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Summary

Transcription by RNA polymerase Il (Pol I1) is a tightly controlled process critical to normal
cellular metabolism. Understanding how transcriptional regulation is orchestrated has mainly
involved identifying and characterizing proteins that function as transcription factors. During the
past decade, however, an increasing number of long non-coding RNASs (IncRNASs) have been
identified as transcriptional regulators. This revelation has spurred new discoveries, novel
techniques, and paradigm shifts, which together are redefining our understanding of transcriptional
control and broadening our view of RNA function. Here we summarize recent discoveries
concerning the role of IncRNAs as regulators of mammalian mRNA transcription, with a focus on
key concepts that are guiding current research in the field.
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What was once a category comprised mostly of rRNAs and tRNAs, ncRNAs that function in
gene expression are increasing both in number and in the diversity of biological systems
they control. This deluge of newly discovered functional ncRNAs has been partially driven
by deep-sequencing technologies that enabled the discovery that much of mammalian
genomes are transcribed into a variety of different ncRNAs. The challenge has become
categorizing these ncRNAs, understanding when and where they are transcribed, and
determining if individual ncRNAs have a biological function. Meeting these goals has
spawned new frontiers of discovery in varied fields of biology.

Here we focus on nuclear long ncRNA (IncRNA) regulators of mammalian mMRNA
transcription (long typically refers to >200 nt). This represents a relatively new, but rapidly
growing class of ncRNAs. Although their mechanisms of action are still being characterized,
regulatory themes are beginning to emerge. Below we discuss different mechanisms by
which mammalian IncRNAs control transcription, summarizing representative recent
discoveries. These categories do not encompass all discovered mechanisms by which
IncRNAs control mRNA transcription; however, embody some of the better understood
regulatory themes and current concepts in the field.
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INcRNAs controlling chromatin structure

Perhaps the most frequently observed mechanism by which IncRNAs control transcription is
by mediating changes in chromatin modifications at specific regions of the genome, which
in turn controls the transcriptional state of genes in those regions. The emerging model is
that IncRNAs interact directly with chromatin modifying complexes that either place or
remove modifications on the histone proteins that constitute chromatin (Figure 1A). Most
examples to date are IncRNAs that interact with histone methyltransferase complexes, which
add methyl groups to specific locations on histone tails. Interaction with the InCRNA is
critical for the placement of the methyl marks at specific regions of the genome. Knockdown
of the IncRNA results in loss of the methyl marks. The prevailing model is that the INCRNAs
target the chromatin modifying complexes to specific regions of the genome, although the
mechanism of targeting is not yet understood [1, 2].

Although similar in function, IncRNAs that regulate chromatin do so in a diversity of
biological and disease systems. For example, recent work identified DBE-T, an IncRNA
transcribed specifically in patients with facioscapulohumeral muscular dystrophy (FSHD)
[3]. DBE-T recruits the histone methyltransferase ASH1L to the genomic locus previously
understood to control FSHD. There, ASH1L places activating methyl marks on histones
(e.g. tri-methylation of lysine 4 on histone H3, H3K4me3), leading to expression of genes
that are otherwise silent in healthy individuals.

Other disease states, including cancer, have also been linked to IncRNAs that control
chromatin [4-8]. One example is ANRIL (antisense noncoding RNA in the INK4 locus),
which is transcribed in the antisense orientation from a locus that encodes three tumor
suppressor proteins. ANRIL interacts with two histone methyltransferase complexes, PRC1
and PRC2 (polycomb repressive complexes 1 and 2), to confer repressive marks on
chromatin and silence expression of the tumor suppressor proteins, which favors a state of
proliferation [9, 10].

IncRNAs that control the state of chromatin are not limited to disease systems, but have also
been shown to contribute to normal developmental processes. Indeed, the first discovered
were those involved in controlling allele-specific gene expression. These include Xist, which
silences of one of the X chromosomes in females (reviewed in [11]), as well as Kcnglotl
and Air, which control the allele-specific silencing of sets of genes at specific loci (reviewed
in [12]). Each of these IncRNAs is thought to function by recruiting histone modifying
complexes to a specific allele, or in the case of Xist, an entire chromosome. More recently,
Kncqglotl was also found to regulate DNA methylation during allele-specific silencing by
interacting with the DNA methyl transferase DNMT1 [13].

Other examples of INcRNAs that control the transcriptional state of chromatin include
HOTTIP (HOXA transcript at the distal tip) and HOTAIR (Hox anti-sense intergenic RNA),
which function in the development and establishment of body segmentation by regulating
genes transcribed from Hox loci. HOTTIP binds to the histone methyl transferase WDR5/
MLL to recruit it to the HOXA locus and activate transcription by conferring the H3K4me3
mark [14]. By contrast, HOTAIR represses transcription by interacting with the PRC2
complex and recruiting it the HOXD locus where it places the H3K27me3 mark [15, 16].
HOTAIR has also been shown to represses transcription in metastatic cancers by
reprogramming PRC2 occupancy genome-wide [5, 7]. When HOTAIR was knocked out of
mice, no significant phenotype nor changes in the chromatin state of HOXD locus were
observed, indicating that either mouse and human HOTAIR have different functionalities or
that other mechanisms exist to control this locus in vivo [17].
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Chromatin-regulating IncRNAs are also thought to function in pluripotency and
differentiation. Indeed, dozens of IncRNAs in mouse embryonic stem (ES) cells impact
lineage-specific gene expression and exit from the pluripotent state upon knockdown [18].
Moreover, many associate with chromatin modifying complexes, and knocking down either
the IncRNA or the chromatin modifying complex with which it interacts resulted in
significantly overlapping changes in gene expression [18]. A recent study identified
IncRNAs in human ES cells that interact with subunits of PRC2, in addition to transcription
factors that control either pluripotency (SOX2) or neurogenesis (REST) [19]. Indeed,
knockdown of these IncRNAs impacted either pluripotency or neuronal differentiation. In
other studies, transcription of the Oct4 gene, whose protein product is important for the self-
renewal of ES cells, was controlled by an IncRNA transcribed from an Oct4 pseudogene
locus [20]. The proposed mechanism of regulating Oct4 transcription involves interaction of
the IncRNA with PRC2 and the G9a chromatin modifying complex, as well as other factors.
Ultimately IncRNAs could emerge as widespread epigenetic control factors as more
IncRNAs that interact with histone modifying complexes in a diversity of systems continue
to be discovered.

InNcRNAs controlling transcription factors

Several IncRNAs function as effector molecules that bind to and control the activity of
proteins that themselves are transcription factors (Figure 1B). These IncRNAs are also
referred to as trans-regulators (or regulators that function in trans). Moreover, they have the
capacity to regulate many different genes, and in some cases, entire transcriptional
programs.

Gasb (growth-arrest-specific transcript 5) is an IncRNA that controls the action of the
transcriptional regulatory protein glucocorticoid receptor (GR) [21]. The IncRNA folds into
a structure that mimics the DNA element to which GR typically binds, thereby inhibiting
GR transcription. As another example, PANDA (P21 associated ncRNA DNA damage
activated) is a recently discovered INcRNA whose transcription is induced by p53 in
response to DNA damage [22]. PANDA associates with a transcription factor protein named
NF-YA and inhibits the induction of apoptotic genes upon DNA damage. Interestingly, in
response to DNA damage, p53 activates a second INcRNA named lincRNA-p21, which
binds to hnRNP-K [6]. This interaction is thought to mediate transcriptional inhibition of
many genes in response to DNA damage.

Not all trans-regulatory IncRNAs are inhibitory. SRA (steroid receptor RNA activator) was
first discovered as an INcRNA coactivator because it enhanced transcription by nuclear
hormone receptors [23, 24]. Later it was found to coactivate transcription by MyoD, which
functions in muscle cell differentiation [25]. Through the years other studies have revealed
SRA to be a multifaceted IncRNA that also functions as part of corepressor complexes, as
well as complexes involved in gene insulation [26-28].

Some IncRNA s target general transcription factors that function at most, if not all, genes.
The transcription factor P-TEFb (positive transcription elongation factor b), which regulates
the transition to productive transcript elongation, is negatively controlled by sequestration in
a multi-subunit complex held together by 7SK RNA. The interaction between P-TEFb and
7SK RNA is reversible and controlled by other proteins in the complex, as well as cellular
signals [29, 30]. IncRNAs have also been found to bind to and regulate Pol 1l itself. Mouse
B2 RNA and human Alu RNA bind directly to Pol 1, assemble into complexes at promoters,
and inhibit transcription by blocking contacts between the polymerase and promoter DNA
[31, 32]. The interaction between B2 RNA and Pol Il also causes a conformational change in
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complexes at the promoter that prevents phosphorylation of the C-terminal domain on the
largest subunit of Pol I1, which is a critical signal for events in early transcription [33].

Determining the locations of INcCRNA occupancy on the genome

Seminal to answering the question of how IncRNAs regulate transcription, or any process
that occurs on the genome, is determining where on the genome these molecules localize.
Early methods to localize ncRNAs on specific regions of chromatin included RNA TRAP
(tagging and recovery of associated proteins) and ChOP (chromatin oligo-precipitation).
RNA TRAP tags chromatin-associated InNcRNAs in fixed cells by first annealing modified
oligos antisense to the INCRNA [34, 35]. A horseradish peroxidase-conjugated antibody then
recognizes the modified oligo and catalyzes a localized covalent deposition of a biotin tag
on the surrounding chromatin proteins, which can be visualized by immunofluorescence or
precipitated to allow the DNA to be probed by PCR. The ChOP assay uses biotinylated
oligos antisense to INcRNAs to precipitate the IncRNAs and associated chromatin from
formaldehyde crosslinked cells [31, 36]. PCR is then used to probe for specific locations on
the genome with which the IncRNAs associated.

Two related techniques were recently developed to localize IncRNAs genome-wide. These
techniques, termed ChIRP (chromatin isolation by RNA purification) and CHART (capture
hybridization analysis of RNA targets), also take advantage of biotinylated oligos antisense
to the INcCRNA of interest [37, 38]. In general, the antisense oligos are added to a solution of
fragmented chromatin prepared from crosslinked cells. The network of crosslinks allows the
IncRNA, its bound proteins, and the associated chromatin to be isolated when the oligos are
pulled out of solution using biotin-binding beads (Figure 1C). Deep sequencing of the oligo-
enriched chromatin reveals the regions of the genome with which the target IncRNA was
associated. Although similar in principle, the ChIRP and CHART techniques differ in their
details, such as the crosslinking reagent and the number of antisense oligos used. CHART-
seq data has shown that chromatin eluted with RNase H (specific for the hybrid between the
IncRNA and the antisense DNA oligo used in purification) results in sequencing reads with
higher specificity compared to other elution techniques [37]. These techniques are analogous
to ChlIP-seq, which uses antibodies to enrich for chromatin associated with specific proteins.

CHART-seq was used to identify the locations of the Drosophila roX2 IncRNA, which
controls dosage compensation [37]. ChIRP-seq was used to identify the genomic
localizations of the roX2 IncRNA in Drosophila cells, the telomerase RNA TERC in human
cells, and HOTAIR in human cancer cells ectopically expressing HOTAIR [38]. In both
cases, the locations of specific histone modifications and/or histone modifying complexes
thought to be controlled by the IncRNAs were also probed. These techniques will allow
researchers to determine whether mammalian IncRNAs localize to the same regions of the
genome whose chromatin state the IncRNAs are thought to control. This information would
provide insight into mechanisms by which IncRNAs function as well as allow direct versus
indirect targets of the INcRNAs to be determined.

InNcRNAS as structural scaffolds to bridge protein complexes

It is becoming apparent that some IncRNAs interact with multiple different proteins; in this
way the IncRNAs act as modular scaffolds to bridge protein complexes (Figure 1D). The
idea that IncRNAs could function as flexible scaffolds that tether different proteins was first
proposed from studies of the yeast telomerase RNA, which was found to have three arms
that each binds a distinct protein, all of which are then tethered to the reverse transcriptase
protein bound to the central region of the RNA [39, 40]. Following this theme, the InCRNA
HOTAIR was found to simultaneously interact with two histone modifying protein
complexes [16]. A region in the 5'-end of HOTAIR binds PRC2 and a region near the 3' end
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of HOTAIR binds LSD1. A model arises in which HOTAIR can recruit both protein
complexes to specific chromatin sites resulting in coupled H3K27 methylation (via PRC2)
and H3K4 demethylation (via LSD1). More recently, the InNcRNA Six30S was found to bind
PRC2 and Eya proteins, the latter of which are protein tyrosine phosphatases that function as
transcriptional coregulators [41]. Other examples of IncRNAs proposed to function as
molecular scaffolds are 7SK RNA and SRA RNA. 7SK RNA holds together a group of
proteins that control the availability of active P-TEFb [42], while SRA RNA can bring
together proteins functioning as transcriptional coactivators, RNA helicases, and gene
insulators [43]. It seems likely that many known IncRNAs will be found to act as flexible,
modular protein-interaction scaffolds in the near future.

IncRNASs controlling nuclear organization

The localization of genes to domains or bodies within the nucleus (e.g. nuclear speckles,
paraspeckles, and perinucleolar compartment) has been found to correlate with the
transcriptional activity of the genes [44]. For example, genes that localize to nuclear
speckles are generally active, although the cause of this phenomenon is not fully understood.
Several IncRNAs have been found associated with distinct nuclear bodies and potentially
control the formation of these structures, as well as regulate the transcriptional state of
associated mRNA genes (Figure 1E).

The IncRNA Kcnglotl is involved in silencing genes in the Kengl region of the paternal
genome [12]. Interestingly, when Kcnglotl RNA was expressed from an episome, it
targeted the episome to the perinucleolar compartment [45], which is known to contain
highly compact heterochromatin [44]. A separate study showed that the Kcngl domain of
one of the parental chromosomes is often associated with the nucleolar compartment [36].
These observations indicate that the Kcnglotl RNA both recruits the Kengl domain on the
paternal chromosome to the perinucleolar compartment and also causes silencing of
transcription in the this domain; however, whether there is a causal relationship between
these two phenomena remains unknown.

Two other IncRNAs found associated with nuclear bodies are NEAT1 (nuclear paraspeckle
assembly transcript 1, also known as nuclear enriched abundant transcript 1 and
MENepsilon/beta) and MALAT-1 (metastasis-associated lung adenocarcinoma transcript 1,
also known as NEAT?2) [46]. MALAT-1 was initially identified as being abundant in a
variety of tumors [47, 48], and has been shown to transcriptionally up-regulate genes
involved in cell motility, potentially contributing to metastasis [49]. MALAT-1 was found to
localize to nuclear speckles (also known as interchromatin granule clusters) [46], and more
recently to recruit growth-control genes to nuclear speckles where they become
transcriptionally active [50]. Depletion of MALAT-1 in cells did not lead to loss of the
nuclear speckles themselves, suggesting MALAT-1 is not be required for their maintenance
[51]. Recently, several labs knocked MALAT-1 out in mice and found no obvious
phenotypes, and no effect on the formation of nuclear speckles [52-54]. Knockout did affect
transcription of several genes that neighbor the MALAT-1 gene in the genome, suggesting
that the MALAT-1 IncRNA or transcription of the MALAT-1 gene acts in cis to control
transcription of neighboring genes [54].

Although it is not yet known whether NEAT1 controls transcription, this IncRNA does
control the formation of paraspeckles, a distinct class of nuclear bodies that retain certain
mRNAs in the nucleus [55]. NEAT1 was initially discovered in a search for transcripts that
are abundant in the nuclei of human cells, and localization studies determined that it was
associated with paraspeckles [46]. Paraspeckles disappeared when NEAT1 was knocked
down and the number of paraspeckles increased when NEAT1 was over-expressed, leading
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to the conclusion that NEAT1 plays an essential role as an architectural component of
paraspeckles [56-59]. Moreover, knockdown of NEAT1 resulted in loss of structured and A
to | edited mMRNAs from paraspeckles [57]. Live cell imaging showed that paraspeckle
formation and maintenance required ongoing transcription of NEAT1 [60]. Knockout of the
NEAT1 gene in mice eliminated paraspeckles, however the mice showed no other apparent
phenotypes [61]. Hence, NEAT1 is the first example of an InNcRNA that plays an active role
in establishing a nuclear body; this precedent will likely lead to the discovery of other
ncRNAs that function to control nuclear structure thereby regulating chromatin and
transcription.

Future perspective

If the past several years are any indication, the discovery of new IncRNA regulators of gene
expression will continue to advance at a rapid pace. This is likely to be fueled in part by the
decreasing cost and increasing availability of high-throughput sequencing, which is arguably
the simplest means to identify new transcripts and new IncRNA/protein interactions in a
diversity of biological systems. The major challenge will remain the functional
characterization of these novel INcRNAs and IncRNA/protein complexes. Knock-down
studies have been extremely useful, however, it is difficult to delineate direct and indirect
effects on gene expression due to reducing the level of an IncRNA. Therefore, additional
mechanistic and structural studies will be required, which may well involve the development
of new techniques. In addition, it will be important to better characterize known IncRNA
regulators of transcription in order to understand their mechanisms of action. As one
example, how IncRNA regulators of chromatin control the activity of histone modifying
complexes and recruit them to specific regions of the genome remains a pressing question in
the field. Lastly, the vast majority of functional studies of INCRNA regulators of gene
expression have been performed with cultured cells. A limited number of mouse knock-out
studies suggest that conclusions about the functions of IncRNAs in cultured cells might not
hold true in vivo [17, 52-54]. Future studies are likely to uncover new modes of regulation,
modify existing models, and better develop our current understanding of how IncRNAs
function to control gene expression.
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Executive summary
IncRNAs controlling chromatin structure

» IncRNA:s interact with histone modifying complexes to direct the placement of
histone modifications on specific regions of the genome, which in turn controls
transcription.

»  Chromatin modifying IncRNAs function in a diversity of biological systems,
including disease states and during normal cellular development and
differentiation.

» IncRNAs can direct the placement of both activating marks (e.g. HOTTIP and
DBE-T) and repressive marks (e.g. HOTAIR and ANRIL).

»  The mechanism(s) by which IncRNAs target histone modifying complexes to
specific regions of chromatin remains unknown.

IncRNAs controlling transcription factors

» These IncRNAs regulate transcription at sites removed from their own site of
transcription by binding to and controlling the activity of protein transcriptional
regulators.

» Some IncRNAs bind to gene-specific transcriptional activators in response to a
cellular signal and repress the activator's activity; examples include PANDA and
Gasb.

» Some IncRNAs bind to and regulate proteins that function in the general
transcription reaction; examples include 7SK binding P-TEFb and B2 or Alu
RNA binding Pol II.

Deter mining the locations of INcRNA occupancy on the genome
» New techniques have been developed to localize IncRNAs on the genome.;

« The ChIRP and CHART techniques use antisense oligonucleotides against
IncRNASs to enrich for the chromatin associated with the IncRNAs in
crosslinked cells.

e  Chromatin enriched by ChIRP and CHART can be deep-sequenced to obtain a
global view of where INcRNAs are localized on the genome.

»  These techniques will allow researchers to correlate regions bound by an
IncRNA with regions at which the IncRNA affects chromatin and/or
transcription, thereby shedding light on direct versus indirect targets of the
IncRNA.

IncRNAs as structural scaffoldsto bridge protein complexes

» IncRNAs can act as scaffolds to tether different proteins and protein complexes
together.

»  The functional role of the IncRNA scaffold differs depending on the system. For
example, in the case of HOTAIR the scaffold coordinates histone modifications,
whereas the 7SK RNA scaffold controls the availability and activity of P-TEFb.

IncRNAs controlling nuclear organization

» IncRNAs are implicated in establishing nuclear bodies to which genes with
different transcriptional states localize.
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Figure 1.

IncRNAs that control transcription do so by a variety of mechanisms. (A) IncRNAs (blue)
can bind to histone modifying complexes (green oval) and control the placement of histone
modifications at specific regions of the genome. The histone modifications (triangles) can
have a stimulatory (+) or inhibitory (=) effect on transcription. (B) IncRNAs can bind to and
alter the activity of protein regulators of transcription, represented as an orange oval. They
can be activating (+) or repressive (=). (C) Techniques have been developed to determine
where on the genome an IncRNA localizes. Biotinylated oligos (light blue) that are antisense
to IncRNAs (dark blue) can be used to enrich for IncRNA-associated chromatin that is
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purified from crosslinked (red X's) cells. A histone modifying complex is represented by the
green oval, with histone modifications shown as triangles. (D) IncRNAS can serve as
scaffolds to which multiple chromatin modifying or transcriptional regulatory proteins bind,
indicated by the different colored ovals. (E) The nucleus in mammalian cells is
compartmentalized, which is thought to facilitate transcriptional regulation. INcRNAs can be
key structural components of sub-nuclear structures, including nuclear speckles,
perinucleolar compartments, and paraspeckles.
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