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Abstract

Over the last decade, it has been increasingly demonstrated that the genomes of many species are
pervasively transcribed, resulting in the production of numerous long noncoding RNAs
(IncRNASs). At the same time, it is now appreciated that many types of DNA regulatory elements,
such as enhancers and promoters, regularly initiate bidirectional transcription. Thus, discerning
functional noncoding transcripts from a vast transcriptome is a paramount priority, and challenge,
for the INcRNA field. In this review, we aim to provide a conceptual and experimental framework
for classifying and elucidating IncRNA function. We categorize IncRNA loci into those that
regulate gene expression in cis versusthose that perform functions in trans, and propose an
experimental approach to dissect InNcCRNA activity based on these classifications. These strategies
to further understand IncRNAs promise to reveal new and unanticipated biology, with great
potential to advance our understanding of normal physiology and disease.

Introduction

Much of the non-protein coding portion of the human genome has historically been regarded
as junk DNA. Over the last decade, however, the development of high-throughput
technologies, such as next-generation sequencing, have allowed an in-depth examination of
the noncoding genome with unprecedented resolution and scale. Such studies have
surprisingly revealed that, although less than 2 percent of the human genome encodes
proteins, the majority of all nucleotides are detectably transcribed under some conditions
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(Djebali et al., 2012). Among the various types of non-protein coding transcripts, a class
referred to as long noncoding RNAs (IncRNASs) have attracted increasing attention. INCRNAs
are defined as transcripts of more than 200 nucleotides that are not translated into proteins.
They comprise a heterogeneous class of intergenic transcripts, enhancer RNAs (eRNAs), and
sense or antisense transcripts that overlap other genes (Derrien et al., 2012). IncRNAs have
been proposed to carry out diverse functions including transcriptional regulation in ¢is or
trans, organization of nuclear domains, and regulation of proteins or RNA molecules
(Ulitsky and Bartel, 2013). It has also been demonstrated that some transcripts that are
annotated as IncRNAs actually encode for small proteins (Anderson et al., 2015; Matsumoto
etal., 2017).

There are a broad range of estimates for the number of INcRNA genes in mammals, ranging
from less than 20,000 to over 100,000 in humans (Harrow et al., 2012; Zhao et al., 2016).
Nevertheless, the function and biological relevance of the vast majority of InNCRNAs remain
enigmatic. Given that transcriptional regulatory elements such as enhancers and promoters
are now known to initiate transcription bi-directionally (Core et al., 2008; Li et al., 2016;
Seila et al., 2008), it is likely that many IncRNAs, if not the majority, actually represent
RNAs that initiate at enhancers or promoters, but do not perform sequence-specific
functions. This conclusion is further suggested by the fact that many IncRNAs are localized
to the nucleus with low expression levels and little primary sequence conservation (Derrien
et al., 2012; Djebali et al., 2012). Recent reports of local gene regulation by IncRNA loci
reinforce this notion and suggest that, in many cases, the act of transcription or DNA
elements within the IncRNA locus are more likely to be the source of regulatory activity
than the actual INcCRNA itself (Anderson et al., 2016; Engreitz et al., 2016; Groff et al.,
2016). Given these observations, it is clear that the mere existence or production of an RNA
does not automatically imply its functionality. Indeed, we must assume until proven
otherwise that of the tens of thousands of annotated IncRNAs, those that function
independently of the DNA sequence from which they are transcribed represent a small
minority. Nevertheless, even if a small percentage of IncRNAs are functional, they would
still constitute a major gene class with hundreds or possibly thousands of members.

Here we will review our current understanding of IncRNA function, classifying these
transcripts broadly into those that regulate local chromatin structure and/or gene expression
in c/sversus those that leave the site of transcription and perform cellular functions in trans.
Mechanistic principles will be derived by highlighting select IncRNAs whose functions have
been rigorously evaluated using the most robust available methods. Based on lessons learned
from these examples, we propose an experimental framework for dissecting a IncRNA locus
and elucidating its roles in molecular and cellular biology.

Functions of IncRNA loci in local gene regulation

As an initial framework for understanding IncRNA function, we can broadly classify
IncRNAs into those that act in ¢/s, influencing the expression and/or chromatin state of
nearby genes, and those that execute an array of functions throughout the cell in #rans. For
cis-acting IncRNAs, it is particularly challenging to distinguish functions of the RNA
molecule itself from the DNA from which it is transcribed. One can envision at least three
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potential mechanisms through which a IncRNA locus can locally regulate chromatin or gene
expression (Figure 1): 1) the IncRNA transcript itself regulates the expression of neighboring
genes through its ability to recruit regulatory factors to the locus and/or modulate their
function; I1) the process of transcription and/or splicing of the IncRNA confers a gene-
regulation functionality that is independent of the sequence of the RNA transcript; or 111)
regulation in cis depends solely on DNA elements within the INcRNA promoter or gene
locus and is completely independent of the encoded RNA or its production. These modes of
action are discussed in turn below.

Sequence-dependent IncRNA regulation in cis

Among the most prominent proposed functions for IncRNAs is the establishment of
repressive or activating chromatin c/s (Figure 1A). The most famous and well-established
example of a c/s-acting IncRNA which functions in this manner is the X-inactive specific
transcript Xist. During early embryonic development in female mammals, one of the two X
chromosomes is transcriptionally silenced for dosage compensation. This critical process
depends upon transcription of Xistfrom only one X chromosome, which will later become
the inactive X (Xi). Following its induction, Xist spreads across the entire Xi and initiates a
series of events that result in re-localization of the chromosome to the nuclear periphery,
deposition of repressive chromatin marks, and eventual transcriptional silencing of almost
the entire chromosome. The mechanisms of Xist-mediated X inactivation have been
reviewed extensively elsewhere (Cerase et al., 2015; da Rocha and Heard, 2017) and
therefore are only briefly described here. The ~17 kb Xist transcript consists of six repeat
domains (A-F) that contribute to its silencing activity. While genetic studies have effectively
dissected the sequence-specific requirements of Xist domains for X-inactivation, we now
appreciate that early biochemical studies of the Xist ribonucleoprotein (RNP) complex that
mediates silencing were confounded by the high rate of false positive interactions detected
by in vitro binding studies and standard RNA immunoprecipitation (RIP) assays (Mili and
Steitz, 2004). Fortunately, recently developed approaches that rely upon crosslinking of
RNA-protein interactions followed by purification under denaturing conditions as well as
forward genetic approaches have significantly improved our knowledge of the Xist-protein
interactome and its mechanism of action (Chu et al., 2015; McHugh et al., 2015; Minajigi et
al., 2015; Moindrot et al., 2015; Monfort et al., 2015). While aspects of the Xist-silencing
mechanism are still controversial, such as whether the RNA directly recruits polycomb
repressive complex 2 (PRC2) to establish repressive chromatin across Xi, multiple studies
have documented that SMART/HDAC1-associated repressor protein (SHARP, also known as
SPEN) is directly recruited to Xi through interaction with the Xist A-repeat. This leads to
recruitment of the SHARP/SPEN interacting protein silencing mediator for retinoid and
thyroid hormone receptors (SMRT) and its interactor histone deacetylase 3 (HDAC3),
ultimately leading to X chromosome histone deacetylation, one of the earliest events in X
inactivation. The fact that the X7st IncRNA has now been studied for over 25 years
(Brockdorff et al., 1991; Brown et al., 1991), yet aspects of its molecular function still
remain highly debated, emphasizes the difficulty in clearly establishing the mechanism of
action of this class of cis-acting regulatory RNAs. At the same time, recent advances in our
understanding of this transcript illustrate how classic genetics coupled with state-of-the-art
molecular and biochemical methodologies can be applied to dissect IncRNA function.
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Transcription or splicing-dependent regulation in cis by IncRNA loci

In some cases, production of an RNA from a IncRNA locus is critical for local gene
regulation, yet the activity of the locus is independent of the mature INCRNA transcript or its
sequence. A classic example of this type of regulation occurs at the mammalian imprinted
1gf2rgene. An antisense INCRNA, Airn (antisense 1gfr2 RNA noncoding), overlaps the /gfr2
gene body and promoter and is essential for silencing the paternal allele. Through an
exhaustive series of polyadenylation (polyA) site insertions which truncated the Airn
transcript before or after it spanned the /g72r promoter, Barlow and colleagues definitively
demonstrated that A/rn silencing activity is solely dependent on antisense transcription
through the /gf2r promoter, which likely produces transcriptional interference, and is
independent of the A/rn sequence itself (Latos et al., 2012).

Transcription of IncRNA loci that do not overlap with other transcription units may also alter
RNA polymerase Il occupancy on nearby promoters and gene bodies, as well as influence
local chromatin states and transcription factor binding on promoter and enhancer regions
(Figure 1B). (Anderson et al., 2016; Engreitz et al., 2016). This mechanism is exemplified
by /linc1319or Blustr [bivalent locus (Sfmbt2) is upregulated by splicing and transcribing an
RNA]. Promoter deletion, insertion of polyA signals which prematurely terminate
transcription, or mutation of the first 5" splice site of Blustrresulted in a significant
reduction of expression of the neighboring gene Sfmbt2 (Engreitz et al., 2016). The c/s
activating effect was correlated with the length of transcription, but appeared to be
independent of specific Blustrsequences, as sequential deletions of downstream exons and
introns of the INcRNA had no effect on Sfmbt2 expression. It should be noted, however, that
the first exon of Blustrwas not independently deleted or otherwise mutated in these
experiments, leaving open the formal possibility that this portion of the transcript exhibits
functionality at the RNA level. Impaired transcription or splicing of Blustrchanged the
chromatin state of the Sfmbt2 promoter, reducing histone 3 lysine 4 trimethylation
(H3K4me3) and expanding histone 3 lysine 27 trimethylation (H3K27me3) as well as
decreasing RNA polymerase occupancy at the transcription start site and within the gene
body of Sfmbt2. Thus, transcription and splicing of the B/ustr RNA is necessary to license
expression of the neighboring gene.

Upperhand (Uph) presents another example where transcription, but most likely not the
transcript itself, is responsible for local gene regulation (Anderson et al., 2016). Uph is
transcribed from a bi-directional promoter that also produces Harnd?Z, a transcription factor
that is crucial for heart development. While the Up/h sequence is not well conserved in
different species, production of a transcript from this region, which spans multiple well-
conserved HandZ2 enhancers, is common across mammals. Premature termination of Uph
transcription, through the insertion of a polyA signal early in the transcript, impaired Hand2
expression in c¢is, resulting in embryonic lethality in mice. Insertion of the tdTomato coding
sequence at the same site had no effect on Hand2 expression. Moreover, knockdown of the
mature Uph transcript using antisense oligonucleotides (ASOs) in cell lines did not influence
Hand?2 levels. While this result argues against a function of the mature Up/h transcript, it
remains formally possible that the nascent InNcRNA transcript, which may not be efficiently
targeted by the ASOs, performs an RNA-mediated function necessary for appropriate Hand2
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regulation. This caveat notwithstanding, premature termination of Up/ transcription in mice
diminished the enhancer chromatin signature—histone 3 lysine 4 monomethylation
(H3K4me1l) and histone 3 lysine 27 acetylation (H3K27ac)—within the Uph gene body and
prevented binding of the transcription factor GATA4 to a Hand2 enhancer in this region,
resulting in reduced Hana?2 expression. Notably, the mature Up# transcript was found to
localize predominantly to the cytoplasm. While this finding may suggest additional
functions for Uph, it also serves as a warning that care must be exercised when inferring a
molecular function of a INcRNA based solely on its cellular localization.

The production of RNA from DNA regulatory elements has been proposed to function more
generally in facilitating transcription factor (TF) binding. In light of pervasive bi-directional
transcription of promoters and enhancers, Sigova et al. postulated that simultaneous binding
of TFs to DNA and RNA might reinforce their association with transcribed elements.
Indeed, the ubiquitously-expressed TF Yin-Yang 1 (YY1) was shown to bind both DNA and
RNA at proximal promoters and enhancers (Sigova et al., 2015). Inhibiting transcription
decreased occupancy of YY1, whereas Cas9-mediated tethering of an RNA sequence
derived from a YY1 target gene promoter increased YY1 occupancy. While the generality of
this “transcription factor trapping by RNA” model remains to be documented for TFs other
than YY1, it provides a compelling mechanism to explain how RNA production from a
regulatory DNA element could establish a positive feedback loop that reinforces TF
association. Most likely, the promiscuous affinity of certain TFs for RNA, rather than
sequence-specific RNA-protein interactions, allows them to take advantage of this
mechanism. Notably, promiscuous interactions of the histone methyltransferase PRC2 with
RNA has also been observed, suggesting that association of this complex with target loci
might similarly be influenced by RNA production (Davidovich et al., 2015).

Functional DNA elements within IncRNA loci

The possibility that the c/s-regulatory activity of a IncRNA locus is due to DNA elements
within it that function independently of the production or sequence of the transcribed RNA
must always be considered (Figure 1C). /incRNA-p21 provides an instructive example of
this type of locus in which the regulatory functions can largely be ascribed to conventional
cis-acting DNA elements embedded within the INCRNA gene body. /incRNA-p21is a
nuclear-localized transcript produced from an intergenic locus that neighbors the CDKN1A
gene in human and mouse. An initial study reported that /incRNA-p21 functions as a p53-
dependent #rans-acting IncRNA that, when induced by DNA damage, mediates apoptosis by
contributing to the repression of a gene network regulated by p53 (Huarte et al., 2010).
These findings stimulated numerous additional studies that proposed additional frans-acting
functions of /incRNA-p21. Careful genetic analyses of the /incRNA-p21 locus, however,
later uncovered strong evidence that this INcRNA locus actually functions to regulate
Cdknlain cis (Dimitrova et al., 2014). Downstream effects of /incRNA-p21 loss-of-function
on global gene expression could be attributed to a secondary consequence of reduced levels
of the Caknla-encoded protein p21. This mechanism is further supported by the short half-
life (less than 2 hours) and low copy number (8 copies per cell) of /incRNA-p21 (Dimitrova
et al., 2014), which argues against a role as a frans-acting IncRNA with broad gene
regulatory functions. Most recently, further genetic dissection of /incRNA-p21 provided
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evidence that this locus contains functional cis-regulatory DNA elements that modulate gene
expression of neighboring genes, even in tissues in which /incRNA-p21 is not expressed
(Groff et al., 2016). These findings are in line with another report that classified /incRNA-
p21 as an enhancer RNA that originates from a p53 binding site associated with regulation
of CDKN1A (Allen et al., 2014). Thus, there is emerging consensus that the /incRNA-p21
locus regulates neighboring gene expression in c/s, and, at least in some contexts, DNA
elements within this region appear to perform this function independently of production of
the INCRNA. However, it is important to note that Dimitrova et al. convincingly showed that
knockdown of /incRNA-p21 with ASOs was sufficient to cause downregulation of Cadknla
in cultured murine fibroblasts, suggesting that in some cell contexts, the transcript—or at
least the act of transcription—may be necessary for the regulatory activity of this locus.

The presence of DNA elements that locally regulate gene expression independently of
transcription appears to be a common attribute of IncRNA loci. To assess whether IncRNA
loci frequently regulate nearby genes in ¢is and whether such effects are mediated by DNA
elements or the transcribed INCRNA, a recent study used an elegant genome editing approach
in hybrid mouse ES cells that allowed the monitoring of expression of neighboring genes in
an allele specific manner (Engreitz et al., 2016). Deletion of five out of 12 IncRNA
promoters (and four out of six protein coding promoters) affected gene expression of
neighboring genes on the same allele. By introducing early polyA signals to terminate
transcription, it was further shown that in all but one case, transcription of the IncRNA or
protein coding locus beyond the first 1-3 exons was not necessary for these cis-regulatory
effects. For example, deletion of the promoter of /inc1536, renamed Bendr (Bend4-
regulating effects not dependent on the RNA), significantly decreased the expression and
transcription of the adjacent protein coding gene Bend4 in cis. However, Bend4 expression
was not affected by inserting a polyA signal into the first intron of Bendlr, which fully
abolished downstream transcription of the IncRNA. These findings suggest that the Benadr
locus, and most of the other c/s-acting IncRNA loci studied in this report, regulate local gene
expression through enhancer-like elements, which function independently of the production
of a noncoding transcript. Nevertheless, in order to completely rule out the possibility of
RNA functionality within the earliest exons of these INCRNAs, further experiments in which
the sequences upstream of the polyA site insertions are replaced with unrelated sequences
will be necessary.

Functions of IncRNASs in trans

In addition to those that regulate gene expression and chromatin states in ¢/s, there is an
increasing number of examples of INCRNAs that leave the site of transcription and operate in
trans. These IncRNASs can be categorized into at least three major subgroups (Figure 2): 1)
IncRNAs that regulate chromatin states and gene expression at regions distant from their
transcription site; 1) IncRNAs that influence nuclear structure and organization; and 111)
IncRNAs that interact with and regulate the behavior of proteins and/or other RNA
molecules.
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Gene regulation by IncRNAs in trans

Among the first INcRNAs reported to regulate gene expression in frans was the HOX
antisense intergenic RNA HOTAIR, a ~2.2 kb spliced and polyadenylated mammalian
transcript that is expressed from the HOXC locus. HOX transcription factors produced from
four HOX gene clusters (HOXA, HOXB, HOXC, and HOXD) are deeply conserved
developmental regulators of positional identity and differentiation. While noncoding RNAs
had previously been shown to regulate Hox gene expression in cisin Drosophila (Petruk et
al., 2006), Rinn et al. made the surprising discovery that HOTA/R is required to maintain
repressive chromatin marks at the distant HOXD locus (Rinn et al., 2007). A later study
using chromatin isolation by RNA purification (ChIRP), a technique to map genome-wide
IncRNA-chromatin interactions, detected a HOTA/R binding site within the HOXD cluster
(Chu et al., 2011). Depletion of HOTA/R with siRNAs resulted in transcriptional activation
of HOXD genes with an associated decrease in the repressive chromatin mark H3K27me3
(Rinn et al., 2007). RIP and biotinylated RNA pull-down assays detected interactions
between HOTAIR and components of PRC2, the complex that catalyzes H3K27me3
modification. These findings suggested a model (Figure 2A) in which HOTA/R acts as a
scaffold that coordinates the recruitment of chromatin modifying complexes to the HOXD
locus to establish a repressed chromatin state. Since these early studies, however, our
understanding of the caveats associated with studying RNA-protein interactions have
evolved, raising questions about some aspects of this model. As mentioned earlier in this
review, /n vitrobinding and RIP experiments can yield false-positive interactions and PRC2
in particular is believed to interact non-specifically with RNA (Davidovich et al., 2015; Mili
and Steitz, 2004). Moreover, in a recent study (Portoso et al., 2017), overexpression of
HOTA/R in human breast cancer cells was found to result in the PRC2-independent
repression of a limited number of target genes. Tethering experiments in which HOTAIR
was guided to a luciferase reporter locus confirmed that recruitment of this INcRNA was
sufficient to result in transcriptional repression, but again this effect was independent of
PRC2. These recent findings are notable because the initial work on HOTA/IR (Rinn et al.,
2007; Tsai et al., 2010) and an early mechanistic study of X7st (Zhao et al., 2008) led to the
still widely cited hypothesis that recruitment of chromatin modifying complexes to target
gene loci is a predominant INcRNA function. Nevertheless, it is now clear that many
questions remain regarding the mechanism through which HOTA/R and potentially other
IncRNASs regulate target gene expression. The application of newer methods that can more
reliably detect RNA-protein interactions will likely help resolve these uncertainties (Chu et
al., 2015; McHugh et al., 2015; Minajigi et al., 2015).

Since the discovery of HOTA/R, many additional INcRNAs have been reported to regulate
transcription in trans. We will highlight two further examples here that illustrate the diverse
mechanisms through which this class of IncRNAs can function. The first of these is
lincRNA-EPS (lincRNA erythroid prosurvival, annotated as 77c39a0s1), a 2.5 kb spliced and
polyadenylated IncRNA that was originally discovered due to its induction during mouse
erythropoiesis (Hu et al., 2011). Knockdown of /incRNA-EPS in erythroid progenitors
resulted in apoptosis /n vitro. Importantly, heterologous expression of the INcCRNA at
physiologic levels repressed apoptosis, demonstrating its ability to function in trans. The
anti-apoptotic function of /incRNA-EPS was attributed, at least in part, to its ability to
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suppress expression of the pro-apoptotic gene Pycard, although the molecular mechanism of
Pycard regulation was not determined. In a subsequent study, /incRNA-EPS was found to be
downregulated in macrophages exposed to inflammatory stimuli such as LPS. Genetic
deletion of the entire 4 kb IncRNA locus in mice resulted in the upregulation of many
immune response genes (IRGs) in macrophages and conferred hypersensitivity to endotoxic
shock induced by LPS administration (Atianand et al., 2016). Two lines of evidence strongly
pointed to a trans-acting function of this InNcRNA underlying these effects. First, deletion of
lincRNA-EPS did not affect the expression of neighboring genes, arguing against c/s-
regulatory activity. Second, retroviral expression of /incRNA-EPS at physiologic levels in
knockout macrophages reversed the induction of IRGs that occurs upon loss of the InNCRNA.
Mechanistically, /incRNA-EPS appears to interact directly with the promoters of the genes it
represses (Figure 2A), as detected by RNA antisense purification (RAP), a stringent method
that captures RNA-chromatin interactions (Engreitz et al., 2013). Recruitment of hnRNP L
to these promoters through a direct interaction with /incRNA-EPS was proposed to play an
important role in subsequent transcriptional repression. It is notable that /incRNA-EPS is
expressed at only ~11 copies per cell in macrophages, suggesting that it has the capacity to
interact with only a limited number of direct target genes which may indirectly be
responsible for broader changes in IRG expression. Furthermore, how the specificity of
lincRNA-EPS-target promoter interactions is determined remains unknown. A final note
about /incRNA-EPS is that while a transcript is produced from the syntenic position in the
human genome, it exhibits limited to no sequence similarity to the mouse IncRNA. This
raises the question of whether /incRNA-EPS acquired gene-regulatory activity specifically
within the rodent lineage and whether a yet-to-be identified INCRNA performs similar
functions in human cells.

The regulation of gene expression in #rans by INcCRNAs is not limited to RNA polymerase |1
(pol I1)-transcribed target genes. The recent discovery of SLERT (snoRNA-ended IncRNA
enhances pre-ribosomal RNA transcription) demonstrates that IncRNAs can also influence
transcription by RNA polymerase | (pol I) (Xing et al., 2017) (Figure 2A). SLERT
represents a structurally distinct class of INcRNAs that are processed from introns of pol Il
transcripts and are stabilized by the presence of snoRNA precursor sequences at the INCRNA
5 and 3" ends. In the case of SLERT, the mature INcRNA is a 694 nucleotide (nt) RNA
flanked by two box H/ACA snoRNAs that is processed from the human 7BRG4 gene.
Careful CRISPR knockout experiments that preserved expression of the 7BRG4 host
transcript as well as rescue experiments using heterologous expression plasmids established
that SLERT enhances transcription of pre-rRNA by pol | in frans. Accordingly SLERT is
highly enriched within nucleoli, the site of pre-rRNA transcription. Proteomics experiments
revealed interaction between SLERT and DDX21, a protein that binds to pol I subunits and
represses pol | transcription. Remarkably, super-resolution microscopy revealed that DDX21
forms ring-like structures around pol I within nucleoli, which presumably function to limit
pre-rRNA production. SLERT localizes to these DDX21 rings and antagonizes DDX21-pol |
interactions, a mechanism that plausibly explains the stimulatory effect of SLERT on pol |
transcription.

Cell. Author manuscript; available in PMC 2019 January 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kopp and Mendell Page 9

Organization of nuclear architecture by IncRNAs

Some IncRNASs appear to influence nuclear architecture to orchestrate transcription, RNA
processing, and other steps in gene expression, and to impart spatial regulation upon these
processes. This role for INcCRNAs was first suggested by studies of the metastasis-associated
lung adenocarcinoma transcript 1 (MALAT1, also called NEATZ), a ~8 kb highly abundant
IncRNA that is conserved across vertebrates and localizes to nuclear speckles (Hutchinson et
al., 2007; Ji et al., 2003; Pauli et al., 2012; Ulitsky et al., 2011). Nuclear speckles are
dynamic compartments that contain many components of the splicing machinery such as
spliceosomal subunits, small nuclear ribonucleoproteins (SNnRNPs), and serine/arginine-rich
(SR) proteins (Spector and Lamond, 2011). MALAT1 is recruited to speckles through direct
interactions with multiple splicing-associated proteins, although it is not necessary for
speckle formation per se (Bernard et al., 2010; Miyagawa et al., 2012; Tripathi et al., 2010).
In addition, capture hybridization analysis of RNA targets (CHART) (West et al., 2014) and
RNA antisense purification for mapping RNA-chromatin interactions (RAP-DNA) and
RNA-RNA interactions (RAP-RNA) (Engreitz et al., 2014) demonstrated that MALATI
associates with actively transcribed gene bodies, most likely via interactions with proteins
that indirectly guide the INcRNA to nascent pre-mRNAs. It has therefore been suggested that
MALATI acts as a linker or scaffold that facilitates the positioning of nuclear speckles at
active gene loci (Figure 2B). While it is possible that this serves to enhance delivery of the
splicing machinery to nascent transcripts, this has not been demonstrated for endogenous
genes and MalatI-deficient mice do not exhibit measureable splicing abnormalities. Thus,
the precise molecular function of MALATI remains unclear.

Malat1 is not essential for mouse development or viability (Eissmann et al., 2012; Nakagawa
etal., 2012; Zhang et al., 2012), although Malat1'~ mice display delayed neonatal retinal
vascularization due to reduced proliferation of endothelial cells (Michalik et al., 2014).
Additionally, high expression of MALATI has been associated with poor prognosis and
metastasis in lung cancer and other tumor types (Gutschner et al., 2013a; Ji et al., 2003).
Knockout studies in human cell lines and mice have corroborated the pro-metastatic activity
of Malat1 in vivo (Arun et al., 2016; Gutschner et al., 2013b). Furthermore, therapeutic
administration of ASOs targeting Malat1 in a mouse breast cancer model resulted in slower
growing, more differentiated tumors and a significant reduction in metastases without overt
toxic effects (Arun et al., 2016). It is presently unclear whether these anti-cancer effects can
be attributed to disruption of the aforementioned role of MALATI within nuclear speckles
or whether other additional, currently unrecognized, MALAT functions are responsible.
Further interrogation of this question is warranted since a better understanding of the
molecular basis for MALATI oncogenic activity may reveal new approaches for targeted
anti-metastatic therapeutics.

The nuclear enriched abundant transcript 1 (MEATZ, also known as MEN e/p) is another
well-characterized example of a IncRNA that organizes nuclear structure. NEATZis a
conserved single exon transcript that, in human cells, is alternatively processed to produce
3.7 kb (NEAT1_I) and 22.7 kb isoforms (MVEAT1_2) (Hutchinson et al., 2007). Interestingly,
NEATI1and MALATI are expressed from adjacent gene loci, yet they localize to distinct
subnuclear bodies. While MALAT1 is enriched in nuclear speckles, NEAT1 is localized to
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paraspeckles, which are dynamic nuclear compartments that contain proteins involved in
transcription and RNA processing (Fox and Lamond, 2010). NVEAT interacts with several
paraspeckle proteins including p54"™/NONO, PSPC1/PSP1, and PSF/SFPQ, and is essential
for the formation and maintenance of these nuclear domains (Clemson et al., 2009; Mao et
al., 2011; Sasaki et al., 2009; Sunwoo et al., 2009; West et al., 2014). The recent finding that
NEAT1, like MALATI, associates with actively transcribed gene loci (West et al., 2014)
suggests that both of these IncRNAs may similarly function to localize their respective
subnuclear bodies in proximity to nascent transcripts (Figure 2B).

Like Malat1, Neatl is dispensable for overtly normal development in mice (Nakagawa et al.,
2011). In fact, Meat? and paraspeckles are only detectable in a subpopulation of cells in
mouse tissues at baseline. Two such tissues are the corpus luteum, which forms in the ovary
after ovulation and produces progesterone, and the developing mammary gland.
Accordingly, these tissues are defective in MVeatZ™~ mice, resulting in reduced fecundity and
impaired lactation (Nakagawa et al., 2014; Standaert et al., 2014). A role for NEAT1 in the
p53 tumor suppressor pathway has also been uncovered as NVEAT is a direct target of p53
and is induced under a variety of stresses including DNA damage and oncogene-induced
replication stress (Adriaens et al., 2016; Blume et al., 2015; Botcheva et al., 2011; Mello et
al., 2017). Neatl-deficient mouse fibroblasts are prone to transformation and loss of Neatl
enhances the formation of pancreatic cancer precursor lesions in Kras mutant mice (Mello et
al., 2017). On the other hand, NVeatI™~ mice are resistant to chemically-induced skin cancer
(Adriaens et al., 2016). As is the case with Malat1, it is currently unclear how Neat!
specifically, and paraspeckles more generally, function to regulate tissue development and
tumorigenesis in these contexts.

Firre (functional intergenic repeating RNA element) represents a distinct class of INCRNAs
that contribute to nuclear organization. First identified in a screen for mouse IncRNAs that
regulate adipogenesis (Sun et al., 2013), Firre was subsequently found to be a nuclear
localized, conserved IncRNA containing many repeats of a 156 nt sequence that binds to
hnRNP U (Hacisuleyman et al., 2014). While Firreis transcribed from the X-chromosome, it
escapes X-inactivation and remains associated with its site of transcription in human and
mouse cells. Intriguingly, genome-wide mapping of Firre-chromatin interactions in mouse
embryonic stem (MES) cells using RAP (Engreitz et al., 2013) revealed that, in addition to
its transcription site, Firre could be detected at five additional unlinked autosomal loci
(Figure 2B). Trans-chromosomal interactions between the Firre locus on X with these sites
was confirmed using fluorescent in situ hybridization (FISH). Deletion of Firre or
knockdown of hnRNP U abolished these interchromosomal contacts, suggesting that the
Firre RNA functions as hub to co-localize distant genomic regions at the site of Firre
transcription. While deletion of this IncRNA did not affect expression of genes at these
trans-chromosomal contact sites in mES cells, it remains possible that this remarkable RNA-
directed organization provides a regulatory function in other settings. More generally, these
findings highlight a broader role for IncRNAs as organizers of chromatin localization within
the nucleus. Indeed, another prominent example of this mechanism is provided by Xi7st,
which directly interacts with the lamin B receptor (LBR), a transmembrane constituent of
the inner nuclear membrane, to tether the inactive X chromosome to a silencing domain at
the nuclear periphery (Chen et al., 2016).
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Regulation of interacting proteins and RNAs by IncRNAs

Trans-acting IncRNAs may also function by modulating the activity or abundance of
proteins or RNAs to which they directly bind. A key feature of these InNcCRNAs is that they
often require stoichiometric interaction with their target molecules in order to exert
measureable regulatory effects. Therefore, when studying this class of transcripts, it is
essential to carefully quantify the cellular copy number of the INCRNA and its target(s) to
establish the plausibility of this mechanism. While in principle these regulatory interactions
can take place in either the nucleus or cytoplasm, we focus on cytoplasmic cases here to
complement the many examples of nuclear IncRNAs highlighted above.

The IncRNA NORAD (noncoding RNA activated by DNA damage), functions as a
molecular decoy for the RNA binding proteins PUMILIO1 (PUM1) and PUMILIO2
(PUM2) (Lee et al., 2016; Tichon et al., 2016) (Figure 2C). PUMILIO proteins belong to a
deeply conserved family of RNA binding proteins that specifically bind to the sequence
UGUANAUA, termed the PUMILIO response element (PRE), which is generally found in
the 3" UTR of selected mRNAs. Binding of PUM1/PUM2 triggers accelerated mRNA
decay and translational inhibition of these MRNA targets (Miller and Olivas, 2011; Wickens
et al., 2002). NORAD is an abundant 5.3 kb unspliced polyadenylated transcript that
localizes predominantly to the cytoplasm. The sequence of NORAD contains five repeated
units of ~500 nt each, termed NORAD domains (Lee et al., 2016), and can be further
divided into 12 shorter repeating sequences (Tichon et al., 2016). Enriched in these repeats
are 15 perfect PREs, far more than expected by chance in a transcript of this length.
Quantitative analysis of the number of NORAD and PUMILIO molecules per cell revealed
that this INcCRNA provides sufficient PREs to occupy the complete cellular pool of PUM1
and PUM2. Moreover, photoactivatable ribonucleoside-enhanced crosslinking and
immunoprecipitation (PAR-CLIP) experiments demonstrated that NORAD is the preferred
RNA binding partner of PUM2 in human cells (Hafner et al., 2010; Lee et al., 2016). These
observations suggested that NORAD functions as a negative regulator of PUM1/PUM2,
limiting the availability of these proteins to interact with mMRNA targets. Indeed, inactivation
of NORAD through insertion of a polyA signal at its 5° end (Lee et al., 2016) or siRNA-
mediated knockdown (Tichon et al., 2016), resulted in PUMILIO hyperactivity as indicated
by the broad downregulation of PUMILIO target transcripts. PUMILIO targets are highly
enriched for regulators of mitosis and their repression results in chromosomal instability and
aneuploidy in NORAD knockout cells (Lee et al., 2016). Further study of the NORAD-
PUMILIO RNP will be important to illuminate how this IncRNA is able to successfully
compete against the complete transcriptome-wide pool of PUMILIO targets to potently
inhibit these RNA binding proteins.

While PUMILIO proteins are broadly conserved across vertebrates and invertebrates,
NORAD orthologs appear to be limited to mammalian species, raising the question of why
mammals use this mechanism to regulate PUMILIO activity. Interestingly, either
overexpression or deletion of PUMI/PUMZ2in mammalian cell lines resulted in aneuploidy,
indicating that PUMILIO activity must be maintained within a narrow range to avoid
deleterious consequences. This concept is further supported by the finding that Pum1
haploinsufficiency in mice causes neurodegeneration (Gennarino et al., 2015). Thus, it is

Cell. Author manuscript; available in PMC 2019 January 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kopp and Mendell

Page 12

likely that one important function of NORAD is to act as a buffer that tightly regulates the
pool of free PUM1/PUM?2 that is available to interact with target transcripts. In addition,
NORAD expression is upregulated in response to diverse cellular stresses including DNA
damage (Lee et al., 2016) and hypoxia (Michalik et al., 2014), pointing to a role for this
IncRNA in the dynamic regulation of PUMILIO activity under some conditions. Further
investigation of the regulation of the NORAD-PUMILIO axis and its physiologic role /n
vivo remain important areas for future research.

In addition to RNA binding proteins, IncRNAs also have the ability to regulate the
abundance or activity of other RNAs to which they bind through base-pairing interactions.
Prominent among this class are noncoding RNAs that regulate microRNA (miRNA) activity,
a category of transcripts termed competing endogenous RNAs (ceRNASs). ceRNAs have
been suggested to broadly titrate miRNA availability (Tay et al., 2014), although this
proposal has remained controversial because the ceRNA:miRNA stoichiometry may not be
adequate to support this mechanism in the majority of cases (Bosson et al., 2014; Denzler et
al., 2014). Nevertheless, studies of the natural antisense transcript of cerebellar
degeneration-related protein 1 (CDR1as, also called c/RS-7) clearly show that exceptional
cases of miRNA regulation by noncoding RNAs do exist. CDRIas is one of many recently
described circular RNAs (circRNAS), a class of transcripts that form from back-splicing of a
5" splice site to an upstream 3" splice site (circRNA biogenesis and function have been
reviewed extensively elsewhere) (Chen, 2016). CDR1as, an abundant cytoplasmic circRNA,
is broadly conserved in mammals and highly expressed in the brain. A major clue for
understanding the function of CDR1as came from its highly unique sequence, containing
over 70 conserved seed matches for miR-7 and one nearly perfectly complementary binding
site for miR-671 (Figure 2C) (Hansen et al., 2013; Hansen et al., 2011; Memczak et al.,
2013). CLIP experiments in human cells as well as human and mouse brains documented
extensive binding of miR-7:Argonaute (AGO) complexes to CDR1as (Hansen et al., 2013;
Memczak et al., 2013; Piwecka et al., 2017). Due to its circular structure, CDR1aslacks a 5’
cap and polyA tail, rendering it resistant to miRNA-induced deadenylation and decay. Thus,
CDR1as has the capacity to bind and sequester free miR-7, resulting in de-repression of
miR-7 targets when the circRNA is heterologously expressed in human cell lines /in7 vitro and
in zebrafish embryos /n vivo (Hansen et al., 2013; Memczak et al., 2013). On the other hand,
the circRNA can be readily sliced by miR-671 (Hansen et al., 2011), a mechanism that was
proposed to release miR-7 from inhibition by this transcript. Despite the ability of CDR1as
to inhibit miR-7 in experimental models, however, recent results obtained from the study of
Cdrlasknockout mice revealed a more complex relationship between this circRNA and
miR-7 activity /n vivo (Piwecka et al., 2017). Surprisingly, deletion of Carlasresulted in a
significant reduction of miR-7 levels and a consequent upregulation of many miR-7 target
genes in the brain, causing defects in synaptic neurotransmission and phenotypes associated
with neuropsychiatric disorders. Thus, Cdriasappears to function as a positive regulator of
miR-7 in vivo. Single molecule FISH in cultured neurons revealed localization of Cdrlasto
both soma and neuronal processes, suggesting that the circRNA may transport miR-7 to
designated subcellular locations such as synapses where it may be released by cleavage of
Cdrlasby miR-671. In this model, binding and transport of miR-7 by Cdrlasis essential for
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stable expression of the miRNA. Further study will be necessary to substantiate this model
and elucidate precisely how Carlas orchestrates miRNA activity in the mammalian brain.

Experimental dissection of IncCRNA loci

The classification of InNcCRNAs into those that regulate gene expression in ¢is versus those
that act in frans not only provides a conceptual framework for understanding InNCRNA
function, but also suggests a logical experimental approach to interrogate INCRNA activity,
which we propose below (Figure 3).

Identification and initial characterization of IncRNA loci

The selection of a INcRNA for in-depth study often follows from the association of a given
IncRNA locus with a specific developmental, physiologic, or pathophysiologic state. For
example, many IncRNAs exhibit dynamic expression during development or cellular
differentiation (Hu et al., 2012; Sauvageau et al., 2013). Numerous INncRNASs that are subject
to copy number alteration or altered expression in diseases such as cancer have been
reported (Yan et al., 2015), as have IncRNAs whose expression is differentially regulated
under diverse stress conditions or after activation of signaling pathways (Atianand et al.,
2016; Lee et al., 2016; Michalik et al., 2014).

Forward genetic screens using multiple CRISPR technologies have recently emerged as a
complementary approach to identify IncRNA loci that influence phenotypes of interest,
including cell proliferation and drug resistance (Joung et al., 2017; Liu et al., 2017; Zhu et
al., 2016). Importantly, targeting Cas9 to IncRNA loci with individual single guide RNAs
(sgRNAs) is unlikely to reliably cause loss of function since the small insertions-deletions
(indels) induced by this strategy will often fail to result in functional inactivation of the
IncRNA. To more consistently achieve InNcRNA loss of function, libraries of paired sgRNAs
that generate larger deletions at IncRNA loci have been employed (Zhu et al., 2016).
Alternatively, fusion of Cas9 to domains that inhibit transcription (CRISPR interference or
CRISPRI) or to domains that activate transcription (CRISPR activation or CRISPRa) have
enabled genome-wide IncRNA loss- and gain-of-function screens, respectively (Joung et al.,
2017; Liu et al., 2017). When interpreting the results of screens such as these, it is important
to recognize that each of these technologies can equivalently inactivate or hyperactivate bona
fide IncRNA-producing genes as well as DNA regulatory elements such as enhancers (Fulco
etal., 2016; Klann et al., 2017). Thus, the candidates that emerge from these systematic
approaches must be studied in detail to establish whether they are, in fact, functional RNAs
and, if so, their mechanisms of action.

Once a IncRNA locus of interest has been identified, a thorough structural characterization
of the transcript in the cell type or tissue of interest should be carried out. These studies
could include rapid amplification of cDNA ends (RACE) or related methods to define the
transcript 5° and 3" ends, coupled with reverse-transcriptase (RT)-PCR to document
splicing patterns. Alternatively, analysis of publicly-available high-throughput sequencing
datasets produced from consortia such as ENCODE (https://www.encodeproject.org) and
FANTOM (http://fantom.gsc.riken.jp), if available for the relevant cell type or tissue, may be
sufficient to structurally characterize IncRNAs of interest. These data include cap analysis of
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gene expression (CAGE), RNA-seq, and polyA site sequencing (PAS-seq), which can define
transcript 5° ends, splicing patterns, and 3" ends, respectively. If possible, northern blotting
provides a reliable method to confirm expression of transcript(s) of the expected size. These
types of experiments are advisable since available annotations, often derived from automated
analysis of high-throughput datasets, may be inaccurate or incomplete, especially if the
transcript was identified initially in a distinct cell type. The cellular copy number of a
IncRNA transcript should also be determined as this information will ultimately be
important when formulating plausible hypotheses regarding the INcRNA mechanism of
action. Since an increasing number of annotated InNcRNAs have been demonstrated to encode
small peptides (Anderson et al., 2015; Matsumoto et al., 2017), it is critical to rule out the
protein-coding potential of any putative noncoding transcript. Analysis of the evolutionary
pattern of codon substitution in a sequence of interest using algorithms such as PhyloCSF
(Lin et al., 2011) provides one powerful predictor of the likelihood that it encodes a protein.
This approach takes advantage of the fact that coding transcripts will be enriched for
phylogenetic sequence variation that introduces synonymous codon substitutions or
conservative amino acid changes, and will be relatively depleted of substitutions that create
translation termination codons. The similarity of /n sifico translated sequence to known
protein family (Pfam) domains (Finn et al., 2016) also increases the likelihood that it
encodes a protein. Finally, direct observation of ribosome footprints over a putative open
reading frame using ribosome profiling can often discriminate protein-coding transcripts
from noncoding RNAs (Guttman et al., 2013; Ingolia et al., 2014).

Functional interrogation of cis-acting IncRNA loci

Once a putative INCRNA of interest is identified, the first step towards understanding its
function is determining whether it acts locally to regulate gene expression in ¢is or whether
it leaves the site of transcription and performs a function in frans. This discrimination can
best be achieved by performing loss- and gain-of-function experiments. To assess the
consequences of IncRNA loss of function, straightforward genome-editing approaches such
as CRISPR/Cas9-mediated deletion of the INcRNA promoter or the entire IncRNA locus can
initially be employed. For large multi-exonic INcCRNA genes, it is preferable to delete the
promoter region rather than the entire locus to reduce the chance of removing regulatory
DNA elements embedded in the IncRNA gene body. Once clean loss-of-function is
achieved, transcription and steady-state expression of nearby genes should be determined
using sequencing based technologies such as RNA-seq and global run-on sequencing (GRO-
seq) (Core et al., 2008) and/or quantitative RT-PCR (QRT-PCR). Altered expression of
nearby genes following inactivation of the InNcRNA strongly points to a c/s-acting function.
The inability of heterologous expression of the INCRNA to rescue altered gene expression in
IncRNA knockout cells further establishes that the locus under study functions to regulate
local gene expression in ¢/s.

As described above, InNcRNA loci that regulate local gene expression may do so via DNA
regulatory elements embedded within the IncRNA promoter or gene body that may or may
not require transcription for their function. In other cases, the transcribed RNA itself may be
the functional entity (Figure 1). To begin to distinguish between these possibilities, insertion
of a polyA signal near the 5° end of the INcRNA locus will often be informative. This
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manipulation will prematurely terminate transcription while keeping all DNA elements in
the promoter and gene body otherwise intact. Thus, if the expression of nearby genes is
affected by this manipulation, transcription of the IncRNA locus is necessary for its activity,
arguing against a role for traditional DNA regulatory elements as the sole functional entity.
One caveat of this approach is that insertion of a long polyA site-containing sequence can
increase the distance between DNA regulatory elements, thereby potentially altering their
activity. Insertion of a control sequence at the same site, such as a mutated polyA site, can
mitigate this concern. In cases where a polyA site insertion abolishes the regulatory activity
of the IncRNA locus, the act of transcription or splicing of an RNA produced from the locus
may be the key event or the RNA itself may perform a regulatory function in a sequence-
specific manner. The systematic introduction of targeted mutations that disrupt splice sites
and sequentially delete or replace sequences of the IncRNA (such as exons) will usually
allow further discrimination between these potential mechanisms. For example, a IncRNA
that functions in a sequence-specific manner will be sensitive to removal of exons whereas
loci in which transcription and splicing are the essential events will often tolerate sequence
substitutions, but will be inactivated by polyA site insertions and splice-site mutations. As an
important aside, ASO- or siRNA-mediated knockdown is frequently used to assess whether
a IncRNA locus produces a functional RNA. While these methods can clearly reduce the
expression of mature INcCRNA transcripts, it is currently unknown to what extent these
reagents promote cleavage of nascent RNAs. This is a critical issue since nascent transcript
cleavage by the polyadenylation machinery or through other mechanisms is a natural trigger
for transcription termination (Ghazal et al., 2009; Kim et al., 2004; Wagschal et al., 2012;
West et al., 2004). Upon cleavage of nascent transcripts, the newly formed free 5 end
becomes a substrate for 5’-to-3" degradation by the exoribonuclease XRN2 whose activity
induces disassembly of elongating Pol Il complexes. Therefore, if ASOs or sSiRNAS can act
upon nascent RNAs, they too may trigger transcription termination through this mechanism.
In light of this caveat, ASO- or siRNA-mediated knockdown cannot, based on our present
understanding, discriminate whether transcription or production of a functional RNA are the
key activities of a IncRNA locus.

For cases where the IncRNA locus produces a functional RNA, the identification of
interacting proteins and nucleic acids is an important next step. Methods that employ
crosslinking and recover interactions under stringent or even denaturing conditions are
highly preferred over methods that rely on native RIP or /n vitro pull-down assays. As
reviewed extensively elsewhere (McHugh et al., 2014), recently developed methodologies
have greatly improved the specificity of de novo identification of the interaction partners of
endogenous RNAs, including proteins, chromatin, and other RNAs (Chu et al., 2011; Chu et
al., 2015; Engreitz et al., 2013; Engreitz et al., 2014; McHugh et al., 2015; Minajigi et al.,
2015). Since cis-acting IncRNAs are often expressed at low levels, however, it may be
difficult to apply these methods initially. If needed, candidate protein interaction partners of
IncRNAs may be identified by /in vitro pull-down of RNA in cellular extracts. In these cases,
it is crucial to carefully validate any putative interactions among the endogenous molecules
using crosslinking-based methods such as CLIP (Hafner et al., 2010; Konig et al., 2010;
Licatalosi et al., 2008; Van Nostrand et al., 2016). The identification of protein or nucleic
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acid binding partners or sites of chromatin localization will often allow formulation of
plausible hypotheses to test in further mechanistic studies of the cis-acting INCRNA.

Investigation of trans-acting IncRNAs

In cases where IncRNA loss of function does not affect local gene expression, a function in
trans becomes more likely. Functions in trans can be unambiguously confirmed by rescue
experiments in which IncRNA expression is ectopically restored in knockout cells, resulting
in the reversal of the phenotypes observed upon IncRNA loss of function. As described
above, InNcRNAs that act in frans may perform diverse functions (Figure 2). An initial
analysis of the subcellular localization of the IncRNA using cell fractionation and
fluorescent in situ hybridization will often be informative. The identification of proteins or
nucleic acids that interact with the RNA and/or its localization to specific regions of
chromatin are an integral part of the functional interrogation of a frans-acting IncRNA and,
as discussed above, should incorporate robust crosslinking-based methodologies that reduce
false-positive interactions. Finally, it is particularly important when studying this class of
IncRNASs to carefully quantify their expression levels and ensure that any proposed
mechanistic models incorporate this information. If a IncRNA is believed to regulate a large
number of target genes or sequester an abundant protein, plausible stoichiometry must exist
between regulator and target.

Concluding remarks

Over the last decade, the study of InNcRNASs has stimulated vigorous debate over the question
of whether noncoding RNAS represent “transcriptional noise” or truly functional
biomolecules. Clearly, there is no unifying answer — meaningful understanding of IncRNA
function (or lack thereof) can only be achieved from detailed study on a case-by-case basis.
Importantly, our evolving understanding of the prevalence of genomic elements that produce
noncoding transcripts, such as enhancers, has mandated that we approach the experimental
evaluation of a IncRNA locus with an agnostic view regarding whether the produced RNA is
functional. As Occam’s razor dictates, the simplest hypothesis, in this case that the
production of a IncRNA most likely marks the presence of a regulatory DNA element, is
often the correct one. To substantiate a more complex model, sequential experimentation is
needed to establish that transcription is necessary for activity, then that the transcript itself
performs a function, followed finally by the possibility that the INCRNA leaves the site of
transcription and performs a function elsewhere in the cell. Fortunately, technical advances
in genome editing and biochemical analyses of RNP composition have significantly
advanced our ability to definitively characterize IncRNA function and elucidate molecular
mechanisms of action. The examples highlighted here show that the application of these
rigorous approaches can convincingly identify functional INcRNAs and reveal their
molecular activities. We are optimistic, therefore, that the continued study of the noncoding
transcriptome holds outstanding promise to reveal new and unanticipated biology, with great
potential to impact our understanding of normal physiology and disease.
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IncRNA-mediated gene regulation in cis
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Figure 1. Functions of IncRNA loci in local gene regulation

The ability of a IncRNA locus to regulate the expression of nearby genes in c/is may be

attributable to sequence-specific functions of the mature IncRNA transcript (A), may require
transcription or splicing of an RNA, but the IncRNA itself is not functional (B), or may be

due to DNA elements within the IncCRNA promoter or gene body that function independently
of the transcribed RNA (C). Pol 1l, RNA polymerase Il; TF, transcription factor.
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Figure 2. Functions of IncRNAs in trans
(A) IncRNAs may regulate the expression of unlinked genes by interacting with promoters

and enhancers, or other proteins bound to these sites, and influencing chromatin states and
RNA polymerase activity. (B) Some IncRNAs are components of dynamic subcellular
structures, such as MALATI in nuclear speckles and NEATZ in paraspeckles, and may help
to position these structures near actively transcribed genes to facilitate delivery of splicing
and transcription factors. INCRNA F/RRE organizes interchromosomal interactions within
the nucleus. C) Transacting InNcRNAs may regulate the activity of interacting proteins and
RNAS in a stoichiometric manner. For example, NORAD binds many molecules of
PUMILIO (PUM) proteins, limiting the availability of these post-transcriptional regulators
to interact with other targets. CDRZas binds and stabilizes AGO:miR-7 complexes, whereas
AGO:miR-671 cleaves the IncRNA. Pol I, RNA polymerase I; X chr, X chromosome.
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Figure 3. Experimental dissection of INCRNA loci

A proposed experimental approach for classifying InNcRNAs into those that function in cis or
trans, followed by investigation of the underlying mechanisms of action.
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