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Abstract Long-non-coding RNA (IncRNA) regulates gene
expression through transcriptional and epigenetic regulation
as well as alternative splicing in the nucleus. In addition,
regulation is achieved at the levels of mRNA translation,
storage and degradation in the cytoplasm. During recent years,
several studies have described the interaction of IncRNAs
with enzymes that confer so-called epigenetic modifications,
such as DNA methylation, histone modifications and chroma-
tin structure or remodelling. LncRNA interaction with
chromatin-modifying enzymes (CME) is an emerging field
that confers another layer of complexity in transcriptional
regulation. Given that CME—IncRNA interactions have been
identified in many biological processes, ranging from devel-
opment to disease, comprehensive understanding of underly-
ing mechanisms is important to inspire basic and translational
research in the future. In this review, we highlight recent
findings to extend our understanding about the functional
interdependencies between IncRNAs and CMEs that activate
or repress gene expression. We focus on recent highlights of
molecular and functional roles for CME-IncRNAs and pro-
vide an interdisciplinary overview of recent technical and
methodological developments that have improved biological
and bioinformatical approaches for detection and functional
studies of CME-IncRNA interaction.

Keywords Chromatin-modifying enzymes - Histone
methylation - IncRNA - Histone acetylation - PCG TRXG

R. Backofen
Institute of Computer Science, Albert-Ludwigs-University,
Freiburg, Germany

T. Vogel (PX))

Institute of Anatomy and Cell Biology, Albert-Ludwigs-University,
Freiburg, Germany

e-mail: tanja.vogel@anat.uni-freiburg.de

General remarks

Long-non-coding RNA (IncRNA) can regulate gene expres-
sion at many levels. These include transcriptional and epige-
netic regulation as well as alternative splicing in the nucleus,
but also regulation of mRNA translation, storage and degra-
dation in the cytoplasm. Several different mechanisms have
been elucidated (Mercer and Mattick 2013; Rinn and Chang
2012; Wang and Chang 2011): LncRNA production can serve
as a signal, and the process of its transcription already has a
regulatory effect, alongside further regulatory roles of the
transcribed IncRNA. In this regulatory setting, IncRNA can
serve as a scaffold to assemble protein complexes. They also
have the property to function as decoys by titrating proteins,
such as transcription factors, away from the chromatin. This
function as decoys has also been attributed to miRNA
(Hansen et al. 2013). Finally, IncRNA can act as a guide to
localise chromatin-modifying enzymes (CME) to a specific
target region. Besides the regulatory roles affecting transcrip-
tion, there is a substantial portion of IncRNAs that is localised
in the cytoplasm. In this location, they exert post-
transcriptional regulatory effects (Mercer and Mattick 2013;
Yoon et al. 2013). As one example, IncRNA can influence
alternative splicing as has been shown for the IncRNA
Malatl, which binds to SR-proteins and thereby acts as a
decoy for this class of splicing factors. LncRNAs also influ-
ence mRNA decay by stabilising or destabilising mRNA. In
these cases, the regulatory effect is mediated via RNA:RNA
interaction. One example is the Bacel-antisense transcript that
forms a duplex with its sense Bacel-counterpart (Faghihi et al.
2008). Through this base pairing, the latter is stabilised by
protection against RNase cleavage. Partial base-pairing be-
tween the IncRNAs //2-sbsRNAs with Alu-repeat-containing
mRNAs recruits the STAUFENI1 protein and thus promotes
the decay of these transcripts (Gong and Maquat 2011).
LncRNA binding to its direct target RNA also leads to

@ Springer



508

Cell Tissue Res (2014) 356:507-526

translational activation or inhibition, as e.g. in the case of
IncRNA-p21, which inhibits the translation of JunB and
Ctnnb mRNAs (Yoon et al. 2012). Another mechanism of
action is observed, e.g. during X-inactivation. Here, the com-
plementary IncRNAs Xist and Tsix bind to each other to form a
duplex, which is recognised and processed into small RNAs
through Dicer. These small RNAs are involved in the repres-
sion of Xist transcription (Ogawa et al. 2008). A similar
method of action has been described for borderline
IncRNAs, that are produced from the boundary between eu-
and heterochromatin (Keller et al. 2013).

Several IncRNAs and small RNAs are implicated in tran-
scriptional control and exert this function in close functional
interaction with CME. As data on small RNAs have been
recently reviewed (Li 2013), they will not be a major topic of
this overview. Here, we will focus on IncRNA-CME interac-
tions. The functional interaction between IncRNAs and CMEs
can be two-fold: On the one hand, transcription of IncRNAs
itself can be influenced through epigenetic modifications at
their respective promoters and/or enhancers (Wang et al.
2011). On the other hand, CME exert RNA-binding activity
or act in complexes with partners that are able to recruit
IncRNAs. It is of note that several IncRNAs have the ability
to interact with a variety of different CME, in overlapping or
distinct regions. Thus, IncRNAs are able to regulate a chro-
matin state by bringing different partners together. This im-
plies that IncRNAs are involved in coordinating chromatin
modification at specific loci. Loci specificity is mediated by
sequence specific features such as the sequence itself but also
through the secondary structure of the DNA.

As CME-IncRNA interaction is an emerging field with
several new and important findings acquired in recent years,
we will highlight these recent findings to extend our under-
standing about the functional interdependencies. In addition to
the review of recent highlights of molecular and functional
roles for CME-IncRNAs, we will also provide recent techni-
cal and methodological developments that have improved
laboratory approaches for detection and functional study of
CME-IncRNA interaction.

LncRNAs affecting DNA methylation

The expression of ncRNAs, such as siRNAs and miRNAs,
can be under control of DNA methylation itself, and this is
specifically true for IncRNAs (Panning and Jaenisch 1996;
Warnecke et al. 1998). There are several examples of siRNAs
and miRNAs regulating transcription by interaction with
DNA methyltransferases (DNMTs). Thereby, siRNAs and
miRNAs bind and target DNMT3A and 3B to specific geno-
mic loci (Benetti et al. 2008; Braconi et al. 2010; Chavali et al.
2012; Fabbri et al. 2007; Ji et al. 2013). Data on IncRNAs that
bind to DNMTs are limited but will probably increase
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substantially in the near future. Among the few examples so
far identified are the non-coding sense—antisense transcripts
Xist and Tsix that control mammalian X-inactivation. 7six has
been shown to specifically bind to DMNT3A, but not to the
other DMNTs. This interaction mediates de novo methylation
at the Xist promoter, sustaining repression of Xist and an active
X chromosome (Sun et al. 2006). Another example is the
IncRNA Kcnglotl that has been shown to directly interact
with DNMT1 (Mohammad et al. 2010). This interaction is
required for the maintenance of DNA methylation at
imprinted gene loci, such as Cdknic and Slc22al8. DNA
methylation at these loci is lost upon conditional deletion of
Kcenglotl (Mohammad et al. 2012).

In addition to DNMT1, the Kcnglotl IncRNA interacts
with the euchromatic histone lysine N-methyltransferase 2
(EHMT2/G9a), Polycomb repression complex (PRC) 1 and
PRC2 to silence the imprinted Kcngl transcriptional unit
(Fig. 1a) (Mohammad et al. 2010). The last example shows
that the functional network of a specific IncRNA can comprise
a diversity of different CMEs. This implies that multi-level
approaches are necessary to study the specific functions of an
IncRNA, which can be rather diverse.

Whereas Kcnglotl-and Tsix-DNMT interaction mediates
DNA methylation and transcriptional repression, IncRNA—

Fig. 1 Examples of IncRNA-CME interactions. a, b LncRNA and DNA P>
methylation. a Kenglotl directly interacts with DNMT1 and maintains
DNA methylation at promoters of Cdknlc and Slc22al8. Kcenglgtl also
interacts with EHMT2/G9a, PRC1 and PRC?2 to silence the imprinted
Kcngl gene. b IncRNAs act as a scaffold for DNMTs whereby they
prevent direct recruitment of DNMTs and subsequent DNA
methylation, resulting in transcriptional activation. e-h LncRNA and
PCG or TRXG interaction. ¢ Hottip maintains the activity of the Hoxa
genes through binding to TRXG-complex member WDRS, which
mediates activating H3K4me. d PRC1 mediates transcriptional
repressive ubiquitination of H2A via the RING proteins, of which
RINGIB interacts with IncRNAs. e PRC2 core components bind to
IncRNA and mediate repressive H3K27me. They can recruit PRCI
complexes for additional H2Aub but can also act independently. f The
IncRNA Meg3 targets the repressive PRC2 to specific loci in a complex
with JARID2. g Hotair binds PRC2 and LSDI in distinct binding
domains and thereby mediates H3K27me3 alongside the H3K4
demethylation to silence transcription. h Fendrr IncRNA binds to
PRC2 complexes and TRXG/MLL-complex member WDRS. Whether
it activates transcription is unclear but it represses FoxF1 transcription
through H3K27me. i, j LncRNA and histone acetylation. i REST,
CoREST, SIN3A and associated HDACs bind IncRNAs, e.g. after focal
ischemia, and mediate transcriptional silencing. j MSL complex requires
presence of rox1 and rox2 for enhanced transcription through H4K16
acetylation of the single male X chromosome in Drosophila. k, 1 LncRNA
and histone methylation. k 4ir binds the Slc22a3 promoter, recruits
EHMt2/G9a and mediates repressive H3K9me2 and me3. 1 Prucrl
recruits AR and transcriptional activator DOT11 that mediates
H3K79me. m, n LncRNA and chromatin remodelling, structure and
expression boundaries m Borderline RNAs are processed by Dicerl into
small RNAs that bind SWI6 and prevent spreading of H3K9-methylated
heterochromatin. n Jpx binds to CTCF and thereby titrates CTCF away
from the Xist promoter. It thereby prevents silencing of Xis¢
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DNMT interaction can also result in loss of DNA methylation
and transcriptional activation. The Cebpa genomic locus pro-
duces diverse transcripts of which a long, non-polyadenylated,
nuclear RNA, ecCebpa, also binds DNMT1 and interferes with
its methylation activity at the Cebpa locus (Di Ruscio et al.
2013). Further analyses using RNA-immunoprecipitation (RIP)
followed by massive parallel sequencing revealed more than
6,000 potential RNA-DNMTT1 interactions. The data do not
point to a specifically recognised sequence but indicate that
DNMT1 binding is influenced by RNA secondary structure.
The observations support a model in which the RNA acts as a
scaffold for DNMT1 whereby it prevents direct recruitment of
DNMT1 and subsequent DNA methylation (Fig. 1b). The data
also provide evidence that IncRNA binding to DNA methylat-
ing enzymes is not restricted to a small subset but is observed
for a large number of IncRNAs (Di Ruscio et al. 2013). Thus,
IncRNAs will be important components to establish this critical
epigenetic hallmark.

Not only DNMTs are associated with IncRNA. Several
proteins that are involved in binding of methylated DNA also
have RNA-binding ability. Methyl-CpG-binding domain
(MBD) 2 and methyl-CpG-binding protein 2 (MECP2) are
able to bind methylated DNA as well as RNA (Jeffery and
Nakielny 2004). Only a few of the associated RNAs, however,
have been identified so far. Known IncRNAs that associate
with MECP2 are, e.g. Malatl and Rncr3 (Maxwell et al.
2013), but, so far, the functional meaning of this interaction
is elusive. As reviewed in more detail below, MBD1 binds the
H19 IncRNA in the context of imprinted genomic loci. This
complex is able to recruit enzymes conferring repressive
histone marks to the associated chromatin and to interfere
with transcriptional activation (Monnier et al. 2013). It might
be possible that MBD2 and MECP2 act in a similar manner;
however, this hypothesis has to be addressed in future
experiments.

LncRNA, PCG and TRXG interaction

The Polycomb group (PCG) of proteins are important regula-
tors of transcription and they influence a variety of cellular
processes. They were discovered as essential factors implicat-
ed in spatial regulation of Hox gene transcription during
developmental body axis segmentation. In this context, PCG
proteins act as antagonists to Trithorax (TRXG/MLL) proteins
that activate Hox transcription through the histone H3 meth-
ylation activity on lysine 4 (H3K4me), mediated by distinct
SET-domain proteins within the TRXG-complexes.

Gene silencing through PCG complexes is a well-described
process. A large portion of data describes the influence of
IncRNAs on PCG function. PCG proteins are widely
expressed and it is important to understand how regulation
at specific loci is achieved, i.e. how specific genes are selected
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as PCG targets whereas others are unaffected. While the
genome of Drosophila melanogaster contains specific DNA-
recognition sites that are bound by PCG complexes (reviewed
in Ringrose and Paro 2007), these targeting sequences are
missing in mammals. Further, core components of PRC2 do
not contain direct DNA-binding domains and targeting to
chromatin will be achieved through interaction with cofactors.
Among these are proteins as well as chromatin-associated
IncRNAs.

Hox genes are assembled in clusters. They are tran-
scribed in colinear patterns between their genomic position
and the expression domain along the body axis, meaning in
an orchestrated sequence from anterior to posterior and
proximal to distal. The Hoxa genomic locus (with Hoxal
located at the 3’ end and Hoxal3 at the 5’ end) is flanked
by two IncRNAs, Hottip at the 5’ end and Hotairml at the
3" end of the cluster (Wang et al. 2011). Hottip is required
to maintain the activitiy of the Hoxa genes located at the 5’
end through binding to TRXG-complexes. This has been
shown through RIP by using an antibody against TRXG-
complex member WDRS, which precipitated Hottip. Thus,
Hottip recruits H3K4me to the active Hoxa genes at the 5’
end. Its potency declines with distance from its own ex-
pression site, e.g. Hoxal3, is much more influenced than
Hoxa7. This long-distance effect over multiple Hoxa genes
(A13-A7) located at the 5’ end, is achieved through chro-
mosomal looping. Thereby, Hottip comes into the vicinity
of more distant genes such as Hoxa7, although Hottip itself
is not implicated in mediating the 3D-chromatin conforma-
tion (Fig. 1c).

Hottip—~WDRS interaction is one of the few known exam-
ples of transcriptional activation through TRXG-IncRNA
interaction. The majority of data about CME-IncRNA asso-
ciation comes from the counteracting PCG family.

PCG complexes are grossly separated into two main dis-
tinct complexes, namely PRC1 and PRC2. PRCI complexes
are diverse in their composition. Core components of PRC1
are CBX, PCGF, RING, and PHC proteins. Each of these
proteins comprises a family of a multitude of different mem-
bers. Accordingly, several data revealed that PRC1 exists in
distinct sub-complexes (Gao et al. 2012; Morey et al. 2013;
Vogel et al. 2006). PRC2 cores are less diverse and contain
EZH2, EED, and SUZ12. In a simplified view, PRC1 and 2
have two different functions: whereas PRC2 mediates histone
H3 methylation at lysine 27 methylation (H3K27me), PRCI
binds to this histone modification via the chromodomain of
CBX proteins and mediates ubiquitination of histone H2A
through the ligase activity of RING1B. Recent data, however,
indicate another way of coupling PRC2 and PRC1 activity, as
the PRC2 core component EED binds PRC1 proteins
RINGIA and B, and BMII (Cao et al. 2014). EED is thus
involved in recruiting PRC1 to PRC2-occupied chromatin
independent from H3K27 methylation.
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In addition to having a joint function, both complexes can
also act independently from each other (Schoeftner et al. 2006;
Tavares et al. 2012; Wu et al. 2013b), indicating that the
crosstalk between PRC1 and PRC2 will be much more so-
phisticated than described so far.

PRC1 and PRC2 are both associated with IncRNAs
(Guttman et al. 2011). Known protein components that interact
with IncRNAs are RING1B within PRC1 (Fig. 1d) (Guttman
etal. 2011; Schoefiner et al. 2006) and EHZ2, EED and SUZ12
within PRC2 (Fig. le) (e.g. Khalil et al. 2009; Rapicavoli et al.
2011; Wu et al. 2013a). Whether other components that con-
stitute PRC1 bind IncRNAs as well is, to the best of our
knowledge, not yet reported. One example of a well-studied
IncRNA is Xist which is necessary to initiate mammalian X-
inactivation during early development. Xist expression leads to
H3K27me3, monomethylation of histone H4 at lysine 20
(H4K20mel) and ubiquitination of histone H2A at lysine 119
(H2Aub) through recruitment of PRC1 and PRC2. This Xist-
mediated silencing characterises the initiation of X-inactivation,
while other epigenetic mechanisms are involved in the mainte-
nance of the inactive state. These include DNA methylation and
hypoacetylation of histone H4. Although PRC2-mediated
H3K27 methylation might serve as a platform for PRC1 re-
cruitment, Xist colocalises with the PRC1 complex member
RINGI1B. This indicates a PRC2-independent mechanism for
maintenance (Schoeftner et al. 2006), but not for initiation
(Leeb and Wutz 2007) of the inactive state.

PRC2 components SUZ12 (Kanhere et al. 2010) and EHZ2
(Zhao et al. 2010) have the potential to directly associate with
Xist, whereas we are not aware of comparable data about
RING1B-Xist interaction. However, the evidence that Xist is
directly bound by PCG proteins is under debate (Brockdorff
2011). The reason is that these interaction data were generated
by RIP (see below), which determines both direct and indirect
targets. Robust methods for determining direct targets using
UV crosslinking as an additional step (see below) were yet not
employed in studies of PRC2—Xist interaction. Thus, it is still
possible that the interaction between Xist and PCG complexes
is indirect and mediated by PCG-associated cofactors. An
indirect association is supported by recent data showing that
the IncRNA Meg3 is implicated in targeting the PRC2 to
genes that confer differentiation and need to be silenced in
pluripotent ESCs (Kaneko et al. 2013). Here, the recruitment
to chromatin depends on the presence of JARID2, which
bridges PRC2-IncRNA interaction (Fig. 1f). Thus, specificity
of PCG silencing at specific loci can be mediated through
cell- or stage-specific presence of either cofactors and/or
IncRNAs. This modular way of using IncRNAs to tether
PRC2 towards chromatin, directly or indirectly, gives a
multitude of possibilities for cell-type and sequence-
specific gene silencing through the PCG complexes.

Several other recent data report on further IncRNA-PCG
interactions. The IncRNA Ancr (anti-differentiation ncRNA)

interferes with osteoblast differentiation by associating with
EZH?2 and thereby establishing H3K27me at the Runx2 pro-
moter (Zhu and Xu 2013). Up-regulated in bladder cancer 1
(linc-UBC1) is immunoprecipitated through EHZ2 and
SUZ12 antibodies. This IncRNA is upregulated in bladder
cancer and correlates with poor survival of patients as it
promotes cancer cell proliferation, motility and metastasis
(He et al. 2013). Loss of RAS-association domain family
member 1A (RASSF1A) expression is a hallmark of different
tumours. Its silencing is dependent on its IncRNA counterpart
Anrassfl, that forms an IncRNA-DNA hybrid. This
sequence-specific structure recruits SUZ12 that mediates
H3K27me (Beckedorff et al. 2013) and leads to increased
cancer cell proliferation. Again, mostly RIP led to the obser-
vation of IncRNA-PRC?2 association and much more research
is needed to reveal direct binding and/or involvement of other
bridging factors.

Another prominent PRC-associated IncRNA is Hotair
that has various interacting partners, which confer repres-
sive chromatin modifications. Among these are the PRC2
and the complex of Lysine-specific demethylase 1 (LSD1),
repressor element-1 silencing transcription factor (REST)
and REST corepressor 1 (CoREST) (Tsai et al. 2010).
Interestingly, the binding domains for PRC2 on one side
and LSDI1/REST/CoREST on the other are distinct from
each other. Thus, Hotair can serve as coordinator of tran-
scriptional repression by recruiting enzymes that mediate
H3K27me3 alongside the LSDI1-associated H3K4 demeth-
ylation activity (Fig. 1g). So far unexplored are the under-
lying kinetics, the question of sequential binding and, if
that is the case, in which sequence it happens. Such phys-
ical parameters might influence target site selection and
binding, and might also be subject to cell-type-specific
variations. Hotair is bound by an EZH2-EED heterodimer.
The responsible binding motif within Hotair is strikingly
different to the A-repeat that is recognised in the Xist
transcript (Wu et al. 2013a). This finding implies that
association of PRC proteins with IncRNAs is probably
diverse, mediated by differently composed complexes, as-
sociation with cofactors and/or different binding domains.

Genome-wide association studies identified the IncRNA
Anril (antisense Non-coding RNA in the INK4 Locus) within
a genomic region that confers susceptibility for e.g. cardio-
vascular diseases, atherosclerosis, several cancers, glaucoma,
Alzheimer’s disease and diabetes. In cis, Anril regulates ex-
pression of the tumour suppressors Cdkn2a/b (Ink4b/Arf/
Ink4a). Anril has multiple splice variants and also produces
circular molecules. However, only a few of these molecules
have been assigned with specific functions (reviewed in
Congrains et al. 2013). Anril exerts transcriptional control
through binding to PCG proteins from both complexes,
PRC1 and PRC2 (Kotake et al. 2011; Yap et al. 2010).
Whereas PRC1 association is mediated through CBX7,
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PRC2 binding was shown for SUZ12. Anril binding of CBX7
is competitive with the association of CBX7 with H3K27me3
(Yap et al. 2010). This indicates that Anril might act as a
coordinator of PRC1 function: it influences the extent of
PRCI1 that is associated with chromatin to mediate sustained
gene repression via H2Aub. Further coordinative function
might be associated with the binding of both PRCs. Of note
in this context is that Anril-SUZ12 interaction affects Cdkn2b
transcription. And contrasting this observation, Anril knock-
down in CBX7-dependent transcriptional control interfered
only with Cdkn2a expression, but not with Cdkn2b. The
molecular reasons for these observations are so far unknown.
One could hypothesise that it might be associated with the
different cell systems that have been used in the studies, but
the answer of this question is still open.

Another recent study also revealed Anril-mediated tran-
scriptional regulation in #rans via PRC complexes in the
context of atherosclerosis (Holdt et al. 2013). The compre-
hensive analysis of PCG proteins revealed Anril precipitation
through antibodies against CBX7, RING1B, RYBP, YY1, and
the PRC2 components EED, SUZ12, JARID2, and RBAP46.
Anril target genes in trans contain Alu-sequences within their
promoter region that are recognised by an Alu-motive within
Anril, indicating how Anril, and subsequently PCG com-
plexes, are recruited to regulatory sequences in trans.

The Fendrr IncRNA is involved in embryonic develop-
ment of the lateral plate mesoderm and can bind to PRC2
complexes to mediate H3K27me at specific promoters such as
Foxfl in cis, and Pitx2 in trans (Grote et al. 2013).
Interestingly, Fendrr also binds WDRS, one core component
of PCG-antagonists assembled in TRXG/MLL complexes
(Fig. 1h). Thus, in principle, Fendrr can mediate transcrip-
tional repression as well as activation. It might also be in-
volved in balancing access of PCG or TRXG proteins to a
specific locus, by mediating recruitment of PCG proteins and
sequestering TRXG proteins. The finding that loss of Fendrr
results in less H3K27me at specific loci, whereas differences
in H3K4me have so far not been observed, would support this
hypothesis. Although a lot more research is needed to under-
stand the function of these bivalent IncRNAs, these initial
findings indicate the coordinating potential of IncRNAs with
regard to developmental processes that are under PCG and
TRXG control.

LncRNAs influencing histone modifications

Histone acetylation

Trichostatin A (TSA) interferes with histone deacetylation and
alongside relocalises splicing factors within the nuclear com-

partment. TSA induces association of IncRNAs with specific
splicing factors. Interestingly, IncRNAs are the only RNA-
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subtype that showed splicing factor association after TSA
treatment, with Malat! and Neat! being the most abundant
(Schor et al. 2012). The recruitment of splicing factors after
TSA treatment is a strong indication that chromatin modifica-
tion on histones induces not only the expression of IncRNAs
but also influences their binding to splicing factors and re-
cruitment to splice sites. Whether this process solely depends
on histone deacetylation or whether the splicing factors them-
selves are modified through acetylation is not yet resolved. It
is possible that TSA treatment resulted in acetylation of pro-
teins other than histones. Such proteins could be splicing
factors and/or cofactors implicated in IncRNA recruitment.

Alongside this research, a recently discovered IncRNA,
Inc-Jade, indirectly influences H4 acetylation (Wan et al.
2013). It associates with the transcription factor breast cancer
1 (BRCA1) and the histone acetyltransferase (HAT) complex
of E1A binding protein p300/CREB binding protein
(p300/CBP) at the Jadel promoter. Thereby it activates
Jadel transcription. JADE] itself is a cofactor in the human
acetylase binding to ORC1 (HBO1) complex that mediates
histone H4 acetylation at positions K5, K8, and K12.
Accordingly, overexpression of Inc-Jade results in increased
genome-wide histone H4 acetylation. It is of note that /nc-
Jade expression itself is embedded within the signalling path-
ways that are active in DNA damage response. This is because
Ataxia-telangiectasia mutated (ATM) and nuclear factor ‘kap-
pa-light-chain-enhancer’ of activated B-cells (NF-kB) regu-
late the expression of /nc-Jade (Wan et al. 2013).

Hypoxia and focal ischemia induce DNA damage, and
expression of IncRNAs is altered significantly in these condi-
tions. Apart from general changes of the expression of
IncRNAs, selective IncRNA—protein interactions are induced
(Dharap et al. 2013). REST corepressors CoOREST and SIN3A
showed increased binding to IncRNAs in rat brains after focal
ischemia (Fig. 11). Amongst a plethora of interacting proteins
of CoREST and SIN3A are proteins implicated in chromatin
modifications such as histone deacetylases (HDACs),
MECP2, retinoblastoma binding protein 4 (Rbbp4), and sev-
eral members of the SWltch/Sucrose NonFermentable (SW1/
SNF) family. Identification of target sequences of specific
IncRNAs as well as further analyses of the functional meaning
of CoREST/SIN3A interaction with specific IncRNAs will
increase our knowledge about implication of IncRNA interac-
tion with chromatin modifiers in normal and diseased brain.

One recently reported example showed that the transcrip-
tion of /ncRNA-Let (low expression in tumour) is under
specific control of HDAC3. In hypoxic cancer cells,
HDACS is activated by the hypoxia-induced factor (HIF1)
and promotes histone H3 and H4 deacetylation at the /ncRNA—
Let promoter. This results in decreased expression of /ncRNA—
Let. LncRNA-Let itself suppresses expression of HIF1 o and is
therefore implicated in a positive feedback loop to increase
HIF 1« response under hypoxic conditions. The association of



Cell Tissue Res (2014) 356:507-526

513

misregulation within this molecular network and hypoxia-
induced metastasis (Yang et al. 2013a) is of clinical
importance.

Early X-inactivation at the blastocyst stage is sensitive to
HDAC inhibition as this treatment decreased Xist expression
(Oliveira et al. 2013). Thus, Xist expression is under control of
acetylated histones. Histone H4 hypoacetylation and H3/H4
hypomethylation are implicated in this process (Pullirsch et al.
2010). However, mechanistic insight into whether and how
these repressive marks are integrated into direct Xist function
awaits further reports.

In contrast to mammals in which X chromosome dosage
compensation is achieved through inactivation of one allele,
dosage compensation in Drosophila is mediated through en-
hanced transcription of the single male chromosome. This is
achieved by the male-specific lethal (MSL) protein complex,
which is composed of five different proteins, MSL1-3, MOF,
and MLE, and it additionally contains the two IncRNAs, RNA
on the X1 and 2 (roX1 and 2). This complex mediates histone
H4 acetylation at lysine 16 (H4K16) and thereby promotes
transcription. Rox/ and 2 are required for efficient dosage
compensation and provide a binding platform for MSL com-
plex assembly (Fig. 1j). Different binding affinities to specific
regions of the IncRNAs might be implicated in creation of a
flexible hub through which the CMEs are recruited to low as
well as high affinity binding sites dispersed along the X
chromosome (Ilik et al. 2013).

Histone methylation

Apart from Xist and Kcnglotl, the Air IncRNA is in-
volved in silencing within an imprinted region in cis.
Among the silenced genes within this region are Slc22a3
and Igf2r that are putatively targeted by Air using alter-
native molecular mechanisms (Fig. 1k). Air directly covers
the Slc22a3 promoter region and recruits the histone H3
methyltransferase EHMT2/G9a that mediates repressive
H3K9 di- and tri-methylation on the paternal allele
(Nagano et al. 2008). Neither Air nor EHMT2/G9a are
present on the Igf2r promoter, although the latter is in-
cluded within the Air-silenced DNA region. It remains to
be determined whether the presence at a distant promoter
creates an environment sufficient to silence over a hundred
kilobases, or whether a different molecular mechanism is
used at the Igfor.

Although a member of a protein family that can bind to
methylated DNA, MBD1 also binds to unmethylated DNA
and to the H/9 IncRNA (Monnier et al. 2013). HI9 is an
imprinted IncRNA and its expression is regulated through the
imprinting control region (ICR). The ICR is a differentially
methylated region. Interaction between H/9 and MBD1 was
observed in mouse embryonic fibroblasts (MEFs). Although
H19 binds to EZH2 in bladder cancer cells (Luo et al. 2013),

this was not observed in MEFs. Thus, temporal and cell-
specific variability in the association of a specific IncRNA
with different CME is another layer of complexity within
transcriptional regulation. MBD1 not only binds to DNA but
also interacts with histone H3 lysine 9 (H3K9) methyltrans-
ferases, e.g. KMT1A/SUV39H1 and KMTIE/SETDBI1
(Fujita et al. 2003; Sarraf and Stancheva 2004). Thus, through
interaction with H/9 the repressive H3K9 methylation is
recruited to the imprinted region, e.g. into a chromatin region
that is already marked through differential DNA methylation.
This observation might indicate a fine-tuning in transcription-
al regulation for which IncRNAs mediate the specificity of the
genomic locus. Another interpretation is that IncRNAs func-
tion as mediators to link DNA methylation to histone
methylation.

The human prostate cancer-associated non-coding RNA1
(Prncrl) binds to several proteins, among which are the
histones H3 monomethylated at position lysine 4
(H3K4mel) and H4K16ac. Both modifications are localised
at active enhancers. Further interacting proteins are the
disruptor of telomeric silencer 1-like (DOT1L) and the andro-
gen receptor (AR). DOT1L mediates the mainly transcription-
al enhancing histone H3 di-and trimethylation at position 79
(H3K79me?2/3). This network of Prncri-interacting mole-
cules is thought to mediate AR-dependent transcription. Via
the interaction with modified histones at specific enhancer
regions, Prncrl recruits AR and transcriptional activator
DOTIL to AR-regulated target sites (Fig. 11) (Yang et al.
2013c).

A novel study from Plasmodium falciparum might indicate
further correlation of histone methylation and IncRNA-
modulated gene transcription (Jiang et al. 2013). Here, the
authors report the expression of erythrocyte membrane protein
1 that is encoded by multiple var genes. Var genes are
expressed one at a time but how this timely expression is
controlled is still under investigation. Active transcription of
var genes is associated with expression of a corresponding
IncRNA and low states of histone H3 trimethylation at posi-
tion 36 (H3K36me3). In this context, it is unlikely that the
responsible CME, PfSETvs, directly binds to the IncRNA, as
the enzyme is enriched at the promoter when the var gene and
the corresponding IncRNA are inactive. It is tempting to
speculate that active transcription of both IncRNA and var
gene might depend on other CMEs. These could be targeted to
the locus via the IncRNA and prevent recruitment of silencing
PfSETvs.

Recent data from S. cerevisea indicate an indirect link
between histone H3K9 methylation and IncRNAs (Marina
etal. 2013). The authors identified the Seb1-protein that binds
to IncRNAs transcribed from the pericentromeric region. Sebl
also associates with the SHREC protein complex, which has
HDAC activity. Loss of histone tail acetylation may promote
H3K9 methylation and stable silencing of the pericentromere.
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However, the molecular mechanism upon which histone
methylation follows loss of the acetylation mark has not been
clarified in detail so far.

LncRNAs involved in chromatin remodelling, chromatin
structure and expression boundaries

LncRNAs have the ability to guide proteins to specific geno-
mic loci. One interesting example has been observed in plants,
where IncRNAs seem to generate a scaffold on which protein
complexes assemble. Such complexes establish silencing
marks such as DNA methylation and repressive histone marks
(Haag and Pikaard 2011). Components of the chromatin-
remodelling SWI/SNF complexes also associate with
IncRNA-binding proteins. ATP-dependent SWI/SNF proteins
comprise a class of enzymes that regulate DNA accessibility
through disruption of nucleosome-DNA contacts, movement
of nucleosomes along the DNA, and removal and exchange of
nucleosomes (Hargreaves and Crabtree 2011). Protein—
IncRNA complexes that associate with SWI/SNF remodelers
seem to interfere with RNA polymerase II (RNAPolII) re-
cruitment (Zhu et al. 2013). The molecular mechanism, how-
ever, that comprehensively describes the effect on RNAPolIl
transcription awaits elucidation. Further, it is not yet clear
whether SWI/SNF-IncRNA association does solely result in
transcriptional repression or whether it could also positively
influence transcription.

Mediator is a large multi-protein complex that integrates
and interprets various signals that influence transcription. It
can be considered as a gigantic hub that is used to infer
specific activating modifications, e.g. affecting the transcrip-
tional pre-initiation complex (Malik and Roeder 2010). The
Mediator complex exerts this function also through a plethora
of diverse interacting molecules, among which are CMEs
such as p300, GCN5 or G5a. Through its kinase module,
Mediator has specific activity towards the phosphorylation
of histone H3 at serine 10 (H3S10p). H3S10p is generally
associated with transcriptional activation. Yet, we still lack
precise knowledge how Mediator—CME interaction translates
mechanistically to gene transcription. However, Mediator
plays a direct role in chromatin looping. It is thus important
for interpretation of chromatin structure and to mediate this
over a long distance into a transcriptional signal at a specific
promoter region. Recent data show that chromatin looping
associated with H3S10p through Mediator is tightly coupled
to the presence of activating IncRNAs (IncRNA-a), namely
IncRNA-a3 and -a7 (Lai et al. 2013). Depletion of these
IncRNAs results in loss of higher order chromatin structure
and decreased levels of H3S10p at specific target gene loci,
such as snail homolog 1 (Snail), Aurora kinase A (Aurka) and
T cell acute lymphocytic leukemia 1 (7a/l). This indicates a
crucial function of IncRNAs in organising higher order
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chromatin structure and in bridging chromatin modifying
enzymatic activities in cis over larger distances.

Heterochromatin and euchromatin are distinct in their his-
tone modifications as the former has high levels of H3K9
methylation. This serves as a binding platform of HP1 protein
that spreads over silenced regions. In yeast, like S. pombe,
small interfering RNAs (siRNAs) mediate centromeric het-
erochromatin formation. These siRNAs are bound by
Argonaut 1 (AGOI1) and guide the RNA-induced transcrip-
tional silencing (RITS) complex to the pericentromeric region.
The RITS complex recruits the H3K9 methyltransferase
Clr4 that places the heterochromatic mark. SWI6 is the
HP1 homologue of yeast and binds methylated H3K9. By
this, heterochromatin spreads across some genomic dis-
tances. Recently, it has been shown that IncRNAs are also
involved in this process. They prevent further spreading of
heterochromatin (Keller et al. 2013). In contrast to centro-
meric siRNAs, distinct IncRNAs are expressed from the
transition region between hetero- to euchromatin and are
therefore called borderline RNAs. Although Dicerl also
processes these IncRNAs into small RNAs, these do not
load onto AGO1 but instead bind to SWI6. These processed
InRNAs might therefore be implicated in preventing SWI6-
mediated spreading of H3K9-methylated heterochromatin
(Fig. Im).

Crosstalk of IncRNA and chromatin is an important mech-
anism to define boundaries of region-wide transcriptional
activation or repression (Wang et al. 2011), which is e.g.
observed in imprinted regions (Mohammad et al. 2012). One
mechanism is the presence of CTCF and its binding sites in
flanking regions. The zinc finger protein CTCF binds DNA
and has pleiotropic functions such as transcriptional regula-
tion, insulation, X-inactivation and imprinting (for review, see
Phillips and Corces 2009). In addition to DNA binding, recent
data also demonstrate RNA-binding properties of CTCF that
are involved in X-inactivation. In this context, CTCF binds
the IncRNA Jpx and this event competes with CTCF binding
to the P2 Xist promoter (Sun et al. 2013c). Jpx-mediated
eviction of CTCF leads to Xist expression alongside X-
inactivation (Fig. 1n). This example shows that IncRNAs are
important influencers of the chromatin structure with their
capability to recruit or evict proteins with chromatin-
organising capacity.

CTCF binding is not the only molecular mechanism
through which e.g. genomic boundaries can be defined.
Recent data suggest that enhancer specific histone methyla-
tions, e.g. histone H3 acetylation at lysine 27 (H3K27ac) and
H3K4mel prevent IncRNA-mediated gene silencing. So far,
this insulator function of modified histones has been shown
for Xist- and Kcngloti-dependent silencing (Mohammad
et al. 2012), but much more research is needed to elucidate
this process in detail. This finding indicates that, on the one
hand, IncRNAs function to organise the chromatin. On the
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other hand, a specific chromatin structure is also a prerequisite
to regulate IncRNA functions.

Taken together, recent data emphasise the important role of
IncRNA-CME interactions for transcriptional regulation in
different cell types, during development and disease
(Tables 1, 2). Thereby, IncRNA contribute to all major

epigenetic modifications and 3D—organisation of the chroma-
tin. Although data are increasing, our review indicates that
much more research is needed to comprehensively describe
molecular mechanisms and precise modes of interactions.
Within the following, we will provide an overview about
current techniques and methods to decipher IncRNA function.

Table 1 Summary of CME-IncRNA associations as discussed in detail in this review

CME IncRNA Chromatin mark Effect on transcription Reference
DNA methylation DMNT3a Tsix DNAme Repressive Sun et al. 2006
DMNTI Kenglotl DNAme Repressive Mohammad et al. 2010
ecCebpa Activating Di Ruscio et al. 2013
MECP2 Malatl n.a. Maxwell et al. 2013
Rner3 n.a. Maxwell et al. 2013
MBD1 HI9 Repressive Monnier et al. 2013
TRX WDR5 Hottip H3K4me Activating Wang et al. 2011
Fendrr n.a. Grote et al. 2013
PCG/PRCI1 RING1B Anril H2Aub Repressive Holdt et al. 2013
Xist Repressive Schoeftner et al. 2006
CBX7 Anril H2Aub Repressive Yap et al., Holdt et al. 2013
PCG/PRC2 EED Anril H3K37me Repressive Holdt et al. 2013
Hotair Repressive Wu et al. 2013a
EZH2 Kncglotl H3K37me Repressive Mohammad et al. 2010
Xist Repressive Zhao et al. 2010
Ancr Repressive Zhu et al. 2013
linc-UBC1 Repressive He et al. 2013
Hotair Repressive Wu et al. 2013a
Fendrr Repressive Grote et al. 2013
HI9 Repressive Luo et al. 2013
SUZ12 Anril H3K37me Repressive Kotake et al. 2011,
Holdt et al. 2013
Xist Repressive Kanhere et al. 2010
linc-UBC1 Repressive Heetal. 2013
Anrassf1 Repressive Beckedorff et al. 2013
Fendrr Repressive Grote et al. 2013
PcG associated proteins RYBP Anril n.a. Holdt et al. 2013
YY1 Anril na. Holdt et al. 2013
JARID2 Anril H3K27me Repressive Holdt et al. 2013
Meg3 Repressive Kaneko et al. 2013
RBAP46 Anril n.a. Holdt et al. 2013
Histone acetylation p300/CBP Inc—Jade Activating Wan et al. 2013
MSL Rox1 H4K16ac Activating Ilik et al. 2013
Rox2 Activating Ilik et al. 2013
Histone methylation EHMT2/G9a Kenglotl H3K9me Repressive Mohammad et al. 2010
Air Repressive Nagano et al. 2008
LSD1 Hotair H3K4me Repressive Tsai et al. 2010
DOTIL Pracrl H3K79me Activating Yang et al. 2013a, b, ¢
Chromatin structure/remodelling SWI6 borderline Activating Keller et al. 2013
CTCF Jpx Activating Sun et al. 2013c
Mediator IncRNA-a Activating Lai et al. 2013
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Table2 Summary of CME-IncRNA associations extracted from the IncRNA database (http://www.Incrnadb.org), but beyond the scope of
this review

CME IncRNA Chromatin mark Effect on transcription Reference
DNA methylation MECP2 Evf~-2, DIx6asl methylated DNA binding Activating Bond et al. 2009
PCG PRC1 adapt33 H2Aub Repressive Guttman et al. 2011
Hotair Guttman et al. 2011
lincl257 Repressive Guttman et al. 2011
lincl610 Guttman et al. 2011
Neat Guttman et al. 2011
Rian Guttman et al. 2011
snhg3 Guttman et al. 2011
PRC2 adapt33 H3K27me Repressive Guttman et al. 2011
antiPegll Zhao et al. 2010
Coldair Heo and Sung 2011
gtl2—as, Zhao et al. 2010
Meg3—as
lincl257 Repressive Guttman et al. 2011
lincl610 Guttman et al. 2011
malatl—as Guttman et al. 2011
Meg3 Zhao et al. 2010
Neat Guttman et al. 2011
nespas Zhao et al. 2010
Rian Zhao et al. 2010,
Guttman et al. 2011
snhg3 Guttman et al. 2011
Tugl Khalil et al. 2009
CBX3 lincl547 H3K9me binding Guttman et al. 2011
Rian Guttman et al. 2011
CBX1 adapt33 H3K9me binding Repressive Guttman et al. 2011
Hotair Guttman et al. 2011
lincl257 Repressive Guttman et al. 2011
Histone methylation =~ ESET/SETDBI1 adapt33 H3K9me3 Repressive Guttman et al. 2011
linc1609 Guttman et al. 2011
Neat Guttman et al. 2011
SUV39H1 adapt33 H3K9me3 Repressive Guttman et al. 2011
lincl257 Repressive Guttman et al. 2011
lincl1547 Guttman et al. 2011
Neat Guttman et al. 2011
snhg3 Guttman et al. 2011
KDMSB/JARIDIB  adapt33 H3K4me Repressive Guttman et al. 2011
lincl257 Repressive Guttman et al. 2011
Neat Guttman et al. 2011
Rian Guttman et al. 2011
snhg3 Guttman et al. 2011
KDM5C/JARID1IC linc1609 H3K4me Guttman et al. 2011
lincl610 Guttman et al. 2011
Rian Guttman et al. 2011
SETD8 adapt33 H4K20me 1 Repressive Guttman et al. 2011
lincl257 Repressive Guttman et al. 2011
KMT2A/MLL1 Mistral H3K4me Bertani et al. 2011
chromatin structure CTCF linocr Lefevre et al. 2008
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Table 2 (continued)

CME IncRNA

Chromatin mark

Effect on transcription ~ Reference

unclassified n.a. CAR Intergenic 10

H3K4me2

Activating Mondal et al. 2010

Bioinformatic approaches for the analyses of ncRNAs
and their interactions

Detection of IncRNAs

The first step in the analysis of IncRNAs is to detect their
respective genes in the genome. While IncRNAs were first
detected by tiling arrays, RNA-seq is now a huge source to
discover new and to investigate known IncRNAs (see Ilott and
Ponting 2013; Garber et al. 2011 for recent reviews). The main
problem of the analyses is to reconstruct the transcripts from
the short sequencing reads. Thereby, a non-trivial process to
assemble the mapped reads into longer transcripts follows
mapping of the short reads to the genome. Alternative splicing
and incomplete coverage of the whole length of the transcript
are the main obstacles. In many applications, however, it is
possible to rely on standard approaches for solving this prob-
lem such as Scripture (Guttman et al. 2010) and Cufflinks
(Trapnell et al. 2010).

LncRNA genes can also be detected by the analysis of
chromatin modifications (see, e.g., Hon et al. 2009 for a
review). This was exemplified by Guttman et al. (2009),
who used chromatin maps for H3K4me3 and H3K36me3,
which mark promoters and transcribed regions, respectively
(Mikkelsen et al. 2007). Subsequently, H3K4me3 and
H3K36me3 enriched regions were selected for further inves-
tigation. The criterion was a size of at least 5 kb without
overlap with genes that were coding for proteins or known
miRNAs.

Common to both, the RNA—seq as well as the chromatin
map based approaches, is that identified regions might still
code for an unknown protein and thus do not resemble a
ncRNA. There are different possibilities to exclude this.
First, it is possible to use sequence—based statistical measure-
ments for the coding potential such as the codon substitution
frequency, e.g. the CSF (Clamp et al. 2007) or the CNCI
method (Sun et al. 2013a). RNAcode is an approach that
additionally considers information about evolutionary conser-
vation (Washietl et al. 2011). A very elegant recent method is
to use additional experimental data to evaluate coding poten-
tial such as ribosome occupancy that is revealed through
ribosome profiling (Guttman et al. 2013).

A common problem in the detection of IncRNAs is that the
precise transcript boundaries are mostly unknown. The main
reason for imprecise transcript definition, which includes
fragmentation and inexact transcript boundaries, is the low
expression level of IncRNAs (Derrien et al. 2012). Partially

defined transcripts do not pose a major problem for associa-
tion studies as discussed below, since the approaches used in
these studies often rely only on the quantification of a partial
transcript. However, imprecise transcripts can hinder the fur-
ther functional annotation of ncRNAs.

LncRNA associations: in situ hybridisation and co-expression
analysis

The next important step in the analysis of identified IncRNAs
is to associate these RNAs with pathways, cell types, proteins
or diseases. Direct association with specific cell types or even
with specific proteins is often determined by in situ
hybridisation (ISH) (see e.g. Dinger et al. 2008; Mercer
et al. 2008). As shown recently this is not restricted to fresh
tissues but can be employed on fixed samples as well
(Chisholm et al. 2012). In this study, ISH approaches were
used to study the association of three Hox-locus IncRNAs
(Hotair, ncHoxAl, and ncHoxD4) with the expression of the
PRC2 member EZH2 in different formalin-fixed paraftin-
embedded breast cancer tissues. Using a 283-lesion tissue
microarray, this study revealed a significant correlation (in
40-70 % of the lesions) between the expression of these
IncRNAs and EZH2. Furthermore, they investigated the cor-
relation of IncRNA expression with pathologic parameters
such as metastasis, estrogen receptor status and others.
While it was known that Hotair expression correlates with
metastasis and death (Gupta et al. 2010), the association with
the other pathological parameters mentioned above was
unknown.

ISH is an excellent tool to investigate the association be-
tween selected IncRNAs and proteins. There is, however, the
need for a systematic association analysis that can be used for
large numbers of IncRNAs simultaneously. A recent and also
commonly used approach is guilt by association (Cabili et al.
2011; Dinger et al. 2008; Guttman et al. 2009; Ramos et al.
2013). Guilt by association detects co-regulated genes or gene
groups based on expression profiles for different tissues, con-
ditions or time points. In more detail, the method presented in
Guttman et al. (2009) combines the information about
coexpression with a gene set enrichment analysis (GSEA)
(Subramanian et al. 2005) to determine sets of genes that are
associated with given IncRNAs. GSEA is based on the defi-
nition of biological relevant gene sets. For each of these given
genes represented in set “S”, GSEA determines whether the
genes in “S” specifically correlate with a certain phenotype.
For that purpose, a Pearson correlation coefficient between the
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IncRNA-associated genes with the phenotype is calculated,
and genes are sorted according to the correlation coefficient.
Each gene in “S” is marked in a sorted list. This list is used to
calculate an enrichment score ES(S), which is a running sum
starting from the highest correlating gene. Whenever a gene is
in “S”, the score is increased by the correlation coefficient;
otherwise, the coefficient decreases (see Fig. 2). The maxi-
mum value of this score is called the enrichment score ES(S)
for the gene set “S”. This step is followed by a statistical
evaluation of ES(S) to determine significant associations. In
the guilt by association approach, correlation to the phenotype
was replaced by the correlation to the expression of a single
IncRNA, thus determining functional gene sets associated
with this IncRNA in expression (Guttman et al. 2009).
Another method that relies on coexpression networks (Liao
et al. 2011a) assigns putative functions for 340 IncRNAs
based on combinations of network properties (such as module
sharing and association with hubs) and genomic adjacency.
Typical functions associated are tissue development, cellular
transport and metabolic processes. The method is also avail-
able via a web service (Liao et al. 2011b). A more recent
approach combines links generated by coexpression of
IncRNAs and proteins with protein—protein interactions into
a single bi-colored network (Ji et al. 2013). On this common
network, putative functions are associated by a method that
can be described as ‘function flow’. Examine the toy example
in Fig. 2, where the IncRNA inherits the functional annotation
of group A (proliferation). In the “function flow” approach,
this would be done by propagating a “small portion” of the
functional annotation for each gene in group A via the
coexpression links. The annotation of group A (and not of

B) would accumulate at the IncRNA as it is linked to many
genes in the group A but not in B. Protein—protein interactions
make this network denser and thus improve the efficiency of
this method for function propagation. The NONCODE data-
base (Xie et al. 2014) uses the latter two methods (Ji et al.
2013; Liao et al. 2011a) to assign potential functions especial-
ly to IncRNAs. NONCODE currently contains roughly
210,000 entries corresponding to IncRNAs, which were re-
trieved from Ensemble, Refseq or curated literature.

Concerning disease associations, the lncRNAdisease database
currently lists 480 manually curated disease—IncRNA associa-
tions, corresponding to 166 diseases. For most of the IncRNAs
(478 out of 480), information of the associated binding partner is
collected (Chen et al. 2013). The authors also developed an in
silico approach to detect new putative IncRNA—disease associ-
ations. This is based on the observation that miRNAs in close
genomic vicinity are often associated with similar diseases. By
carrying over this approach to IncRNAs, this study identified 33
new putative disease—IncRNA associations.

Besides studying general associations of IncRNA to pro-
teins, more direct experimental approaches are available when
considering transcriptional regulation of IncRNAs by tran-
scription factors. Here, the current method of choice is to
determine direct DNA-binding sites of transcription factors
via CHIP-seq experiments. Since CHIP-seq experiments have
an inherently high false positive rate due to unspecific bind-
ing, a good approach is to combine CHIP-seq experiments
with in silico promoter analysis. As an example, [dogawa et al.
(2014) used CHIP-seq experiments to identify roughly 42000
peaks for the protein p53 all over the genome. On this initial
peak set, they searched for known binding motifs for p53.

Proteins Sorted by Correlation to IncRNA \ ES(A) = 2.26
maximum for A
IncRNA P10 25 /
C1
c2 2 —
» C3 15 AN
S c4 _
i) 4N ES(B)=0,79
= C5 maximum for B
7 ce > *05 L A
c 7 :
Q 0
0 c8 P1 P2 P3 P4 .P5 _P6_P7 P8 P39 P10
Cg _0'5 [ N—
c10 Enrich. A
Pearson Corr. 071 054 031 028 018 014 005 e
Funct. Group A A5 Enrich. B
Funct. Group B . .
Enrich.A- 096 1,86 101 172 226 195 167 148 163 1,57 Proteins sorted by Correlation
Enrich.B-  -096 -0,06 079 008 -046 -0,15 -043 -025 -0,39 -0,34

Fig. 2 Toy example for the guilt by association approach. Given a
specific IncRNA, we have expression data for ten conditions (tissue, time
point, etc.), covering the expression levels for one IncRNA and ten
proteins. The expression profile across all conditions is used to calculate
Pearson correlation coefficients between all proteins and the IncRNA.
The proteins are sorted according to the correlation to the IncRNAs.
Furthermore, we have two functional gene lists: A, consisting of P1,
P2, P4, P5 and P9, and B, consisting of P2, P3, P6, P8 and P10. The
proteins of group A occur more to the left, i.c. they have a higher tendency
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to correlate with the IncRNA expression. This is expressed by the enrich-
ment, which is a running sum of correlation coefficients. Starting from the
protein with the highest correlation, the coefficients are added if they are
contained in the functional group, and subtracted from the running sum if
not. The diagram to the right displays the rows denoted by Enrich. A/B.
The ES score for a group is the maximal value for the enrichment. In this
toy example, it is 2.26 for A, and 0.79 for B. Thus, proteins of A are more
likely to be associated with the IncRNA, and the IncRNA would inherit
the function associated with group A
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Additional filtering of the remaining peaks according to their
genomic position (upstream region of IncRNAs, vicinity to
TSS etc.) reduced this set finally to 857 IncRNAs putatively
regulated by p53. From this set, the author could experimen-
tally validate 23 IncRNAs to be upregulated by p53. This
example shows the importance of a thorough bioinformatics
analysis of CHIP-seq experiments. CHIPbase combines the
information of 543 CHIP-seq experiments with predictions of
transcription factor binding sites (TFBS) and further in silico
analysis (Yang et al. 2013b). Another tool in this direction is
PscanChip (Zambelli et al. 2013).

LncRNA annotation

Once a list of IncRNAs associated with a protein complex,
tissue, cell condition or function has been determined, an
important step is to annotate these IncRNAs. For the struc-
tured IncRNAs or IncRNAs containing conserved structural
elements, one possible annotation tool is RFAM (RNA
Families Database; Burge et al. 2013). RFAM is the largest
database of ncRNA families and classes, which are grouped
together according to sequence and structure properties.
Families are defined by evolutionary relationship, whereas
RNA classes comprise ncRNAs that share functional similar-
ities without being homologous. Well-known examples of
RNA classes are miRNAs or snoRNAs. Although RFAM lists
2208 families, it contains only a few entries for long non-
coding RNAs.

When searching for the classification “/ncRNA”, RFAM
lists only 225 families, which often cover only well-conserved
structural elements of these RNAs. When disambiguating
different exons and regions of the same IncRNA, then only
88 IncRNA families are left.

For that reason, there is a need for additional classifiers that
detect common sequence and structure properties for a set of
IncRNAs grouped by biological functions. Examples for such
groups would be either the entity of IncRNAs bound by PCG
or all IncRNAs co-expressed with certain chromatin modi-
fiers. This has been exemplified in Glazko et al. (2012), where
sequence-structure features were used in combination with a
support-vector-machine (SVM) to classify IncRNAs into
PRC2-bound and non-PCR2-bound RNAs. As features, they
used 397 so-called RSSPs (RNA sequence-structure pattern)
to capture the ncRNA structure. These RSSPs were initially
collected in the Structator approach (Meyer et al. 2011).
RSSPs are RFAM models of highly structured families, and
the scores for all these models are thus a good descriptor of the
sequence-structure properties of an ncRNA. Concerning se-
quential features, three types are considered. One type consists
of binding sites of transcription factors taken from the Jaspar
database (Mathelier et al. 2014). The rationale of choosing this
feature is that many ncRNAs are transcribed from promoter
and enhancer regions and thus should be enriched in these

motifs. The second type considers short oligonucleotide (k-
mer) frequencies. Here, overrepresented k-mers might repre-
sent binding sites of RNA-binding proteins, and the optimal
length derived by the approach (namely k=6) is compatible
with the usual length expected for these motifs. Finally, as an
additional feature, they used the repeat structure of an ncRNA
to distinguish PRC2-bound from PRC2-non-bound ncRNAs.
The repetitiveness of an ncRNA can be measured by the
Kolmogorrow Complexity of the ncRNA-sequence.

The approach described above uses clustering according to
features derived from sequence and predicted structure. For
structured ncRNAs, this approach has already been introduced
(Torarinsson et al. 2007; Will et al. 2007) and has developed
into a standard to detect new classes of structured ncRNAs for
various biological topics (see, e.g., Heyne et al. 2012; Lange
et al. 2013; Parker et al. 2011; Tseng et al. 2009). For
IncRNAs, it is not clear whether the majority are structured
or un-structured, which limits the applicability of the
sequence-structure based approaches. There is, however, an-
other source of information that can be used to cluster similar
RNAs, which stems from family-specific processing patterns
and their traces in RNA-seq data (Findeiss et al. 2011). This
has already been used for miRNAs, where e.g. the miRDeep
approach successfully identifies new miRNA candidates by
searching for the characteristic read profile covering the ma-
ture miRNA and its complement miRNA* (see e.g. Gan et al.
2008). General tools for clustering and annotating ncRNAs
are DARIO (Fasold et al. 2011), DeepBlockAlign
(Langenberger et al. 2012), CoRAL (Leung et al. 2013) or
ALPS (Erhard and Zimmer 2010). Although these approaches
are currently mainly used for small ncRNAs, it is conceivable
that we will see improved classification of IncRNAs based on
the combination of different features including the processing
pattern.

LncRNA interactions: RIP, CLIP-seq, CHIRP-seq
and CLASH-seq

The previously described association and annotation studies
do not provide mechanistic explanations for IncRNA associ-
ations with other molecules nor do they differentiate direct
from indirect interactions. For that purpose, one needs ap-
proaches to directly analyse physical interactions. Basically,
we have three major classes of interactions: RNA—protein,
RNA-RNA and RNA-DNA.

RNA-protein interactions are determined in vitro by the
SELEX approach (Systematic Evolution of Ligands by
Exponential Enrichment; see Stoltenburg et al. 2007 for a
review), usually resulting in a small set of strong binders.
However, great success has been made recently in determin-
ing RNA—protein interactions in vivo on a genome-wide level
based on microarrays or high-throughput sequencing. Most of
the existing experimental techniques use an antibody against
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the protein of interest to enrich RNAs bound to this protein.
The enrichment step is either affinity-based, or requires the
formation of a covalent bond using a cross-linking step before
the purification. Furthermore, reducing the length of the
bound RNA molecule by sonification or by RNase treatment
is common to all protocols.

RIP (Gilbert and Svejstrup 20006) is an affinity-based meth-
od that detects direct or indirect interaction of transcripts with
a given protein. The sequences that are bound by the protein
are determined by different methods, namely PCR, microarray
(RIP-CHIP) (Tenenbaum et al. 2000), or high-throughput
sequencing (RIP-seq) (Zhao et al. 2010). The advantage of
RIP-seq (and to a lesser extent also RIP-chip) is a relatively
good quantification of the overall effect of an RNA-binding
protein on a transcript. Both RIP-CHIP and RIP-seq have been
used to determine the IncRNAs associated with PCG proteins
(Khalil et al. 2009; Zhao et al. 2010) or with the epigenetic
activator Mixed lineage leukemia 1 (MLL1) (Bertani et al.
2011).

The main disadvantage of the RIP-based approach is that it
cannot differentiate direct from indirect interactions. The latter
would comprise cases where an RNA molecule is not directly
bound by the protein of interest. Instead, a whole protein
complex that contains the protein under investigation binds
it. Another disadvantage is that the resulting read length is too
large for determining the actual binding site. Both problems
are solved when using an additional cross-linking step as done
in the CLIP approach (Ule et al. 2003). There are currently
four different CLIP-seq protocols that combine CLIP with
high-throughput sequencing, termed HITS-CLIP (Licatalosi
et al. 2008), CRAC (Granneman et al. 2009), PAR-CLIP
(Hafner et al. 2010) and iCLIP (Konig et al. 2010) (see
Milek et al. 2012 for an excellent review of the details). The
main idea is to cross-link the RNA to the protein in vivo, thus
avoiding additional interactions that may happen after cell
lysis. Even more importantly, the cross-linking step allows
using more stringent purification protocols. Furthermore,
again due to the cross-linking, an RNase treatment allows
the reduction of the average length of the enriched sequences
to about 50 nucleotides, which improves the determination of
the actual binding site.

After applying quality controls and mapping the reads to
the genome, the bioinformatics analysis of RIP-seq and CLIP-
seq data usually starts with the reduction of the false positive
rate, which results again from unspecific interactions. For that
purpose, so-called peak callers have to be used. Because of the
similarity to the CHIP-seq protocol one could imagine using
standard CHIP-seq peak callers like MACS (Zhang et al.
2008) also for RIP-seq data. However, the bimodal distribu-
tion of reads due to DNA double-strands is usually not ob-
served in RNA-protein interaction data. For that purpose,
specialized peak callers like piranha (Uren et al. 2012) or
PARalyzer (Corcoran et al. 2011) have to be used.
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There is, however, a significant yet underestimated prob-
lem of missing binding sites (i.e. false negatives), especially
when using published CLIP-seq data. The reason is very
simple. The number of reads recovered by a CLIP-seq exper-
iment greatly depends on the expression level for the associ-
ated transcript. This implies that a CLIP-seq experiment can-
not be used to detect interactions for low or non-expressed
genes. Even for high expressed genes, some binding sites
might be missing due to limited mapability of the short reads
in low entropy regions of the genome. It also implies that one
needs in theory a separate CLIP-seq experiment for each
tissue or condition.

For that reason, it is of common interest to determine
binding motifs from existing CLIP-seq data. There are a
multitude of tools to discover sequence motifs for
transcription-factor binding sites, with popular examples
being MEME and DREME (Bailey et al. 2009),
MatrixREDUCE (Foat et al. 2006) and DRIMust (Leibovich
et al. 2013). Although these approaches are often used to
analyse RNA—protein interaction data from RIP-seq or
CLIP-seq experiments (see, e.g., Sanford et al. 2009; Gupta
et al. 2013; Wang et al. 2014), it has become clear that one
needs to consider the secondary structure of the RNA in
addition to its sequence (Hiller et al. 2007; Kazan et al.
2010). Structural features were first introduced in the process
of binding motif detection by BioBayesNet (Nikolajewa et al.
2007) for transcription factors and by MEMERIS (Hiller et al.
2006) for RNA-binding proteins. The vast amount of data,
however, provided by CLIP-seq and RIP-seq experiments
required the development of new approaches. Currently, the
two best performing tools are RNAcontext and GraphProt.
RNAcontext (Kazan et al. 2010) combines a standard bio-
physical model for sequence affinity with a model for the
structural context. GraphProt (Maticzka et al. 2014) uses an
advanced machine-learning model based on so-called graph-
kernels, which allow an efficient representation of complex
graphs encoding the sequence and structure properties of
binding sites. On a cross-validation test on 24 CLIP-seq
datasets, GraphProt outperformed RNAcontext as well as a
sequence-based method (MatrixReduce), which in addition
showed the greatest variation in quality. For some proteins,
MatrixReduce performed comparably to the two structure-
based approaches, but completely failed for others. This indi-
cates that different proteins have different structural prefer-
ences. In addition, it could be shown that GraphProt can
effectively discover missing binding sites.

For RNA-RNA interactions and RNA-DNA interactions,
only a few experimental high-throughput approaches are
available. RNA-DNA interactions can be detected with the
CHIRP-seq method. CHIRP-seq (Chu et al. 2011) is again
based on a cross-link between the RNP containing the RNA
and its target DNA. After sonification, cross-linked target
DNA is enriched via a purification step based on biotin-
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RNA:DNA Hybrid

l ~300 to 700 bp

DNA double helix

Coolair

Fig. 3 R-loop formation repressing the expression of the Coolair
IncRNA in Arabidopis (adopted from Sun et al. 2013b). The R-loop
formation consists of an RNA:DNA hybrid within an open DNA bubble.
R-loop can occur when nascent RNA invades the DNA double helix. In

labelled oligonucleotide probes for the RNA of interest.
Streptavidin with magnetic beads is then used to enrich the
RNA-bound oligonucleotides. Since these are cross-linked
with the DNA, this also leads to an enrichment of the bound
DNA. CHIRP-seq was developed by the Chang laboratory to
generate a genome-wide map of the DNA interactions of three
IncRNAs, namely the Drosophila melanogaster rox2 RNA,
the human telomerase RNA T7erc and the Hotair IncRNA.
Bioinformatics analysis of binding sites was again performed
using sequence motif detection tools, in this case, MEME.
One has to mention that, for this kind of data, it is more
complicated to include structural information, which implies
that sequence-based motif detection tools might currently be
the best choice. The reason is that it is necessary to model the
DNA-RNA interaction for including structural information.
There are, however, two completely different structural
models known for DNA:RNA hybrids. An R-loop is formed
when RNA hybridises with a single-stranded region of the
DNA. A current model is that R-loops may occur in regions of
transcription-induced supercoiling, where it could repress
gene expression (Aguilera and Garcia-Muse 2012; Drolet
2006; Drolet et al. 2003; Huertas and Aguilera 2003; Sun
et al. 2013b). An example is displayed in Fig. 3. While the

SERPINE1
27 1/2 SBS and Alu 2809

204
1/2 SBS and Alu

1/2sbsRNA

Fig.4 Example of post-transcriptional regulation by an IncRNA-mRNA
interaction. STAUFEN 1 binds to double-stranded RNA at so-called
Staufen binding site (SBS). The IncRNA 1/2sbsRNA contains a half
Staufen binding site, which also happens to be an Alu-element. SERPINE

DNA double helix

the case of Coolair, data indicates that the protein AtNDX binds to the
opposite DNA single strand, thus stabilizing the R-loop formation. This
in turn results in a repression of the Coolair IncRNA

prediction of such formations might partially be possible using
specialised mixed DNA-RNA parameters in a standard RNA-
folding approach (Lorenz et al. 2012), this is much harder for
the second known class, namely triple-helix formations. It was
shown that promoter-associated RNAs form a
DNA:DNA:RNA triple-helix at the binding site of DNA
methyltransferase DNMT3Db, suggesting that this mechanism
may be more common in epigenetic regulation (Schmitz et al.
2010). However, there are currently no accepted structural
models for triple helices that could be used to predict such
binding sites. Triplexator (Buske et al. 2012), which is cur-
rently the only computational tool to predict triple-helix for-
mation genome-wide, is henceforth based purely on sequence
information. For that reason, the specificity is probably not
high enough in most application scenarios. However, the
situation might change since there are now two techniques
for analyses available that determine R-loop formation on a
genome-wide level, namely DRIP-seq and DRIVE-seq
(Ginno et al. 2012).

For the last type of interaction, namely RNA-RNA (see
Fig. 4), there have been very successful approaches to
predicting these interactions for small RNAs, i.e. miRNAs in
the eukaryotic system (reviewed in, e.g., Pasquinelli 2012)

Staufen
mediated
decay

Staufen bin(ﬁrqg site (SBS)

1 contains a partially complementary Alu-element, which is also a half
SBS. When these two sites together form a duplex by imperfect base
pairing, they form a full SBS and recruit STAUI. This leads, in an UPF1-
dependent way, to Staufen-mediated decay (Gong and Maquat 2011)
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and small RNAs in bacteria (reviewed in Backofen and Hess
2010). Popular miRNA target prediction tools are PITA
(Kertesz et al. 2007), Pictar (Lall et al. 2006), MiRanda
(Enright et al. 2003) and TargetScan (Friedman et al. 2009).
For bacterial SRNAs, these are IntaRNA (Busch et al. 2008),
TargetRNA (Tjaden et al. 2006), CopraRNA (Wright et al.
2013) and RNApredator (Eggenhofer et al. 2011). Due to the
length of IncRNAs and incomplete structural models, the
specificity of these prediction approaches would be much
too low for the reliable determination of IncRNA targets.
Variants of a recent experimental high-throughput method
termed CLASH-seq (Helwak et al. 2013) might help to iden-
tify RNA targets of IncRNA. The CLASH-seq protocol is a
variant of CLIP-seq that was used to determine miRNA tar-
gets more precisely. Here, after immunoprecipitation of the
cross-linked AGO complex, the miRNA and its targets are
ligated. After sequencing, the ligated interacting hybrids are
directly detected as chimeric sequencing reads. It remains to
be elucidated whether RNA-RNA interaction prediction tools
like IntaRNA and RNApredator can be used to improve the
analysis of CLASH-seq data, similar to the use of TF binding
site prediction tools in the analysis of CHIP-seq data. Here, the
tools were successfully used to pin down the actual binding site
in CHIP-seq data, as described above in section “LncRNA
associations: in situ hybridisation and co-expression analysis”.
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