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The regulatory potential of RN A has never ceased to amaze: from RNA catalysis, to RNA-mediated splicing, to RNA-based
silencing of an entire chromosome during dosage compensation. More recently, thousands of long noncoding RNA
(IncRNA) transcripts have been identified, the majority with unknown function. Thus, it is tempting to think that these
IncRNAs represent a cadre of new factors that function through ribonucleic mechanisms. Some evidence points to several
IncRNAs with tantalizing physiological contributions and thought-provoking molecular modalities. However, dissecting the
RNA biology of IncRNAs has been difficult, and distinguishing the independent contributions of functional RNAs from
underlying DNA elements, or the local act of transcription, is challenging. Here, we aim to survey the existing literature
and highlight future approaches that will be needed to link the RNA-based biology and mechanisms of IncRNAs in vitro

and in vivo.

Perhaps one of the biggest surprises of the post-genome era is
the vast amount of transcription emanating from the noncoding
regions of the genome. The human genome sequence has pro-
vided a unique opportunity to systematically survey genomic re-
gions for biological activity. As a logical first proxy for activity,
many groups began by mapping observed transcriptional events
to the genome (Kapranov et al. 2002, 2005; Rinn et al. 2003;
Carninci et al. 2005; Cheng et al. 2005; Maeda et al. 2006; Nord-
strom et al. 2009). These early efforts identified thousands of
long noncoding RNA (IncRNA) transcripts that did not appear
to code for protein coding genes (Okazaki et al. 2002; Carninci
et al. 2005; The ENCODE Project Consortium 2007; Kapranov
et al. 2007; Guttman et al. 2009; Nordstrom et al. 2009; Cabili
et al. 2011).

This approach quickly expanded the catalog of putative geno-
mic regions in which RNA transcription may serve as a proxy for
functional biological activities. Because RNA has a longstanding
history of powerful regulatory responsibilities, with numerous
classic examples of RNA-mediated roles in splicing, translation,
and genomic imprinting, many have speculated that this vast
catalog of transcribed noncoding genes represented a wealth of
novel regulatory RNA elements. Indeed, IncRNAs are still routinely
detected across a variety of cellular- and tissue-specific contexts
with many contributing diverse functional roles (Harrow et al.
2012; Morris and Mattick 2014). However, although it is alluring
to think that the sheer numbers of reproducibly expressed RNA
species must signify an important biological contribution, an
equivalent hypothesis is that these RNA molecules are by-products
or transcriptional noise. In fact, current evidence suggests that
the answer is somewhere in the middle. We define a functional
IncRNA locus as being required for a specific cellular activity, but
importantly, not constrained by any particular mechanism. In
this regard, a functional locus may produce a gene product with
a specific activity or serve to harbor regulatory sequences or prop-
erties that facilitate proper cellular physiology. Several lines of
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evidence support the claim that some IncRNAs are functional
through RNA-mediated mechanisms, yet the extent and number
of important IncRNAs remains highly contested. While this broad-
er question remains unresolved, there is a clear path forward for
identifying physiologically important IncRNA loci and their un-
derlying RNA biology.

Identifying functional IncRNAs has been difficult, as it re-
quires multiple lines of evidence that first identify candidate loci
that contribute to a physiological function and then confirm
that the observed effect is primarily mediated through an RNA-
based mechanism. There is currently no universal experimental
approach to characterizing IncRNA functional contributions,
owing both to the complexities of transcriptional regulation
and the diversity of functions that can be attributed to an RNA
molecule. In the end, a thorough characterization of a functional
IncRNA gene will involve the incorporation of an array of indepen-
dent experiments, each designed to elucidate either the effect of
the gene on cellular physiology or the precise molecular mecha-
nism through which the gene achieves this effect.

An important first step in this process is to determine whether
or not a IncRNA gene has any functional consequences within a
particular cellular context. As a reasonable first approach to this
question, many groups have performed loss- and gain-of-function
studies and, as a result, have identified IncRNAs that reproducibly
perturb in vitro physiology (Bond et al. 2009; Guttman et al. 2011;
Nagano and Fraser 2011; Sun et al. 2013). With functional evi-
dence accumulating, several groups began using mutant mouse
models to test the functional roles of IncRNAs at an organis-
mal scale. Taken together, the aggregate of dozens of studies has
begun to show that several IncRNAs are critical regulators of cell
and developmental biology (Rinn and Chang 2012; Ulitsky and
Bartel 2013).

Yet with thousands more uncharacterized IncRNAs remain-
ing, itis critical to take a step back from a serial model of functional
IncRNA analysis. In contrast, efforts should be directed toward
the identification and dissection of the RNA domains, sequences,
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Linking RNA biology to IncRNAs

structures, and characteristics that may be shared across multiple
IncRNAs or other classes of RNAs more broadly. Here, we synthe-
size current IncRNA literature with a focus on the significance of
their underlying RNA-mediated biological activities. For brevity,

we have selected a small subset of functional IncRNAs (Table 1)
to emphasize specific experimental strategies required to evaluate
RNA, DNA, or transcriptional functionalities, or combinations
thereof. Readers wishing to explore the current breadth of

Table 1. Summary table of IncRNAs highlighted in this review
Transcrip- in in
Gene Functional RNA DNA tion vivo vitro cis trans Activity References
AIRN + + + + + + + - Regulation of IGF2R via Sleutels et al. 2002
imprinting Nagano et al. 2008
Latos et al. 2012
Santoro et al. 2013
BORG ? + ? ? ? ? ? ? Nuclear localization via Zhang et al. 2014
pentamer RNA domain
DALIR + + ? ? ? + + + Proximal regulation of Chalei et al. 2014
transcription and distal
regulation of promoter
methylation at select target
genes
EVF2 + + ? + + + + + Recruitment of regulatory Bond et al. 2009
proteins to intergenic
enhancers (trans) and
antisense competition with
DLX6 (cis)
FENDRR + + + ? + + + ? Interaction with PRC2 complex,  Grote et al. 2013
required for viability Sauvageau et al. 2013
FIRRE + + + ? ? + + + Required for adipogenesis. 3D Sun et al. 2013
organization of specific Hacisuleyman et al. 2014
genomic sites within the Bergmann et al. 2015
nucleus
Group | + + - - + + + - Catalysis of self-excision from Cech 1990
introns primary transcripts
H19 + + - + + + + ? Imprinting of /GF2 locus Schoenfelder et al. 2007
HAUNT + + + + + + + - Opposing activities of RNA and Maamar et al. 2013
DNA on HOXA gene Yin et al. 2015
regulation
HOTAIR + + + ? + + ? - Interaction with epigenetic Rinn et al. 2007
modifying complexes (cancer) Gupta et al. 2010
Yoon et al. 2013
IFNG-AS1 + + ? ? + ? - +  Activates TMEVP3 locus Gomez et al. 2013
LINC00461 - - - ? ? - - - None observed Oliver et al. 2014
MALATI + + - ? + + ? ? Regulates metastasis-associated Gutschner et al. 2011
gene expression
NEAT1 + + + + + + + + Coordinates assembly of nuclear ~ Chen and Carmichael 2009
paraspeckles Sunwoo et al. 2009
Mao et al. 2010
PARTICL + + ? ? + + ? + Scaffold for MAT2A and triplex- O'Leary et al. 2015
mediated silencing of MAT2A
promoter
pRNA + + ? ? ? + + + Triplex-mediated methylation of ~ Schmitz et al. 2010
rDNA promoter via DNMT3B
recruitment
Ribosomal + + ? + + + - + Catalyzation of peptide-bond Brimacombe and Stiege
RNAs formation during protein 1985
synthesis and primary Lazdins et al. 1997
structural component of
ribosome
RNase P M1 + + - - + + - + Catalytic cleavage of RNA Guerrier-Takada et al. 1983
TERC + + - - + + - + RNA template for telomere Zappulla and Cech 2004
replication Mozdy and Cech 2006
XIST + + + - + + + - X Chromosome inactivation Penny et al. 1996

Beletskii et al. 2001
Sarma et al. 2010
Leung and Panning 2014

This limited set of INcRNAs exhibit a functional RNA product with a ribonucleic base-mediated mechanism (RNA), with one exception (LINC00461). For
each gene, we denote whether there is any preliminary evidence for additional functionalities from DNA or transcription at these loci. (+) indicates that
a particular function or activity has been experimentally confirmed; (-) indicates a lack of functional contribution based on existing experimental data;
and fields with (?) have not been evaluated or remain unanswered. It is important to note that these are approximate categorizations for a select set of
examples that serve the general purpose of this review (e.g., DNA is considered positive if a phenotype is observed after gene deletion, cis in some
cases is not necessarily proven as stringently as the same allele) (for more, see Guttman and Rinn 2012). Note the BORG alias AB010885, HAUNT is also
known as HALR1, and EVF2 is also known as DLX6-AS1 in human and DIx6os1 in mouse.
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functional IncRNA genes are directed to http://IncRNAdb.org for
an up-to-date catalog (Amaral et al. 2011).

Transient methods for IncRNA functional
determination

Early studies into IncRNA function primarily used cell-based assays
as a means to dissect the contribution of a IncRNA to a particular
cellular context (Guttman et al. 2011; Nagano and Fraser 2011;
Wapinski and Chang 2011; Flynn et al. 2015). Numerous studies
have found functional IncRNAs across a broad spectrum of cellular
biology (Mattick 2009). Despite the diverse biological contexts,
these studies used a common strategy of using RNAi-mediated
LoF to screen for phenotypes (Fig. 1A). One advantage of such
an approach is the ability to directly test for RNA-mediated func-
tion, as presumably, the RNA itself is targeted for degradation.
Although there are many caveats with this experimental strategy
that require independent confirmation (see below), this has been
a powerful and scalable approach to screen for potentially
functional IncRNAs. It is important to note that RNAi-mediated
targeting is an acute exposure to an LoF context, often only mea-
sured for 72 h. In contrast, genetic approaches, as described in
detail below, allow for longer-term compensatory mechanisms to
arise and potentially recover acute phenotypes.

One of the first large-scale IncRNA screens used lentiviral
shRNA-mediated LoF screening to survey the impact of 147
lincRNAs (Guttman et al. 2011) on the global transcriptional
network of mouse embryonic stem cells. Microarray analysis of
each knockdown indicated that the repression of the majority of
tested IncRNAs resulted in a significant perturbation effect on

the transcriptome. Interestingly, 26 (~15%) of the IncRNA knock-
down assays demonstrated significant reduction in expression of
a panel of pluripotency marker genes, indicative of loss of the plu-
ripotent state. Moreover, almost all of these 26 exhibited cellular
phenotypes, such as morphology differences, indicative of a loss
of pluripotency. Overall, this study demonstrates that IncRNAs
can have a range of no-to-strong phenotypic effects in a given
cellular context, somewhat on par with what would be expected
for protein coding genes. Similarly, a study using RNAi-mediated
LoF function to identify IncRNAs required for adipogenesis found
8/38 (~20%) tested IncRNAs to have a cell based phenotype (Sun
et al. 2013).

Transient exposure to targeting oligonucleotides can also be
used to evaluate particular RNA-based mechanisms for IncRNAs.
For example, Sarma et al. adopted transient exposure of “locked
nucleic acid” (LNA) and Protein Nucleic Acids (PNA) oligomers,
chemically modified to bind but not degrade the RNA transcript
(Beletskii et al. 2001; Sarma et al. 2010). In these studies, LNAs
and PNAs were designed against key regions of the XIST RNA
thought to be responsible for the localization of XIST RNA at
the future inactive X (Xi) Chromosome during dosage compensa-
tion. In this manner, XIST is displaced from Xi without the de-
struction of the RNA itself (Fig. 1B). Both studies found that loss
of localization of otherwise intact XIST RNA resulted in loss of
X-inactivation. Sarma and colleagues also systematically evaluated
which regions of the XIST RNA were required for localization and
the kinetics therein across a variety of regions of the XIST RNA to
determine whether other “domains” also contributed to XIST lo-
calization (Sarma et al. 2010). Together, these and other studies
have demonstrated the power of using transient oligonucleotides
to target or block IncRNA functionality.

New technologies for the transient
manipulation of RNA expression levels

(A Oligo degradation 1 (B Oligo blocking function are also emerging, the most successful
N qu — . B, D of which utilize the CRISPR/Cas9 system.
O ‘ O 4 ,ﬁo ,30 ,§ rt,;f i In one particularly useful iteration, this
.k e system can provide a flexible control

o 5 W q‘fﬂ\m — WU over RNA transcription rates. CRISPR-in-

gﬂ ‘-Pg X * hibition and activation (CRISPRi and

) i CRISPRa, respectively) are two examples

DNA+ RNA- Transcription+  Protein? DNA+ RNA-  Transcription+  Protein no Of Cas9-mediated aCtiVitieS to direcﬂy

Cc Transcriptional inhibition D RNA destabilization modulate gene transcription levels
|~ ~ P (Gilbert et al. 2013, 2014; Qi et al. 2013;

1 ‘: ) [r 9%; B Zalatan et al. 2015). These applications

b UF U GY TineRRA TP U Uincrna R0 involve the coupling of a catalytically
inert Cas9 variant with either a strong

L DNA+ RNA-  Transcription-  Protein? L DNA+ RNA-  Transcription+  Protein? ) transcriptional activator (e.g.’ VP647 a
- — ~ — ~ synthetic concatemer of the Herpes
E e F e Simplex Viral Protein 16, as in CRISPRa)
IncRNA IncRNA (Maeder et al. 2013) or a transcriptional
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Figure 1. Experimental approaches to manipulate the expression, perturb the activity, or evaluate
the functions of long noncoding RNAs. Most commonly used are transient expression of exogenous
oligonucleotides designed to exploit the endogenous RNAi machinery or RNase H activity to degrade
an RNA (A) or occlude putative functional regions (B). Recently, strategies have used the flexible
CRISPR/Cas9 system to positively or negatively affect the transcription of a IncRNA gene (C) or the incor-
poration of an auto-catalytic regulatory RNA element to destabilize the nascent IncRNA transcript (D).
An alternative to manipulating INcRNA expression levels involves the recruitment of the RNA of interest
to a particular genomic locus or reporter gene through fusion of DNA-binding proteins with RNA-bind-
ing elements such as MS2 stem-loops (E) or covalent tethering of a IncRNA transcript to the CRISPR/Cas9

guide RNA (F).

(Fig. 1C).

One major advantage of this ap-
proach is that higher abundance of tar-
gets is not a factor, as all targeted sites
are present at two copies (relative to
thousands of fold differences when tar-
geting a IncRNA versus an mRNA
directly). However, similarly to RNAi ap-
proaches, CRISPR-targeting of genomic
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loci is also prone to off-target effects. Another confounding prop-
erty is that any local transcription may be affected, and therefore
one may not be able to disambiguate the act of transcription
from the function of a mature transcript.

One unique example of a successful alternative approach in-
volved the engineering of a destabilization element at the end of a
IncRNA to permit normal transcription while enabling the degra-
dation of the mature transcript. This approach was applied to
MALATI by adding a sequence into the IncRNA transcript that
would be recognized, cleaved, and thus degraded by RNase P
(Fig. 1D; Gutschner et al. 2011). As these studies indicate, there
is no shortage of effective or creative ways to directly target and
manipulate the expression level of a given IncRNA. Few approach-
es, however, come without significant caveats that can serve to
confound the identification of a functional RNA molecule.

Considerations for oligo-based dissection
of IncRNA function

The aforementioned studies illustrate the utility of transient LoF
approaches to identify and dissect RNA-based mechanisms,
and these experiments were key to identifying functional candi-
dates and/or functional RNA domains. Generally speaking, these
approaches have been hit-or-miss in their efficacy in targeting
IncRNAs. More importantly however, a significant drawback to
these approaches is the large number of off-target effects that
may confound interpretations (Jackson et al. 2003; Adamson
et al. 2012; Sigoillot et al. 2012). It is most important to consider
several universally relevant stoichiometric caveats to any oligo-
based methodology. One of the biggest concerns with any RNAi
or RNase H-mediated depletion of IncRNAs is the significant differ-
ences in abundance that exist between mRNAs and IncRNAs; even
if the most judicious controls are used (Jackson et al. 2003;
Adamson et al. 2012; Sigoillot et al. 2012). For example, the
IncRNA DALIR was recently detected at two molecules per cell
(Chalei et al. 2014), and shRNA-mediated depletion of this RNA
molecule resulted in the significant differential regulation of
more than 200 genes in N2A cells. Given the low abundance of
DALIR transcripts in this context and the excess of targeting
shRNA molecules, the likelihood of off-target affects rises by orders
of magnitude as has been previously suggested (Bassett et al. 2014).

Indeed, if targets are dramatically different in stoichiometric
abundance with potential subcomplementary region, significant
artifacts can arise. This was illustrated using single-molecule RNA
FISH approaches. A single 8-nucleotide match in one of dozens
of probes (25 bp in length) targeting one particular IncRNA also
matched NEATI (at ~1000-fold higher abundance) (Cabili et al.
2015). Strikingly, this resulted in a staining pattern similar to
that of NEAT1. Thus, a single 8-mer off-target match of one oligo
was able to out-compete all the other probe signals. More general-
ly, oligo-based LoF approaches present even greater challenges
in determining “seed”-based off-target effects (Gutschner et al.
2011; Cabili et al. 20135), especially when considering the relatively
low abundance of their presumptive IncRNA targets.

With these caveats in mind, it is still possible that low abun-
dance RNA molecules, such as the RNA component of telomerase
(TERC), which can perform multiple turnover reactions, could
accomplish super-stoichometric functionalities (Zappulla and
Cech 2004; Mozdy and Cech 2006). In these instances, however,
a brute-force LoF approach, such as oligo-based targeting, may
not have the desired sensitivity or specificity to ascribe or dissect
a precision function.

Ectopic RNA localization: a direct test for RNA
function

One way to directly test the role of an RNA is to ectopically localize
the RNA via RNA:Protein cognates—protein domains that recog-
nize DNA and RNA domains that recognize fusions to the protein
(Fig. 1E). An elegant study using a similar conceptual strategy was
applied to the IncRNA NEATI (Mao et al. 2010) that plays an im-
portant functional role in paraspeckle formation (Chen and
Carmichael 2009; Sunwoo et al. 2009). This is a nuclear “compart-
ment” or “domain” associated with RNA editing and other func-
tions. In this landmark study, the authors ectopically expressed
inducible and visible NEAT1 RNA at a specific genomic location
defined by an array of LacO DNA binding motifs. This approach al-
lowed imaging of the DNA locus, paraspeckle protein localization
and RNA accumulation relative to the site of transcription in living
cells. The authors observed that the mature NEAT1 RNA was re-
quired to maintain the paraspeckle but only the act of transcrip-
tion could establish it.

These studies have been informative but are often laborious,
using genetic alterations and in ectopic locations. A recent ad-
vance has made localizing RNA to specific genomic locations
much easier to test the sufficiency of RNA-based mechanisms. A
technology termed CRISPR-Display allows IncRNAs to be covalent-
ly connected to short guide RNA (sgRNA) sequences to enable
Cas9-mediated localization systems (Shechner et al. 2015). In
this manner, a noncoding RNA can be localized to a specific geno-
miclocation, via sgRNA complementarity, to evaluate what, if any,
biological activities might be attributed to the mature RNA itself
(Fig. 1F). As a proof of principle, CRISPR-Display was developed
to localize IncRNAs to reporter genes both endogenously and on
transient reporters. This study demonstrated that when IncRNAs
are directly localized to a particular genomic locus, some have
modest but significant influences on activation and repression of
targeted genes as predicted from previous studies (Shechner et al.
2015).

Although ectopic RNA localization can directly test an RNA's
functional role, independent of the act of transcription, several
caveats should still be considered, such as (1) the local chromatin
environment of the targeted gene locus at which the RNA is pre-
sented (e.g., heterochromatin may prevent access to targeted site
resulting in false negatives); (2) the stoichiometric consideration
of the number of RNA molecules required at a locus to perform
its function; and (3) the position of the presented RNA relative
to the target.

It should be increasingly clear that it is important to consider
multiple approaches to disentangle the precise mechanism of ac-
tion of a putative IncRNA gene. We next explore this issue in
more detail with respect to testing the functionality of a given
IncRNA locus.

Assessing the biology of IncRNAs in vivo

After accumulating evidence for RNA-based mechanisms for
IncRNAs using approaches described above, the next major chal-
lenge is determining the physiological relevance of these genes
in vivo. Historically, this has been achieved through the genera-
tion of mutant animal models and investigation of organismal-
scale phenotypes. Many of the first discovered IncRNAs (e.g.,
H19, XIST, AIRN) were investigated using a battery of genetically
modified gain- and loss-of-function mouse models. Numerous
additional IncRNA loci from more modern catalogs are currently
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being tested for in vivo functional roles as well. These studies have
found that, much like mRNA genes, many IncRNAs appear dispen-
sable, whereas others can have profound contributions to biology
(Nakagawa et al. 2012; Sauvageau et al. 2013; Oliver et al. 2014).
Despite their strength, genetic approaches can also be confound-
ing, even in combination, and care must be taken in the interpre-
tation of both positive and negative results.

In vivo IncRNA loss of function

One reasonable genetic approach to IncRNA characterization is
whole-gene ablation (Fig. 2A). Indeed, this approach has been
adopted to evaluate thousands of mRNAs (Austin et al. 2004;
The International Mouse Knockout Consortium 2007) and in
turn, has been the predominant means by which phenotypes
have been attributed to a given gene. When combined with
the introduction of a reporter gene at the target locus (Fig. 2A;
Valenzuela et al. 2003), this approach serves to control for the
act of transcription at that genomic locus and enables the identifi-
cation of the spatial-temporal expression of the IncRNA locus in
vivo, further reducing the space for phenotypic investigation
(Sauvageau et al. 2013; Lai et al. 2015). Moreover, absence of a
phenotype in whole gene ablation strategies is a strong indicator
that the IncRNA locus is nonfunctional or dispensable (or highly
context specific in function). As an example, for the well-con-
served IncRNA C130071CO3Rik (the mouse ortholog of human
LINC00461), whole-gene ablation was found not to have a func-
tion (Oliver et al. 2014). Yet it is important to consider that the ab-
sence of evidence for an overt phenotype should not necessarily
serve as evidence of absence.

With ablation of any large piece of DNA (e.g., mRNA, IncRNA,
enhancer) it is important to consider the possible overlapping
molecular contribution(s) of DNA, RNA, and transcription on
the observed phenotype (Bassett et al. 2014). Thus, to properly dis-
entangle these attributes requires multiple genetic models to dis-
cern between the individual contributions of each mechanism at
a given IncRNA locus.

Another in vivo LoF strategy involves generating mutants
with transcriptional terminators inserted into IncRNA gene bod-
ies (Sleutels et al. 2002; Bond et al. 2009; Grote et al. 2013).
Here, multiple copies of a polyadenylation signal are intro-
duced at the IncRNA locus toward the 5 end of the gene (Fig.
2B). In this manner, transcription through the gene is halted,
and an abortive, presumably nonfunctional RNA product is pro-
duced. Due consideration must be given to both of these conse-
quences. For example, Grote et al. (2013) used premature polyA
termination to determine that the Foxfla-adjacent IncCRNA Fendrr
is required for viability in mice. The authors further demonstrated
a transgene rescue of the Fendrr RNA, strongly suggesting the RNA
product is the functional element. Interestingly, different ap-
proaches targeting the same IncRNA locus may result in identify-
ing similar phenotypic contributions. By way of example, the
Fendrr locus has been subjected to both polyA termination
(Grote et al. 2013) as well as whole gene ablation (Sauvageau
etal. 2013). In both instances, a similar phenotype of decreased vi-
ability was observed.

This and other studies demonstrate that transcriptional ter-
mination is a viable approach to functional characterization of a
noncoding RNA locus, but cannot be used in isolation to defini-
tively determine the precise mechanisms of action. A positive re-
sult from a transcriptional termination assay may indicate a
functional RNA product. However, an alternative hypothesis could
be that transcription simply must occur at the locus for its activity.
In either case, additional validations are needed to confirm the
mechanism.

The AIRN locus is a primary example of how multiple ap-
proaches were required to determine the functional aspect of the
locus. It has recently been revealed that the imprinting activity reg-
ulated by the IncRNA AIRN is a function of the local act of tran-
scription across the locus and not mediated by the transcript
itself (Latos et al. 2012; Santoro et al. 2013). Prior to this, it was
thought to have an activity that was attributed to a functional
RNA molecule. Sleutels et al. (2002) disrupted transcription
through the AIRN locus and observed a loss of imprinting pheno-

type. Similarly, Nagano et al. (2008) con-
ducted both a genetic ablation and a

e G blati N T e e ~ truncation assay and noted a significant
A FE RN B ranzetiptioniermin=tion reduction in G9A recruitment and also
a loss of imprinting. These observations
i AT ‘(J_:_ iy R . R ’
C‘% TG %’O W7 TR incRNA_ 47 combined with an earlier study demon-

b
e, g R strating that transgene expression of the
A 1 [ ncRNA_| L"?“&' bt L DNA+  RNA-  Transcription-  Protein? r AIRN RNA was insufficient to induce

VIR TR,

Transgene rescue

L&"\f]m;ﬁ&&mﬁ {ChrA

Wi g gions

imprinting (Sleutels and Barlow 2001)
were initially used as evidence of a func-
tional AIRN RNA acting in cis. More re-
cent studies have demonstrated that
antisense transcription of AIRN across
the IGF2R promoter, regardless of the

DNA- RNA-  Transcription+

L

Protein? DNA+ RNA+ Transcription-
s

RNA product, is the specific functional

Protein? activity that results in imprinting of this

S

locus (Latos et al. 2012).

Figure 2. Genetic approaches to evaluate IncRNA functional contributions. (A) Genetic ablation of a
IncRNA gene or a IncRNA promoter is a powerful technique that can be used to confirm any regulatory

activity arising from a particular locus. The optional incorporation of a reporter gene at the deleted locus
can be used to visualize the biological contexts in which the INcRNA gene is expressed and evaluate any
contribution of the local act of transcription to an observed phenotype. (B) An alternative strategy is to
introduce a premature transcriptional terminator sequence, which will prevent transcription of the full-
length IncRNA transcript. With this approach, however, it is not possible to assess the contribution of
the act of transcription. (C) With either approach, the rescue of any observed phenotype by transgene
expression is currently still considered the gold standard to confirm a functional IncRNA molecule; how-

ever, a rescue may not be possible if the RNA works exclusively in cis.

In vivo gain of function: transgene
expression

IncRNA rescue or gain-of-function assay
by transgene expression has in many
ways been considered the “gold stan-
dard” to prove that a IncRNA molecule
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has a direct functional role (Fig. 2C). Examples of IncRNAs with
demonstrated activity in trans include Fendrr (Grote et al. 2013),
Evf2 (Bond et al. 2009), and Tmevpgl (Gomez et al. 2013). In this
last example, transgenic expression of Tmevpgl RNA in both
CD4* and CD8" T-cells was sufficient to confer a protective pheno-
type against Salmonella infection through activation of the
TMEVP3 locus (Gomez et al. 2013). Yet again, there remain
many possible interpretations. A IncRNA gene whose primary
function is exerted locally in cis will not be able to rescue via trans
expression, resulting in a false negative.

Conversely, a positive result in a trans rescue assay may also be
falsely attributed to a functional RNA and rather due to novel small
protein coding genes. Emerging evidence suggests that several
IncRNAs may harbor cryptic micropeptides (Slavoff et al. 2013;
Sun et al. 2013; Bazzini et al. 2014; Anderson et al. 2015). A recent
study identified a conserved 46 amino acid micropeptide my-
oregulin (MLN) that was initially found within an annotated
muscle-specific IncRNA gene and is an important regulator of
Ca®*-mediated contractile machinery in skeletal muscle (Anderson
et al. 2015). As in this particular case, the expression and transla-
tion of a cryptic, functional peptide within a IncRNA gene may
in fact be the functional element resulting in an observed pheno-
type. With this in mind, many IncRNA catalogs have made con-
certed efforts to filter out IncRNAs with small peptides that are
easily detectable by codon substitution frequency analysis (Lin
et al. 2011), and genes potentially harboring such peptides are re-
ferred to as transcripts of unknown coding potential (TUCP)
(Cabili et al. 2011; Guttman and Rinn 2012; Molyneaux et al.
2015).

The preceding examples demonstrate that no one approach
to functionally characterize a IncRNA locus can uniquely satisfy
all possible models. Rather, this effort should involve the coordi-
nated use of multiple approaches to identify the often multiple
overlapping functional modalities of a gene locus. One excellent
example of a detailed, systematic approach is illustrated in a re-
cent study that used multiple genetic models to dissect the
HAUNT IncRNA locus. Intriguingly, they found that DNA, RNA,
and transcription all play an important role in regulating
HOX gene expression (Yin et al. 2015). Deletion of the HAUNT
genomic locus resulted in a significant reduction in the expres-
sion and activation of HOXA genes. In striking contrast, however,
reduction of HAUNT RNA by either RNAi or TSS inclusion resulted
in an increase in HOXA gene expression. Furthermore, overex-
pression of HAUNT RNA in cis, but not in trans, was sufficient to
down-regulate many of the HOXA genes as well. Using this
suite of approaches, the authors are able to conclude that there
are independent, and opposing, functional activities conferred
by both the HAUNT genomic DNA, and the HAUNT RNA.
Intriguingly, another study identified a functional role for the
IncRNA in repression of HOXAI in cis (Maamar et al. 2013).
These studies underscore the potential complexity of any given ge-
nomic locus and highlight the multifaceted approach that should
be used to thoroughly evaluate the functional activity of a IncRNA
genomic locus.

A classic example bringing all these principles and approach-
es together is the XIST locus that controls X Chromosome dosage
compensation. From this locus, a 17 kb transcript is sufficient to
silence the majority of an entire X Chromosome. In many ways,
XIST can be considered a model example of IncRNA biology, and
the dissection of its mechanism of action can serve as a guide for
future IncRNA studies. Principally, ablation of the DNA and pro-
moter of XIST results in loss of X Chromosome inactivation

(Penny et al. 1996), yet these models cannot rule out the contribu-
tion of the local act of transcription. It took additional experi-
ments (Beletskii et al. 2001; Sarma et al. 2010) that blocked the
localization region of XIST RNA (REPC) with a complimentary
modified oligo that maintained transcription, preserved the XIST
genomic DNA, and kept the mature transcript intact, but resulted
in reactivation of the X Chromosome, thus demonstrating a mech-
anism that is dependent on the mature XIST RNA localizing to
the inactive X Chromosome in cis. Thus, both genetic and molec-
ular biology experiments were required to demonstrate, and specif-
ically ascribe, XIST function to the activity of a functional RNA
molecule.

A path forward toward common modalities
of ncRNA biology

RNA has a long history of breaking the rules of biology through
diverse and fascinating molecular modalities (Wapinski and
Chang 2011; Cech and Steitz 2014; Rinn and Guttman 2014).
Yet, RNA does almost always obey one rule, i.e., form ribonucleic
protein complexes to carry out functional roles. Despite this prop-
erty, we know very little about the common RNA sequences, struc-
tures, and domains of IncRNAs that facilitate these associations. In
sharp contrast, primary sequences of many proteins are predictive
of their functionality. For example, if a protein harbors a bHLH
domain (Fig. 3), it is likely to be involved in DNA binding.
Similarly, other protein motifs might suggest functional activities
such as specific catalytic domains. Yet, almost no such common
features have been identified for IncRNAs.

One complication in identifying such domains may be the in-
herent flexibility of RNA and its unique ability (as compared to
DNA) to form complex secondary structures or interact with a
diversity of protein partners. Much of our understanding of motifs
has arisen from analyses of primary sequence, and many of the
tools used to define primary sequence motifs do not translate to
more complex two- and three-dimensional structures. However,
many current efforts are underway to develop techniques to re-
solve RNA 2D structures en masse (Wilkinson et al. 2008; Kertesz
et al. 2010; Mortimer et al. 2012; Siegfried et al. 2014; Spitale
et al. 2014; Wan et al. 2014). Additionally, classic biochemistry
tools, such as RNA footprinting, are being adapted to genome-scale
approaches (Silverman et al. 2014) to identify RNase-protected re-
gions of the transcriptome that may represent sites of RNA:protein
interactions. The data generated by these and other efforts will pro-
vide important insight into potential common structural and
functional motifs for RNA.

Here, we summarize by discussing a few of the types of RNA
domains that have been identified that have similar functions to
proteins. By discussing just a few of these examples, we hope to
highlight a logical framework toward unraveling the molecular
grammar of IncRNAs.

Subcellular localization signals

Both RNA and proteins harbor endogenous sequences and struc-
tures that provide direction to their appropriate subcellular loca-
tion. These localization queues (Fig. 3, first row), such as the
signal peptide or nuclear localization signal for proteins, have re-
cently been described in different noncoding RNA sequences.
The IncRNA, BORG, harbors a pentamer RNA motif that is required
for its proper nuclear retention (Zhang et al. 2014). A similar
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Figure 3.

Functionally equivalent RNA and DNA domains. Despite distinct mechanisms by which they

achieve their equivalence, RNA domains are capable of affecting many biological activities that have tra-
ditionally been ascribed exclusively to proteins. Much work remains, however, in identifying common
RNA primary, secondary, and tertiary structures that comprise orthologous functional domains and

can mediate these and other subcellular activities.

functional motif can be observed within the RRD repeat domain of
the IncRNA, FIRRE (Hacisuleyman et al. 2014), which is also
responsible for the nuclear localization of this IncRNA. In the fu-
ture, it will be important to catalog the RNA localization sequences
and structures within IncRNAs toward understanding shared
modalities.

Molecular scaffold

Both proteins and RNAs exhibit the ability to serve as a scaffold
for larger complexes (Fig. 3, second row). Protein scaffolding com-
plexes such as the A-kinase anchor proteins (AKAP) (Diviani et al.
2011) use a specific EVH1 domain to tether and complex key neu-
ronal proteins (Luo et al. 2012). Similarly, RNA is commonly used
as a platform to scaffold many proteins for a related function. The
ribosome is a dramatic example of RNA scaffolding struc-
tural organization of RNA-protein interactions, as well as catal-
ytic activity to enable translation (Brimacombe and Stiege 1985).
This and many other classic examples demonstrate the power-
ful roles of RNA scaffolds (Zappulla and Cech 2006). More re-
cently, several long noncoding RNAs such as HOTAIR, XIST,
FIRRE, and many others (Chaumeil et al. 2006; Tattermusch and
Brockdorff 2011; Wang and Chang 2011; Yoon et al. 2013;
Hacisuleyman et al. 2014; Quinn et al. 2014; Chu et al. 2015a,b;
McHugh et al. 2015) have also been identified to function as
RNA scaffolds that interface with and influence epigenetic regula-
tory complexes.

Nucleic acid interaction and targeting

Some of the earliest defined protein do-
mains to bind directly to DNA were the
basic helix-loop-helix (bHLH) domain
(Murre et al. 1989) and the leucine
zippers (Fig. 3, third row; Landschulz
et al. 1988). Likewise, RNA possesses
an apt property in that it can readily hy-
bridize to nascent DNA via sequence
complementarity, or DNA:DNA:RNA tri-
plexes, to target specific genomic loci.
Indeed, such examples have been
observed for IncRNAs such as Fendrr
(Grote et al. 2013), PRNA (Schmitz et al.
2010), and the recently described
IncRNA PARTICLE (PARTICL) (O’Leary
et al. 2015). In much the same man-
ner, RNA-RNA interactions can occur
through direct sequence complementari-
ty and regulatory roles (Fig. 3, fourth row;
Kretz et al. 2013; Engreitz et al. 2014;
Tay et al. 2014). To this end, IncRNAs
can also serve as host transcripts for vari-
ous classes of small RNAs, including
microRNAs (da Rocha et al. 2008; Royo
and Cavaillé 2008; Augoff et al. 2012;
Sabin et al. 2013).

RNA catalysis

Perhaps the most exciting yet elusive
property RNA shares with protein is ca-
talysis (Fig. 3, fifth row). Although the
vast majority of catalytic activity appears
to be mediated by proteins, there is in-

creasing evidence for a number of mammalian catalytic RNAs.
Most notably, this list includes the self-cleaving group I introns
(Cech 1990); the RNase P M1 RNA, which catalyzes tRNA biosyn-
thesis (Guerrier-Takada et al. 1983); the ribosome (Brimacombe
and Stiege 1985); and others involved in RNA processing (Teixeira
et al. 2004; Winkler et al. 2004; Strobel and Cochrane 2007).

These examples, and the methods used to discern their func-
tional activities, serve as a conceptual framework for how to iden-
tify functional RNA sequences and domains. We propose that
efforts within the IncRNA community should proceed with similar
strategies (as have been applied extensively for protein-coding
genes and the original noncoding RNAs classes) and in parallel,
adopt and embrace new experimental designs that appropriately
reflect the complexities of RNA biology. An important next step
forward will be identifying the additional RNA-mediated localiza-
tion signals, scaffolding motifs, protein-guidance cues, and cata-
lytic domains that we already know RNA molecules are capable
of harboring. It will take creative, diverse, and collaborative multi-
faceted approaches to determine the RNA-based functional impor-
tance of any single IncRNA. Here, we have summarized emerging
approaches and their considerations toward the goal of unlinking
the underlying ribonucleic logic of IncRNAs.
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