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Abstract
Non-coding RNAs (ncRNAs) are now recognized as active participants in controlling many
biological processes. Indeed, these products of transcription can even control the process of
transcription itself. In the past several years, ncRNAs have been found to regulate transcription of
single genes, as well as entire transcriptional programs, affecting the expression of hundreds to
thousands of genes in response to developmental or environmental signals. Compared to more
classical protein regulators, the list of ncRNAs that regulate mRNA transcription in mammalian
cells is still quite small; however, the rate at which new ncRNA transcriptional regulators are
being discovered is rapid, suggesting that models for how gene expression is controlled will
continue to be redefined as this field develops.

ncRNAs are key regulators of mammalian transcription
The paradigmatic view that the regulation of transcription is mediated solely by protein
factors has changed. Indeed, this shift in established thought is occurring throughout biology
as ncRNAs are increasingly demonstrated to be active participants in regulating fundamental
processes in cells. Moreover, the advent of high-throughput sequencing technologies has
revealed that the majority of DNA contained in mammalian genomes is transcribed [1–3].
This finding begs the question of whether all of these cellular transcripts have functions, or
are simply the byproducts of transcriptional noise. Although issues such as these remain
topics for debate, it is evident that the number of ncRNAs found to have biological function
is rapidly increasing and that these functional ncRNAs act in a diversity of capacities, many
of which directly control gene expression.

In this review, we discuss recent research on the functions of mammalian ncRNAs that
regulate the first step of gene expression: transcription of protein-encoding genes by RNA
polymerase II (Pol II). We limit our discussion primarily to ncRNAs that are ~200 nt in
length or greater, and refer to these molecules as lncRNAs (long non-coding RNAs). The
lncRNA transcriptional regulators can be loosely categorized into two groups: those that
mediate changes in chromatin and those that modulate the activity of transcription factors,
although the distinction between these categories is not black and white. The examples
discussed below are not all-inclusive, but are meant to highlight emerging themes as the
field of lncRNA transcriptional regulators continues to expand. In the interest of space, we

© 2011 Elsevier Ltd. All rights reserved.
Address correspondence to: J.A.G.: Phone, 303-492-3273; FAX, 303-492-5894; james.goodrich@colorado.edu, J.F.K.: Phone,
303-492-3596; FAX, 303-492-5894; jennifer.kugel@colorado.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Trends Biochem Sci. Author manuscript; available in PMC 2013 April 1.

Published in final edited form as:
Trends Biochem Sci. 2012 April ; 37(4): 144–151. doi:10.1016/j.tibs.2011.12.003.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



do not discuss the examples of Xist (X-inactive specific transcript) and the lncRNAs that
mediate genomic imprinting; they have been covered in recent reviews [4–6].

ncRNAs that control transcription by mediating changes in chromatin
structure

The structure of chromatin (the assembly of DNA and histone proteins that constitute
eukaryotic genomes) regulates the accessibility of DNA to Pol II and transcription factors,
and therefore is integral to transcriptional control. Chromatin structure can be altered by
specific post-translational modifications, such as methylation and acetylation, that are added
to or removed from the histone proteins. For example, tri-methylation of histone H3 lysine 4
(H3K4me3) at promoters of genes and H3K36me3 in the transcribed regions are linked to
gene activation, whereas H3K9me3, H3K27me3, and H4K20me3 are linked to repression
[7].

Although enzymatic complexes responsible for placing the methyl marks on histones are
largely defined, in many cases the mechanisms by which these complexes target specific
regions of the genome, and the mechanisms by which domains of specifically modified
chromatin are established, are not well understood. A growing body of literature suggests
that ncRNAs are integral participants in these processes. For example, a functional genomics
approach has revealed thousands of intergenic regions with chromatin signatures indicative
of active transcription; their transcripts are referred to as lincRNAs (long intergenic non-
coding RNAs) [8]. Strikingly, approximately a third of lincRNAs tested in human cells
associate with chromatin modifying complexes [9], and many lincRNAs expressed in mouse
ES cells control both pluripotency and differentiation, most likely by associating with
chromatin modifying complexes [10]. In addition, many intronic and intergenic ncRNAs
have been found by subjecting chromatin from human fibroblasts to RNA-seq [11], also
suggesting that lncRNAs might be integral participants in controlling chromatin structure.

The examples below describe lncRNAs that regulate chromatin structure. A challenge in this
emerging area is to determine mechanistically how these lncRNAs mediate the interplay
between the enzymatic complexes that modify histones and the genome itself (Box 1
describes proposed models). ncRNA-mediated regulation of chromatin is not unique to Pol
II genes; Box 2 describes an example for genes transcribed by RNA polymerase I in which
the ncRNA recruits a chromatin modifying factor to specific loci by forming RNA/DNA
triplexes (Box 2).

HOTAIR
One of the earliest discovered and best characterized examples of an ncRNA that mediates
changes in chromatin structure and gene expression is HOTAIR (Hox anti-sense intergenic
RNA), a ~2.2 kb non-coding transcript made from the HOXC locus on chromosome 12
(Figure 1a). Hox loci contain groups of genes that together control the development of body
segmentation in animals. HOTAIR was initially shown to act in trans (see Glossary) to
silence transcription across the HOXD locus on chromosome 2 in human cells [12].
Knockdown of HOTAIR caused increased transcription, decreased H3K27me3, and
decreased occupancy of the Polycomb group protein complex 2 (PRC2) at the HOXD locus.
Moreover, HOTAIR co-immunoprecipitated with one of the subunits (SUZ12) of PRC2.
These results led to a model in which HOTAIR is transcribed from the HOXC locus and
recruits PRC2 to the HOXD locus via an unknown mechanism, leading to localized
methylation of histone H3 (H3K27me3) and transcriptional silencing [12]. Knocking out
HOTAIR in mice, however, resulted in no appreciable changes in expression or H3K27me3
occupancy patterns at the HOXD locus, suggesting either that mouse HOTAIR does not
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function similarly to human HOTAIR (the mouse and human HOTAIR sequences and
proposed structures are poorly conserved) or that redundant mechanisms exist for
controlling the epigenetic state and transcriptional activity of the HOXD locus in vivo [13].
Future mouse knockout experiments focusing on other lncRNAs will be important to test the
in vivo significance of this new class of regulatory molecules (see Box 4).

Recently, it was proposed that HOTAIR serves as an RNA scaffold, with the ability to
simultaneously bind multiple different histone modifying enzymes [14]. In addition to
binding PRC2, HOTAIR was found to co-immunoprecipitate with LSD1, a demethylase that
removes methyl groups from H3K4me2. LSD1 is part of the CoREST/REST repressor
complex, which binds to regions flanking the HOXD locus, suggesting that HOTAIR might
coordinate the targeting of both PRC2 and LSD1 to the same genomic region(s). In support
of this, PRC2 was found to bind a 5' region of HOTAIR, whereas LSD1 bound a 3' region,
and the two protein complexes co-immunoprecipitated from cells in a HOTAIR-dependent
manner. Genome-wide experiments showed that knockdown of HOTAIR resulted in a
coordinate loss of PRC2 and LSD1 at hundreds of genes, which also showed a
corresponding increase in expression [14]. Because many lncRNAs are several kb in length
and co-immunoprecipitate with chromatin modifying complexes [9], serving as scaffolds or
platforms to coordinate the actions of multiple chromatin modifying complexes may prove
to be a widely used mechanism of lncRNA function.

HOTAIR also functions to reprogram chromatin states during metastasis. A recent study
showed that HOTAIR is systematically upregulated in breast carcinomas and its expression
correlates with metastasis; moreover, overexpression of HOTAIR induced cellular
invasiveness [15]. High HOTAIR expression also correlates with poor prognosis and
metastasis in colorectal cancers [16]. To investigate the hypothesis that elevated HOTAIR
levels could reprogram PRC2 occupancy in cancer, HOTAIR was overexpressed in breast
cells and PRC2 occupancy was monitored by ChIP-chip [15]. Indeed, PRC2 occupied over
800 additional genes upon HOTAIR overexpression, and the pattern of occupancy changed
from that typical of breast epithelial cells to a pattern that resembled that of embryonic
fibroblast cells. Moreover, the genes that acquired PRC2 upon HOTAIR overexpression
showed increased H3K27me3, decreased transcript levels, and are known to be
downregulated in aggressive breast tumors.

ANRIL
ANRIL mediates changes in chromatin modifications that control gene expression across a
locus critical to the progression of cancer, underscoring the impact of lncRNAs on cancer.
The INK4b/ARF/INK4a locus in human cells encodes three important tumor suppressors
that are deleted or silenced in a range of cancers [17]. Expression of these genes is
controlled in part by PRC1, PRC2, and histone methylation [18]. An lncRNA called ANRIL
(antisense noncoding RNA in the INK4 locus), which is transcribed antisense to the protein
encoding genes in this locus, is upregulated in some cancer tissues [19]. ANRIL is a key
player in controlling the epigenetic state of the INK4b/ARF/INK4a locus through
interactions with subunits of PRC1 and PRC2 (Figure 1b). ANRIL was found associated
with chromatin purified with an antibody against the CBX7 subunit of PRC1 [19], and
ANRIL co-immunoprecipitated with SUZ12, a subunit of PRC2 [20]. Expression of
antisense transcripts to ANRIL caused H3K27me3 and the occupancy of PRC1 and PRC2 to
decrease, and levels of protein-encoding transcripts to increase at the INK4b/ARF/INK4a
locus [19]. Expression of oncogenic Ras repressed expression of ANRIL and stimulated
expression of tumor suppressor genes in the INK4b/ARF/INK4a locus [20].

The interplay between PRC1-RNA interactions and PRC1-histone interactions has been
studied using pieces of ANRIL, the CBX7 subunit of PRC1, and methylated H4K27
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peptides [19]. CBX7 uses distinct regions and residues to bind to either RNA or methylated
H3K27. Although binding RNA or methylated peptide is not mutually exclusive, a slight
negative cooperativity exists, therefore, the relative concentrations of the respective ligands
at the locus likely dictates the preferred binding partner of CBX7. The expression of CBX7
variants containing point mutations that disrupt either binding to RNA or binding to
methylated H3K27me result in repression of the protein-encoding genes in the INK4b/ARF/
INK4a locus and impaired control of cellular senescence, with the mutation affecting
binding to H3K27me having a more dramatic effect [19]. These studies serve as a model for
the types of experiments that are needed to provide a deeper understanding of the
mechanisms used by lncRNAs to regulate chromatin.

HOTTIP
In contrast with the previously described lncRNAs, HOTTIP (HOXA transcript at the distal
tip) mediates transcriptional activation by controlling chromatin structure (Figure 1c).
HOTTIP is a ~3.7 kb ncRNA transcribed from one end of the HOXA locus in mammalian
cells [21]. Knockdown of HOTTIP decreased expression of genes within the HOXA locus
with a potency that correlated with proximity to the HOTTIP gene, indicating that HOTTIP
contributes to activating transcription of some, but not all, HOXA genes. At the affected
genes, knockdown of HOTTIP led to a loss of the activating histone marks H3K4me3 and
H3K4me2, as well as decreased occupancy of proteins contributing to establishing these
marks: MLL1 (mixed lineage leukemia 1) and WDR5 (WD-repeat containing protein 5).
Moreover, HOTTIP binds directly to WDR5 in vitro, and co-immunoprecipitates with
WDR5 from cells. Chromosome conformation capture carbon copy assays detected
abundant long range looping interactions localized to the active end of the HOXA locus
from which HOTTIP is transcribed [21]. These data together support the model that
intrachromosomal interactions bring transcribed HOTTIP in proximity to a cluster of genes
in the HOXA locus where it recruits WDR5-MLL complexes, resulting in a region of
H3K4me3 and transcriptional activation. The control of both higher order chromosome
structure and lncRNA-mediated recruitment of histone modifiers provides a powerful means
for localized activation of gene expression; is it possible that a similar mechanism might
exist for other lncRNAs that control transcription in cis (Box 3).

ncRNAs that directly control the assembly or activity of transcription factor
complexes

Multiple ncRNAs have been shown to control gene expression by regulating the activity of
transcriptional activators, coregulators, and the general transcription machinery. These
ncRNAs are diverse in their mechanisms of action and protein targets. The examples
discussed below highlight the ability of ncRNAs to function as scaffolds for the docking of
numerous proteins, to mimic functional DNA elements, and to directly regulate Pol II itself.
It is possible these examples are representative of what will prove to be wide-spread
mechanisms of transcriptional control as more regulatory lncRNAs are discovered.

Gas5 RNA
Gas5 (growth arrest-specific 5) is a ~600 nt ncRNA that is transcribed by Pol II,
accumulates in growth-arrested cells, and sensitizes the cells to apoptosis by inhibiting
glucocorticoid-mediated transcription of anti-apoptotic genes [22,23]. Glucocorticoids are
steroid ligands that bind to and activate the glucocorticoid receptor (GR). GR is a
transcription factor, that when bound by ligand, acts as a transcriptional activator that binds
glucocorticoid response elements (GREs) in the promoters of target genes. The Gas5
ncRNA functions as a repressor of GR-mediated transcription by binding directly to the
DNA binding domain of the ligand-activated GR [23]. Doing so blocks GR from associating
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with GREs (Figure 2a). Gas5 ncRNA folds into a structure that mimics a GRE; mutating this
"decoy GRE" within Gas5 prevents it from competing with GREs for binding GR [23].

Mimicking DNA and blocking DNA binding represents a straightforward means by which
an ncRNA can control the activity of a transcriptional activator. Indeed, RNA aptamers that
have been selected to bind to transcription factors with high affinity typically bind to the
proteins in the same region that DNA does, thereby blocking the DNA binding activity of
the transcription factor [24–27]. This observation, together with the discovery and
characterization of Gas5 ncRNA, raises the intriguing question of whether other cellular
"decoy RNAs" might exist to specifically control the activity of DNA-binding transcription
factors in response to a diversity of stimuli.

B2 and Alu RNAs
The most direct means to control transcription of mRNA genes is to target Pol II itself,
which is the case for B2 and Alu RNAs that are transcribed from SINEs (short interspersed
elements). SINEs are repeat elements that are widespread in mammalian genomes and have
historically been considered as evolutionary junk left behind by retrotransposition [28].
However, RNA polymerase III (Pol III) transcribes some SINEs to produce ncRNAs of
discrete length, such as mouse B2 RNA (180 nt) and human Alu RNA (280 nt) [29].
Interestingly, Pol III-transcribed B2 and Alu RNAs function as trans-regulators of Pol II
transcription in response to heat shock [30,31]. These ncRNAs are upregulated in response
to a variety of cell stresses and developmental signals [29]. After heat shock, B2 and Alu
RNAs bind directly to Pol II and transiently repress general transcription [30–32]. The
ncRNAs have been localized at the promoters of repressed genes along with Pol II, where
they block productive transcription. In vitro, Pol II bound by the inhibitory ncRNAs is
recruited to complexes on promoter DNA but it cannot properly engage the DNA, resulting
in transcriptional inhibition [31,33] (Figure 2b).

In addition, B2 RNA represses the phosphorylation of serine 5 residues in the heptapeptide
repeats found in the C-terminal domain (CTD) of the large subunit of Pol II [34]. Ser5
residues are phosphorylated by the kinase activity of TFIIH, a general transcription factor
that is recruited to promoters with Pol II. The level of Ser5 phosphorylation on Pol II at
repressed genes sharply decreased after heat shock, despite the continued presence of the
TFIIH kinase. B2 RNA inhibits CTD phosphorylation by TFIIH, but only in the context of
repressed complexes on promoter DNA, thereby invoking an allosteric model for repression.
B2 and Alu RNA have the potential to control entire programs of gene expression, although
how they do so with gene specificity remains unknown.

7SK RNA
7SK RNA is one of the best characterized ncRNA regulators of transcription, and serves as a
paradigm for how the interplay between an ncRNA and the proteins with which it interacts
provides multifaceted transcriptional control. 7SK RNA is an abundant Pol III transcript,
~340 nt in length, that serves as an RNA scaffold to regulate the activity and availability of
the transcription factor P-TEFb (Figure 2c). P-TEFb is a cyclin-dependent kinase that
phosphorylates serine 2 residues in the CTD of Pol II as well as the transcription elongation
factors DSIF and NELF; these phosphorylations are crucial for the post-initiation regulation
of transcription [35]. 7SK RNA forms the core of a small nuclear ribonucleoprotein
(snRNP) complex that minimally contains P-TEFb, and the proteins HEXIM1/2 and
LARP7, which control the activity of P-TEFb and stabilize 7SK RNA (as reviewed in [36]).
In addition, mePCE, a methylphosphate capping enzyme that places a unique 5' cap on 7SK,
serves a capping-independent function within the 7SK snRNP to facilitate the interaction
between 7SK RNA and LARP7 [37].
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The P-TEFb kinase is inactive when present in the 7SK snRNP complex and becomes active
when it dissociates from the complex [38,39]. Thus, 7SK RNA controls the equilibrium
between active and inactive P-TEFb, which is crucial for transcriptional regulation. Once P-
TEFb dissociates and becomes active, then 7SK RNA is bound by a subset of heterogeneous
nuclear ribonucleoproteins (hnRNPs) [40,41]. The release of P-TEFb from the 7SK snRNP
can be triggered by several events, such as UV treatment and exposure to synthetic
inhibitors of transcription, as well as by more physiological regulators such as kinase/
phosphatase signaling pathways [38,39,42]. In addition, the transcriptional coactivator p300
can acetylate the cyclin T1 subunit of P-TEFb, thereby negatively regulating its association
with 7SK RNA and HEXIM1 [43].

P-TEFb is a crucial elongation factor in regulating transcription of HIV genes, and the 7SK
snRNP plays a unique role in this process. The HIV Tat protein interacts with 7SK RNA,
and in doing so, remodels the 7SK snRNP to form a new inhibitory complex that is devoid
of HEXIM1 and resistant to dissociation of PTEF-b in response to stress[44]. A new
mechanistic model for transcriptional regulation of HIV genes has been proposed in which
P-TEFb is first recruited to the HIV-1 promoter in an active state as part of the 7SK snRNP
[45]. When transcription initiates and the 5' end of the primary transcript folds to form the
so-called TAR element, Tat binds TAR and displaces the 7SK snRNP, thereby activating P-
TEFb. Indeed, HEXIM1, LARP7 and Tat were found localized to the HIV-1 promoter in an
RNA-dependent manner. Because P-TEFb acts globally to control transcription, it will be
interesting to determine whether the 7SK snRNP is widely recruited to cellular promoters.

lincRNA-p21
A ~3 kb lncRNA, lincRNA-p21, which is transcriptionally activated by p53, mediates p53-
dependent transcriptional repression in response to DNA damage [46] (Figure 2d). When
lincRNA-p21 was knocked down, hundreds of genes were derepressed, the majority of
which were also derepressed in response to p53 knockdown, indicating that lincRNA-p21
plays a functional role in mediating a p53-dependent program of transcriptional repression.
The association of lincRNA-p21 with a particular hnRNP, hnRNP-K, has been revealed by
mass spectrometry of proteins associated with in vitro transcribed lincRNA-p21 and by co-
immunoprecipitation. It has been shown that lincRNA-p21 and hnRNP-K mediate
repression of a common set of p53-responsive genes, hnRNP-K localizes to a significant
fraction of these genes, and knockdown of lincRNA-p21 results in the loss of hnRNP-K
occupancy at many of the genes [46]. These data support a model in which p53 directly
activates transcription of lincRNA-p21, which in turn mediates, through its interaction with
hnRNP-K, transcriptional repression of genes that are downregulated during the p53
response. It remains possible that lincRNA-p21 regulates gene expression through a post-
transcriptional mechanism. Investigating changes in Pol II occupancy in the transcribed
regions of genes that are derepressed in response to lincRNA-p21 knockdown would
provide more direct test of the role of lincRNA-p21 in controlling transcription.

SRA
One of the first ncRNAs shown to control transcription, SRA regulates a repertoire of
cellular pathways by serving as a platform on which many different proteins can interact.
The gene encoding Steroid Receptor RNA Activator (SRA) is particularly interesting
because its products include both coding and noncoding transcripts. The protein expressed
from the SRA gene, named SRAP, functions as a transcriptional co-regulator [47,48]. SRA, a
noncoding transcript, arises from alternative splicing of the SRA gene in a manner that
disrupts the SRAP reading frame. Like the SRAP protein, the SRA ncRNA functions as a
transcriptional co-regulator, working both in activation and repression, depending on its
protein partners and the biological system (as reviewed in [49]). SRA co-
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immunoprecipitates with SRAP in mouse and human muscle samples, suggesting a complex
regulatory interplay between these two products of a single gene [50].

First identified as an RNA coactivator for nuclear hormone receptors [51], SRA interacts
with multiple proteins, including nuclear receptor coregulatory proteins, transcription
factors, RNA helicases, and proteins that function in gene insulation (Figure 2e) [49].
Approximately 10 proteins bind directly to SRA, whereas other proteins associate with SRA
as part of large macromolecular complexes. Thus, SRA likely functions as a scaffold to
bring together multiple factors to regulate transcription. Additional complexity arises from
the fact that SRA is post-transcriptionally modified by two pseudouridine synthases, which
enhances its coactivation of nuclear receptor activity [52,53].

In addition, SRA mediates the interaction between the RNA helicase p68 and CTCF
(CCCTC binding factor) [54]. CTCF is a DNA-binding protein important for the insulation
of transcription in the genome [55]. CTCF binds to the RNA helicase p68, which also binds
to SRA [56]. Consistent with its role as a scaffold RNA, knockdown of SRA inhibited the
interaction between CTCF and p68 [54]. Both p68 and SRA are required for the proper
function of CTCF in gene insulation. Approximately 20% of CTCF binding sites in the
human genome are associated with p68, suggesting that SRA might have a broad role in
regulating transcriptional insulation.

Concluding remarks
lncRNAs are becoming widely recognized as key regulators of mammalian transcription,
denoting a fundamental shift in paradigm. It appears that lncRNAs evolved to provide an
additional layer of control by regulating the protein factors that set transcriptional programs.
To date, lncRNAs are known to control many different steps in the process of transcription.
This diversity in function points at the potential for lncRNAs to act quite broadly as
transcriptional regulators. It is possible that many lncRNAs will ultimately be found to
participate in all levels of transcriptional control from the nuclear localization of
transcription factors through transcriptional termination.

Multiple lncRNAs have been found to mediate changes in chromatin structure. This is
currently the fastest growing class of lncRNAs known to regulate transcription. Altering the
accessibility of the genome to Pol II and its associated factors is arguably the most efficient
means to broadly activate or repress transcription. Perhaps this is why so many lncRNAs
have evolved to regulate chromatin structure. lncRNAs involved in X chromosome
inactivation and genomic imprinting also function by regulating chromatin [4–6].

The documented examples of lncRNAs controlling transcription will likely inspire and
inform future discoveries in an ever expanding diversity of biological systems. Identifying
additional transcriptional regulatory lncRNAs that share a function with characterized
lncRNAs may be complicated because different RNAs can have similar functions in the
absence of detectable sequence similarity (examples are B2 and Alu RNAs, as well as the
variety of lncRNAs that interact with chromatin modifying complexes). Therefore, in many
cases searching for conserved sequence motifs in lncRNAs may not yield insight into their
functions. Although finding new lncRNAs that associate with transcriptional regulatory
proteins is useful and important, the challenge lies in determining whether those lncRNA-
protein interactions are biologically significant. Lastly, the possibility that lncRNAs might
themselves have enzymatic activity should not be ignored.
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Box 1: Possible mechanisms for lncRNA-mediated chromatin modification

Here we provide a summary of several proposed models for how lncRNAs could mediate
the specific recruitment of chromatin modifying complexes to the genome, or control
their activities (recently reviewed in [57]).

● Proximity or regulation in cis. In this model, a ncRNA is transcribed from a
locus adjacent to the region of the genome at which it functions to control
chromatin modifications. The ncRNA, as it is being transcribed, can serve as
a tether to recruit chromatin modifying complexes to that specific region of
the genome. This mechanism of regulation might occur in systems in which
an antisense transcript controls the expression of a sense transcript in a
manner that is dependent on chromatin modifications and independent of the
RNA interference (RNAi) machinery [58]. The current working model for
the function of ANRIL involves cis regulation [19].

● ncRNA-mediated looping. An ncRNA that is transcribed from one genomic
locus could interact with chromatin modifying complexes bound to distal
sites on the same chromosome, thereby creating an intrachromosomal loop to
mediate long-range changes in chromatin structure. In this model, the three
dimensional architecture of the assembly would be critical to controlling
chromatin modification. HOTTIP RNA is thought to function via looping
[21].

● Formation of triple helixes. Specific sequences in ncRNAs could form triple
helixes with specific DNA sequences, which might impart specificity in
bringing a chromatin modifying complex bound to an ncRNA to sites on the
genome. pRNA, which regulates transcription by Pol I (described in Box 2)
is thought to function in this manner [59].

● Tethering. Because various ncRNAs co-immunoprecipitate with chromatin
modifying complexes from cellular extracts, ncRNAs might provide the link
or tether to connect chromatin modifying complexes with each other and with
DNA binding proteins or transcription factors that directly interact with
chromatin.

● Allosteric activation or repression of activity. It is possible that ncRNAs act
as switches to either "turn-on" or "turn-off" the complexes that modify
histone tails through a change in the conformation of the complex. The
switch could impart changes both in the enzymatic activity and the specificity
of DNA binding.

Box 2: Regulation of RNA polymerase I transcription by an ncRNA

In mammalian genomes, rRNA genes exist in tandem arrays, many of which are
transcriptionally silent and marked by heterochromatin and CpG methylation [60]. This
silent state is maintained by NoRC, a multisubunit chromatin remodeling complex.
NoRC associates with an ncRNA transcribed from the rDNA promoter region, known as
pRNA (promoter-associated RNA) [61]. Depletion and overexpression experiments have
shown that pRNA is required for the proper localization of NoRC, rDNA methylation,
and a repressed chromatin state that prevents Pol I transcription.

Recently, ectopically expressed pRNA in mouse cells was found to trigger de novo
methylation, recruitment of the DNA methyltransferase DNMT3b, and increased
heterochromatic histone modifications (e.g. H4K20me3 and H3K27me3) at the rDNA
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promoters [59]. A specific sequence in pRNA was found to be both necessary and
sufficient for targeting DNA methylation in the rDNA promoters. Intriguingly, this RNA
sequence is similar to the sequence of an rDNA promoter element, the T0 region. When
biotin-tagged pRNA variants were introduced into cells and subsequently recovered
using streptavidin beads, endogenous rDNA co-purified, but only when the introduced
pRNA variant contained the T0 region. In vitro experiments showed that the T0 region of
pRNA could form a triplex with the T0 region of rDNA. Moreover, DNMT3b exhibits a
preference for binding rDNA-pRNA triplexes compared to duplex rDNA. These data
support a model in which the T0 region of pRNA forms a triplex with the rDNA promoter
to recruit a DNA methytransferase. It remains to be determined whether DNA-RNA
triplexes are a common mechanism that ncRNAs use for targeting epigenetic changes;
this possibility is enticing given that triple-helix target sites are over-represented at
human gene promoters [62].

Box 3: lncRNAs with enhancer-like function

A group of human lncRNAs function in transcriptional activation in a manner
reminiscent of enhancers — DNA elements found in mammalian promoters that can
activate transcription from long distances. When these lncRNAs were knocked down,
transcription of neighboring protein-encoding genes decreased [63]. The effects of
knockdown on neighboring gene expression spanned hundreds of kb, but not all
neighboring genes were affected. The ability of the lncRNAs to potentiate transcriptional
activation of a neighboring gene could be recapitulated using an lncRNA and reporter
gene contained on a transfected plasmid, suggesting that regulation occurs in cis. How
widespread this means of regulation is across the genome and the mechanisms by which
the lncRNAs function in gene-specific activation remain unknown.

Box4: Questions for future research

• How do lncRNAs regulate the proteins with which they interact? Although
it is important to continue to identify new lncRNA regulators of transcription, it
is equally important to better decipher the mechanisms by which the established
ones function. Biochemical experiments are needed to confirm that individual
lncRNAs bind directly to the proteins they likely regulate, and to determine how
the association affects the activity of the protein.

• What are the structures of lncRNAs bound to their protein targets?
Currently there is a scarcity of structural information illustrating lncRNAs
bound to their protein targets.. Crystal or NMR structures of lncRNA/protein
complexes, even consisting of the minimal domains that interact, will provide
highly valuable pictures of the complexes, which will enable experiments to
directly test structure/function relationships and reveal similarities and
differences between complexes.

• Are lncRNAs that associate with histone modifying complexes localized
with these complexes on chromatin genome-wide? Recently, two publications
documented techniques to determine where across the genome specific lncRNAs
are localized [64, 65]. The only mammalian lncRNA investigated that is
pertinent to this article was HOTAIR, which was found to localized to >800 loci
[64]. Although this technique has great potential to enable lncRNA research,
questions about the connection between HOTAIR localization and function
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remain; for example, how HOTAIR affects gene expression at the loci to which
it localized.

• How can we best identify the functions of lncRNAs? With the growing
accessibility of deep-sequencing technology, the number of reports identifying
lncRNAs associated with a variety of proteins is rapidly increasing. The current
challenge is to identify which of these interactions are important for biology and
how the lncRNAs function. Knocking down lncRNAs is useful, however it is
difficult to distinguish direct versus indirect effects. It will only be through the
combination of multiple experimental techniques that the functions of individual
lncRNAs will be understood.

• What are the roles of lncRNAs in vivo? The vast majority of lncRNA studies
are performed in cultured cells. The study in which HOTAIR was knocked out
in mice revealed no appreciable changes at loci predicted to be under HOTAIR
control [13]. This result raises many questions that need to be addressed by
combining cell-based assays and experiments in model organisms. For example,
do lncRNAs function differently in mice or is there redundancy built into
lncRNA regulators?
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Glossary

ChIP-chip A technique to determine the sites across the genome that are
occupied by a protein. An antibody is used to purify a protein
and any associated chromatin from formaldehyde crosslinked
cells (ChIP, chromatin immunoprecipitation). After reversing
the crosslinks, the chromatin is hybridized to a microarray
(chip) containing genomic sequences to determine the regions to
which the protein was bound in cells. The chromatin can also be
deep-sequenced (ChIP-seq) to determine the genome-wide sites
of protein occupancy.

Chromosome
conformation capture
carbon copy assay
(5C)

A technique used to analyze the three-dimensional organization
of a locus within cells. It enables researchers to assess long
distance chromosomal interactions.

Cis versus trans
regulation

With respect to lncRNAs, a cis regulator controls transcription
at or in close proximity to the region on the genome from which
the lncRNA is transcribed. A trans regulator controls
transcription at sites on the genome that are removed (often on a
different chromosome(s)) from its site of transcription.

Gene insulation A process that protects genes from outside interactions that can
lead to inappropriate activation or silencing. The need for gene
insulation arises when adjacent regions on the genome have
very different transcription patterns.

Heterogeneous
nuclear
ribonucleoproteins
(hnRNPs)

A family of proteins that bind to ncRNAs. hnRNP proteins are
involved in several biological processes, including transcription,
pre-mRNA processing, RNA transport, and translation.

Polycomb group
protein complex 2
(PRC2)

A multisubunit complex composed of Ezh2, Suz12, EED, and
RbAp48. The Ezh2 subunit is a histone methyltransferase
responsible primarily for trimethylating histone H3 on lysine 27
(i.e. H3K27me3). This histone modification is a mark for
transcriptionally silent chromatin and PRC2 plays a
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predominant role in transcriptional repression across the
genome.

RNA aptamers Small (most often non-natural) RNA molecules that bind very
tightly to a target protein. Aptamers are usually created through
the process of in vitro selection (also termed SELEX, systematic
evolution of ligands by exponential enrichment), which
iteratively selects and amplifies from a large pool of random
sequences those that bind to a target.

Small nuclear
ribonucleoprotein
(snRNP)

A complex that contains proteins bound to an snRNA (small
nuclear RNA). For example, 7SK RNA, which is a snRNA, is
found associated with proteins in a complex named the 7SK
snRNP.
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Figure 1.
ncRNAs that regulate chromatin structure. (a) HOTAIR represses transcription by recruiting
chromatin modifying complexes to specific regions of the genome. HOTAIR acts as a
scaffold that can simultaneously bind PRC2 and LSD1, which methylate H3K27 and
demethylate H3K4, respectively. (b) ANRIL represses transcription from the INK4b/ARF/
INK4a locus by recruiting PRC1 and PRC2. The mechanism might involve an ANRIL
transcript tethered to a Pol II elongation complex serving to recruit PRC1 and PRC2 [19].
(c) HOTTIP mediates long-range looping at one end of the HOXA locus, and activates
transcription of genes by recruiting the histone modifier WDR5-MLL, which methylates
H3K4.
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Figure 2.
ncRNAs that regulate transcription factors. (a) Gas5 ncRNA serves as a mimic of the DNA
site to which GR binds. By keeping GR from binding GREs, Gas5 blocks the activation of
GR-responsive genes. (b) B2 RNA binds directly to Pol II during the heat shock response. It
represses transcription by building into complexes with Pol II at promoters and keeping the
polymerase from engaging the DNA as well as blocking phosphorylation of the Pol II CTD
by TFIIH. The schematic was adapted with permission from [34]. (c) 7SK RNA, which is
found in a complex minimally with P-TEFb, LARP7, and HEXIM1 or HEXIM2, represses
the P-TEFb kinase, which is responsible for phosphorylating Ser2 residues in the Pol II CTD
during early elongation. (d) lincRNA-p21 recruits hnRNP-K to many p53-responsive genes
and mediates repression of these genes. (e) SRA binds many proteins and macromolecular
complexes (some of which are shown) to mediate transcriptional regulation. Moreover,
through its association with the RNA helicase p68 and CTCF, SRA plays a crucial role in
insulating genes from one another throughout the genome.

Kugel and Goodrich Page 16

Trends Biochem Sci. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


