied is the 5′ A region 
(Wutz et al.  2002 ), whose sequence is highly conserved among mouse and humans 
(Hong et al.  2000 ). A  Xist  transgene lacking the A region cannot initiate silencing 
(Wutz et al.  2002 ). Two independent silencing mechanisms are proposed for this 
region. One study suggests that the A region directly binds the splicing factor  ASF/
SF2 to ensure proper  Xist  splicing (Royce-Tolland et al.  2010 ). In another study, 
we assessed mESCs and discovered that a shorter transcript, named RepA RNA, is 
transcribed through the A region (Zhao et al.  2008 ). Both  Xist  and RepA RNA 
directly bind Ezh2 through A region repeats. Support for this observation came 
from the Reinberg group when they showed that Ezh2 phosphorylation enhances 
interaction between PRC2 and  Xist /RepA RNAs (Kaneko et al.  2010 ). A different 
PRC2 subunit, Suz12, reportedly binds RepA RNA (Kanhere et al.  2010 ), although 
mechanisms underlying complex formation among lncRNAs and PRC2 subunits 
are not yet understood. We also found that after RepA RNA knockdown,  Xist  could 
not be upregulated; hence the H3K27-3me mark was not established and XCI was 
not initiated (Zhao et al.  2008 ). A similar phenotype was observed by Hoki et al. 
following genetic deletion of the A region in mouse (Hoki et al.  2009 ). These 
results suggest that the A region is required for  Xist  upregulation and such regula-
tion requires the RepA transcript. Notably, a  Xist  mutant lacking A-repeats can 
target PRC2 and PRC1 onto Xi (Plath et al.  2003 ; Schoeftner et al.  2006 ), indicat-
ing that other  Xist  sequences also recruit Polycomb proteins. Such regions remain 
to be identifi ed. 

 Several laboratories have studied the structure of the A region in order to under-
stand the molecular basis for  Xist  and Polycomb interaction. Computational analysis 
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revealed that the region contains 7.5–8.5 tandem repeats (variable among mouse 
and human) of a conserved ~26-mer sequence and predict a double stem loop 
structure within each repeat (Hendrich et al.  1993 ; Wutz et al.  2002 ; Duszczyk 
et al.  2011 ). That structure appears to be important for Rep A/PRC2 interaction 
(Zhao et al.  2008 ; Kanhere et al.  2010 ). Interestingly, NMR studies of an in vitro 
transcribed 26-mer showed that only the fi rst predicted hairpin is formed internally, 
while the second mediates duplex formation among different repeats (Duszczyk 
et al.  2008 ; Duszczyk and Sattler  2012 ). FRET analysis using chemical and enzy-
matic probes to examine structure of the whole domain indicated that the entire A 
region contains two long stem-loop structures, each including four repeats 
(Maenner et al.  2010b ). These studies highlight the importance of RNA structure 
for function. 

 Less is known about the structure and function of the other  Xist  repeats. 
Nevertheless, Repeat regions C and F have been shown to regulate  Xist  spreading, 
potentially through interaction with YY1 (Jeon and Lee  2011 ; Wutz et al.  2002 ; 
Beletskii et al.  2001 ; Sarma et al.  2010 ).   

5.3     Xist Regulatory Mechanisms 

5.3.1     Regulation by Other lncRNAs 

  Xist  upregulation is controlled by cis-elements and trans-factors. Cis-elements 
include lncRNAs from the XIC, including the  Xist  antisense partner  Tsix  (Lee et al. 
 1999 ; Lee and Lu  1999 ),  Xite (X-inactivation intergenic transcription elements ) 
(Ogawa and Lee  2003 ),  Jpx  (also known as  Enox  ( Expressed Neighbor of Xist ) (Tian 
et al.  2010 ),  Ftx (Five prime to Xist ) (Chureau et al.  2011 ), and  Tsx (Testes-specifi c 
X-linked ) (Anguera et al.  2011 ) (Fig.  4.1 ). Tsix was identifi ed as a  Xist  antagonist in 
1999 in studies showing that its depletion promotes  Xist  transcriptional activation 
exclusively from the Tsix-disrupted allele (Lee et al.  1999 ; Lee and Lu  1999 ). 
During early development, Tsix and  Xist  display opposite expression patterns (Lee 
et al.  1999 ; Lee and Lu  1999 ).  Tsix  is expressed at ~10- to 100-fold higher levels 
than  Xist  and suppresses  Xist  expression before XCI (Shibata and Lee  2003 ). Tsix 
levels decrease during XCI initiation, allowing  Xist  upregulation (Lee et al.  1999 ; 
Lee and Lu  1999 ; Shibata and Lee  2003 ). 

 Several epigenetic mechanisms are proposed to explain Tsix activity. One is that 
 Tsix  modulates the chromatin state of the  Xist  promoter. This hypothesis is sup-
ported by two studies describing a gain of euchromatic marks at the  Xist  promoter 
following  Tsix  truncation in mESCs (Navarro et al.  2005 ; Sado et al.  2005 ), and 
another indicating an initial gain of heterochromatic marks at the  Xist  promoter fol-
lowed by switching into euchromatic markers (Sun et al.  2006 ). These apparent 
differences in these results stem from use of male (Navarro et al.  2005 ; Sado et al.  2005 ) 
versus female mESCs (Sun et al.  2006 ). Others propose that  Tsix  forms an RNA 
duplex with  Xist  and regulates it through the RNAi pathway (Ogawa et al.  2008 ). 
Although this presents an attractive model for understanding sense and antisense 
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RNA interactions, no microRNA has been identifi ed from the  Xist / Tsix  locus, 
although Dicer and  Tsix  reportedly regulate  Xist  synergistically in mESCs (Ogawa 
et al.  2008 ). Recently, we reported that  Tsix  competes with  Xist  for PRC2 binding 
and interferes with PRC2 loading onto the inactive X at the early stage of XCI 
(Zhao et al.  2008 ). 

 Other lncRNAs functioning in XCI have not been extensively studied. However, 
it has been shown that deleting Xite from one of the Xs in female mESCs downregu-
lates Tsix in cis and skews X-inactivation, suggesting that Xite promotes Tsix 
expression on the active X (Ogawa and Lee  2003 ). There are also reports that Jpx 
acts in  trans  to activate  Xist  and that Ftx is also a positive regulator of  Xist  (Tian 
et al.  2010 ; Chureau et al.  2011 ). X-inactivation is also mildly affected by loss of 
Tsix by mechanisms as yet uncharacterized (Anguera et al.  2011 ).  

5.3.2     Regulation by Pluripotency Factors 

 It has long been postulated that XCI is coupled to the mESC pluripotency state, as 
XCI initiation is tightly associated with mESC differentiation. Furthermore, during 
reprogramming of mouse somatic cells, Xi reactivation accompanies the establish-
ment of pluripotency (Maherali et al.  2007 ). Recent studies suggest pluripotent fac-
tors play a repressive role in  Xist  regulation.  Xist  upregulation occurs in Oct4 or 
Nanog conditional knockout male mESCs, and  Xist  coats both X chromosomes in 
Oct4 knockdown female mESCs as they undergo differentiation (Navarro et al. 
 2008 ; Donohoe et al.  2009 ). The  Xist  fi rst intron is occupied by Oct4, Nanog, and 
Sox2 in undifferentiated mESCs (Navarro et al.  2008 ), suggesting that pluripotency 
factors directly repress  Xist . However, intron1 deletion results in only a small 
increase in  Xist  expression, indicating the existence of unidentifi ed  cis -elements that 
interact with pluripotency factors (Nesterova et al.  2011 ). In addition to core pluri-
potency factors, other pluripotency genes, such as Prdm14, also inhibit  Xist  RNA 
expression (Ma et al.  2011 ). Interestingly, while one set of pluripotency factors 
represses  Xist , a different set activates  Tsix . Klf4, c-Myc, and Rex1 reportedly pro-
mote  Tsix  expression (Navarro et al.  2010 ), and Rex1 is required for effi cient  Tsix  
elongation. Factors such as RNF12 (Ring fi nger protein 12), an X-linked E3 ubiqui-
tin ligase that targets Rex1 for degradation, are essential to initiate XCI and can 
activate  Xist  expression, even in male mESCs (Jonkers et al.  2009 ; Shin et al.  2010 ). 
Therefore, pluripotency factors are thought to block  Xist  expression directly or indi-
rectly through Tsix activation.    

6     ncRNA Function in Disease 

 In addition to their activity in normal physiological processes, just as other mole-
cules, lncRNAs are also linked to human diseases, including a variety of human 
cancers and human genetic disorders. We will simply illustrate several lncRNAs 
and their involvement in human diseases below. 
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6.1     Xist, XCI and Cancer 

 Some female cancers, such as breast and ovarian cancers, exhibit loss of Xi and gain 
of an active X (Pageau et al.  2007 ), suggesting that XCI mis-regulation functions in 
tumorigenesis. Some X-linked oncogenes and tumors suppressors that are subject to 
XCI have been identifi ed. Among them, Zuo et al. found that  FOXP3  is an X-linked 
breast cancer tumor suppressor gene (Zuo et al.  2007 ). Additional evidence that  Xist  
lncRNA drives cancer development came from a recent study reporting the occur-
rence of hematological cancer in  Xist  conditional knockout mice (Yildirim et al. 
 2013 ). Those authors deleted  Xist  in hematopoietic cells and found that only female 
mice developed myeloproliferative neoplasm and myelodysplastic syndrome, which 
is characterized by bone marrow fi brosis and chronic myelomonocytic leukemia. 
The study suggests that X reactivation perturbs maturation and longevity of hema-
topoietic stem cells, suggesting a novel role for  Xist  and XCI in adult stem cell and 
cancer biology.  

6.2     Abnormal Expression of lncRNAs in Cancers 

 Abnormal expression of imprinted lncRNAs is seen in different types of cancer. For 
example, disruption of the lncRNA-related genomic imprinted  Kcnq1  cluster is 
associated with human Beckwith–Wiedemann syndrome and Wilms’ tumor 
(O'Neill  2005 ). In addition, the paternally expressed antisense PEG8/IGF2AS, 
which is transcribed from the Igf2 locus, is signifi cantly overexpressed in Wilms’ 
tumor samples compared to adjacent normal kidney tissue (Okutsu et al.  2000 ). 
Interestingly, although the lncRNA H19 has no obvious function in imprinted 
expression of Igf2 (Jones et al.  1998 ), it is essential for tumorigenesis (Matouk et al. 
 2007 ) and c-Myc directly induces H19 transcription during tumorigenesis (Barsyte-
Lovejoy et al.  2006 ). 

 Many tumor suppressor genes are also associated with nearby antisense lncRNA 
transcripts. For example, the tumor suppressor gene p15, a cyclin-dependent kinase 
inhibitor implicated in leukemia, is regulated by its antisense transcript p15 ncRNA 
(p15AS) (Yu et al.  2008 ). p15AS and p15 sense expression is inversely correlated in 
leukemia progression, and p15 silencing is induced via both cis and trans mecha-
nisms through heterochromatin formation, as shown by reduced H3K4 methylation 
and increased H3K9 methylation following introduction of p15AS into mammalian 
cells (Yu et al.  2008 ). Importantly,  p15  silencing persists even after p15AS is down-
regulated (Yu et al.  2008 ). Another mode of such regulation is illustrated by ANRIL, 
the long antisense transcript of the INK4b/ARF/INK4a tumor suppressor locus (Yap 
et al.  2010 ). First, expression of ANRIL and its interacting protein chromobox 7 
(CBX7), a subunit of the polycomb repressive complex 1(PRC1), is upregulated in 
prostate cancer tissues. Furthermore,  ANRIL  is associated with PRC1 complex 
recruitment to the INK4b/ARF/INK4a locus by specifi cally binding to CBX7. 

4 Functional Analysis of Long Noncoding RNAs in Development and Disease



148

Interestingly, CBX7 contains structurally distinct modes to bind not only ANRIL, 
but also H3K37me, which is methylated by EZH2 of PRC2. Moreover, transfection 
of ANRIL antisense transcripts or expression vectors harboring CBX7 mutants that 
disrupt H3K27me modifi cation or RNA binding promotes premature growth arrest 
(Yap et al.  2010 ). This study suggests that an lncRNA participates directly in 
 cis  - recruitment of PRC complexes to silence gene expression from a tumor sup-
pressor locus. 

 Interestingly, the lncRNA HOTAIR functions in  trans -recruitment of PRC2 com-
plexes at non-HOX loci not only during developmental patterning (Rinn et al.  2007 ) 
but in cancer metastasis (Gupta et al.  2010 ). HOTAIR shows increased expression in 
primary breast tumor and metastases (Gupta et al.  2010 ) and in colorectal cancer 
(Kogo et al.  2011 ). HOTAIR loss decreases cancer invasiveness, while increased 
HOTAIR expression in epithelial cancer cells promotes metastasis by globally alter-
ing the chromatin state. Global changes include induction of genome-wide retarget-
ing of PRC2 to an occupancy pattern, leading to PRC2- dependent altered histone 
H3 lysine 27 methylation and gene expression (Gupta et al.  2010 ). As noted, 
HOTAIR likely acts as a scaffold for at least two distinct complexes that mediate 
histone modifi cation at targeted chromatin sites (Tsai et al.  2010 ), and it binds to 
many genomic sites through a GA-rich motif (Chu et al.  2011 ). Taken together, 
these studies strongly suggest that lncRNAs serve as important regulators in tumori-
genesis, probably through direct targeting and recruitment of chromatin-modifying 
machinery at specifi c loci.  

6.3     Abnormal Expression of lncRNAs in Human 
Genetic Disorders 

 lncRNAs also likely function in human genetic disorders, such as facioscapulo-
humeral muscular dystrophy (FSHD) (Cabianca et al.  2012 ) and Prader–Willi 
Syndrome (PWS) (Yin et al.  2012 ). Facioscapulohumeral muscular dystrophy 
(FSHD) is an autosomal-dominant disease associated with reduced copy number of 
a D4Z4 repeat sequences mapping to 4q35. D4Z4 deletion causes an epigenetic 
switch leading to de-repression of 4q35 genes (Cabianca and Gabellini  2010 ). The 
FSHD locus is normally a Polycomb repressive target; however, FSHD patients 
display loss of Polycomb silencing and a gain in Trithorax-dependent activation 
(a de-repression process). DBE-T is a chromatin-associated lncRNA originating 
from the FSHD-associated repetitive elements and is produced in FSHD patients. 
In FSHD patient, the expression of DBE-T is to coordinate the de-repression of 
4q35 genes (Cabianca et al.  2012 ). DBE-T is thought to recruit the Trithorax group 
protein Ash1L to the FSHD locus, driving histone H3 lysine 36 dimethylation, 
chromatin remodeling, and 4q35 gene transcription (Cabianca et al.  2012 ). 

 While gain of DBE-T expression is likely involved in FSHD (Cabianca et al. 
 2012 ), loss of expression of sno-lncRNAs likely contributes to the pathogenesis of 
Prader–Willi Syndrome (PWS) (Yin et al.  2012 ). PWS is a multiple system human 
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disorder characterized by global developmental delay, mental retardation, and morbid 
obesity is due to the absence of paternally expressed imprinted genes at 15q11.2-
 q13 (Cassidy et al.  2012 ). There are several coding and noncoding genes, including 
a cluster of 29 box C/D small nucleolar RNAs (snoRNAs) named SNORD116 
expressed from this region (Cassidy et al.  2012 ). Although the role of each tran-
script in the pathogenesis of PWS remains largely unknown, lines of evidence in 
human patients suggest the SNORD116 snoRNA gene cluster plays a key role 
(Sahoo et al.  2008 ; de Smith et al.  2009 ; Duker et al.  2010 ). It is known that Box 
C/D snoRNAs usually function as guides for ribose methylation of an RNA target 
(Kiss  2001 ), however, no targets of SNORD116 snoRNAs has been validated so far 
(Cassidy et al.  2012 ). Thus, the function of these SNORD116 snoRNAs and the 
precise molecular cause of PWS still remain unknown. 

 Recently, investigators sequenced the repertoire of non-polyadenylated RNAs 
isolated from human embryonic stem cells (hESCs) (Yang et al.  2011a ) and dis-
covered a class of intron-derived and snoRNA-related lncRNAs ( sno-lncRNAs ). 
Interstingly, fi ve  sno-lncRNAs  are produced from SNORD116 snoRNA gene clus-
ter and are specifi cally deleted from the minimal deletion in PWS patients (Yin et al. 
 2012 ). In wild type hESCs, PWS region  sno-lncRNAs  are expressed at extremely 
high levels (similar in abundance to some housekeeping mRNAs) and accumulate 
near their sites of synthesis. Although these lncRNAs have little effect on local gene 
expression, surprisingly, each of them contains multiple specifi c binding sites for 
the alternative splicing regulator Fox2. Thus, PWS region  sno-lncRNAs  act as 
“molecular sponges” to strongly associate with Fox2 in the nucleus and alter pat-
terns of Fox2-regulated alternative splicing in  sno-lncRNA  depleted cells (Yin et al. 
 2012 ). While in PWS patients, these PWS region  sno-lncRNAs  are not expressed, 
subsequently leading to altered nuclear distribution of Fox proteins and dysregulat-
ing splicing embryonically and in adults. These results implicate a new class of 
lncRNAs in PWS pathogenesis. Overall, all of these studies suggest that lncRNAs 
could serve as potential targets in treatment of diseases.   

7     Conclusions 

 The number of non protein-coding transcripts identifi ed over the past decade has 
increased exponentially, causing a dramatic shift in our perception of the mamma-
lian genome from a focus on protein-coding genes to long noncoding elements. 
Emerging evidence suggests that lncRNAs play essential roles in a wide range of 
biological functions and various technologies have been developed to study their 
molecular mechanisms in vivo. These studies pave the way for exciting future dis-
coveries relevant to lncRNAs.     
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