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Abstract

Long non-coding RNAs (IncRNAs) are mMRNA-like, non-protein coding RNAs that are
pervasively transcribed throughout eukaryotic genomes. Rather than silently accumulating in the
nucleus, many of these are now known or suspected to play important roles in nuclear architecture
or in the regulation of gene expression. In this review, we highlight some recent progress in how
IncRNAs regulate these important nuclear processes at the molecular level.

Introduction

In comparison to constitutively expressed ‘housekeeping’ ncRNAs and small regulatory
RNAs, IncRNAs (larger than 200 nucleotides) are mMRNA-like, non-protein coding RNAS
that are pervasively transcribed throughout eukaryotic genomes [1-3]. Despite a few well-
characterized IncRNAs, such as Xist [4,5] and H19 [6], IncCRNAs were only appreciated as a
significant new transcript class following the large-scale sequencing of a full-length cDNA
library in mouse [1]. Most recently, the increased sensitivity of genome tiling arrays [3,7],
along with several other techniques [8-10] have demonstrated widespread antisense and
IncRNA transcription in mammalian genomes. These studies reveal that the eukaryotic
transcriptome is surprisingly complex, with IncRNAs often overlapping with, or interspersed
between multiple protein-coding and non-coding transcripts.

LncRNAs have been implicated in a number of important nuclear events, such as chromatin
remodeling [11-16], transcriptional regulation [17-21], and the integrity of subcellular
compartments [22-25]. In this review, we highlight some recent advances in our
understanding of how IncRNASs are involved in the regulation of nuclear processes.

LncRNA-mediated chromatin remodeling

Many IncRNAs are associated with chromatin-modifying complexes and affect gene
expression. A recent study found about 20% of 3,300 human long intergenic ncRNAs were
bound by Polycomb Repressive Complex 2 (PRC2) or other chromatin-modifying
complexes [26]. Although mechanisms are not yet completely clear, there are several cases
that illustrate how IncRNAs can recruit transcriptional repressive complexes to silence
specific genomic regions (Figure 1).
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During X-chromosome inactivation (XCI), one of the two X chromosomes in female
mammals must be inactivated in order to achieve an equal level expression of X-
chromosome genes. A number of IncRNAs including Xist, Tsix, and Xite participate in this
process [27,28]. Since the transcription of Xist on the Xi is required for the maintenance of
XCI [29], it has been hypothesized that Xist recruits chromatin modeling complexes to
silence Xi. Recent findings, however, suggested a more complex mechanism. Zhao et al [11]
discovered a 1.6 kb ncRNA, RepA, which comprises sequences also contained in the 5’
region of Xist and which directly binds PRC2. In pre-XCI cells, RepA initially recruits PRC2
to the future Xi, although the IncRNA Tsix, which is antisense to Xist and has an established
role as an Xist antagonist (reviewed in [27,30]), inhibits this interaction by binding PRC2,
thus competing with RepA for this factor. During Xi initiation, Tsix is downregulated on the
future Xi, hence RepA can now productively engage PRC2 and activate full-length Xist
transcription. The upregulated Xist in turn preferentially binds to PRC2 through its RepA
sequence, resulting in the spread of Xist along Xi and the distribution of PRC2 and
trimethylated histone H3 lysine27 (H3K27) throughout the Xi [11]. Supporting this model,
RepA depletion abolishes full-length Xist induction and trimethylation on H3K27 of the Xi.
Likewise, PRC2 deficiency compromises Xist upregulation [11]. Therefore, RepA and Xist
are capable of recruiting PRC2 to establish the local chromatin modification, which is
required for the initiation and spread of XCI (Figure 1).

Similar mechanisms have been observed during genomic imprinting [12-14] and
tumorigenesis [15]. Air, 108 kb in length, is required for allele-specific silencing of the cis-
linked Slc22a3, Slc22a2, and Igf2r genes [31]. Air uniquely interacts with the Slc22a3
promoter chromatin and the H3K9-specific histone methyltransferase G9a in placenta [14].
Depletion of G9a fails to silence Slc22a3 and results in non-imprinted transcription.
Truncation of Air fails to accumulate at the Slc22a3 promoter and results in reduced G9a
recruitment and biallelictranscription (Fig. 1) [14]. Similarly, the 90.5 kb long Kcnglotl
[12] has been linked to the bidirectional silencing of about 10 paternally imprinted genes in
the Kengl domain [32]. Here the mechanism involves the interaction between Kcnglotl and
G9a and PRC2 in a lineage-specific manner (Figure 1) [12,13]. In addition, the p15
antisense (p15AS) ncRNA of the tumor suppressor gene p15 has been implicated in
leukemia, and their transcription is inversely correlated. By introducing p15AS expression
constructs into mammalian cells, p15 silencing is induced through heterochromatin
formation [15]. Although the protein mediators of this silencing process remain to be
determined, p15AS and other natural antisense NcRNA might serve as triggers for
heterochromatin formation in tumor suppressor gene silencing.

Finally, IncRNA-mediated chromatin remodeling also occurs in trans. Hundreds of HOX
ncRNAs were identified along the human HOX loci [16], among which, the 2.2 kb long
HOTAIR (HOX antisense intergenic RNA) resides in a regulatory boundary in the HOXC
locus. Surprisingly, knockdown of HOTAIR does not lead to any changes in the HOXC
locus, but instead represses transcription across 40 kb of the HOXD locus, as shown by the
loss of the PRC2 occupancy and H3K27 trimethylation, in the HOXD cluster which is
located on a different chromosome from HOXC (Figure 1). Pulldown assays show a specific
interaction between HOTAIR and PRC2 key components, Suz12 and Ezh2 [16].

LncRNA-mediated transcription regulation

Some IncRNAs can directly influence transcription. Recent advances in DNA sequencing
have revealed widespread transcription of promoter-associated transcripts from yeast to
mammals [3,7,33,34]. Although the functional mechanisms remain largely unknown,
emerging evidence suggests that at least some of these ncRNAs may regulate transcription
by serving as “ligands” for transcription factors. First, some InCRNAS act as transcription
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co-activators. Vertebrate DIx genes play critical roles in neuronal development and
patterning [17]. The DIx genes are regulated by two ultraconserved intergenic enhancers,
which are located in the DIx-5/6 locus. One of the ultraconserved enhancers is transcribed to
a 3.8kb ncRNA, Evf-2, which forms a stable complex with the homeodomain protein DIx-2
and thus activates DIx-2 acting a transcriptional enhancer of DIx-5/6 (Fig. 2A) [17]. Second,
some IncRNAS suppress transcription. Wang et al [18] reported that DNA damage signals
could induce a set of single-stranded, low-copy-number ncRNAs transcribed from the 5'
regulatory region of the cyclin D1 (CCND1) gene. These ncRNAs could allosterically
modulate the activity of an RNA-binding protein, TLS (translocated in liposarcoma). The
modified TLS in turn inhibited CREB-binding protein (CBP) and p300 histone
acetyltransferase activities, which subsequently inhibited CCND1 transcription (Figure 2B).
Third, some IncRNAs might compete with transcription factors to inhibit gene transcription.
The gene encoding dihydrofolate reductase (DHFR) contains a minor and a major promoter,
with the latter being transcriptionally suppressed in quiescent cells. Transcriptional
repression of the major promoter depends on a ncRNA initiated from the upstream minor
promoter and which is involved in the formation of a stable complex between the ncRNA,
the major promoter, and the general transcription factor 11B [19] (Figure 2B). Taken
together, these studies suggest that ncRNAs transcribed from regulatory regions of
transcription units can affect RNA-binding co-regulators.

In addition, a number of RNA polymerase Ill-transcribed human Alu and mouse B2 RNAs
are induced during heat shock. Some of these transcripts can act to block RNA polymerase
Il (RNAP II) transcription in trans by binding directly and tightly to RNAP Il and co-
occupying the promoters of repressed genes [20]. Further studies showed that they prevent
interactions between RNAP Il and the promoter during closed complex formation, resulting
in complexes with an altered conformation that are transcriptionally inert [21]. Given the
abundance of B2 and Alu RNAs in the genome and their possible evolutionary roles, this
transcription repression effect could be profound.

LncRNAs in nuclear architecture and subnuclear compartments

The eukaryotic nucleus is a highly compartmentalized organelle and contains a variety of
membraneless subnuclear bodies (reviewed in [35]). Relatively little is known about how
these nuclear domains assemble and function, but some are associated with distinct
IncRNAs. One interesting example is that of paraspeckles. These are cell-cycle-regulated
nuclear foci that depend on RNA for their structural integrity [36,37]. While the function of
paraspeckles is not yet completely clear, some studies have suggested that they could be
sites of nuclear retention of at least a subset of MRNAS that have undergone adenosine (A)-
to-inosine (I) editing [25,38,39].

Paraspeckles contain three DBHS (Drosophila Behavior and Human Splicing) family
proteins: PSP1a, p54™P, and PSF. PSP1a serves as a paraspeckle marker [36], yet
overexpression of PSP1a does not induce paraspeckle numbers [23], and PSP1a depletion
has little effect on their integrity [24], suggesting it is not essential in paraspeckle assembly
[23]. p54™™P and PSF are multifunctional proteins that have been implicated in a variety of
nuclear processes (reviewed in [40]). Most recently, Sasaki et al [24] reported that p54™
and PSF may be important for paraspeckle integrity since individual knockdowns resulted in
paraspeckle disintegration.

In addition to protein components, the IncRNA, NEAT1 (Men &/f in mouse), plays a crucial
role in paraspeckle structural integrity [22-25]. The polyadenylated NEAT1 and Men ¢ are
3.7 kb and 3.2 kb respectively and are enriched in paraspeckles in the nucleus [22-25]. A
longer transcript (>17 kb in mouse, and >19 kb in human) [22,24,41] was also detected. This
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longer isoform is not polyadenylated [22], also localizes to paraspeckles and likely plays a
similar role in the de novo paraspeckle formation [22,24] (Figure 3). Depletion of NEAT1
[23,25] or Men &/ [22,24] disrupts paraspeckles, and overexpression of Men ¢ increases
paraspeckle number in both NIH3T3 and HeLa cells [23], suggesting that NEAT1 and Men
elp are essential paraspeckle components and may be functionally conserved. Furthermore,
Men &/f transcripts fail to remain colocalized with the paraspeckle marker protein PSP1a
after drug-induced transcriptional arrest [22,24]. In addition, depletion of Men &/f transcripts
results in suppression of paraspeckle reformation after release from transcriptional arrest
[22,24]. Interestingly, Men &/f transcripts are upregulated during mouse myoblast
differentiation into myotubes [22], suggesting a role in developmental regulation. Consistent
with this notion, the transcription of NEAT1 is strongly suppressed in human embryonic
stem cells (ESCs) but is induced upon differentiation to trophoblasts, and, consistent with
the role of NEAT1 in paraspeckle assembly, paraspeckles are absent in human ESCs and
appear during differentiation [25].

Biochemical analyses demonstrated that NEAT1 and Men &/f interact with paraspeckle
DBHS proteins [22-25], indicating that it might serve as a platform for the assembly of large
macromolecular complexes. These large complexes that generate paraspeckles may function
directly in the regulation of some gene expression. Human ESCs express all key DBHS
proteins but lack NEAT1, and the nuclear retention pathway for A-to-I edited RNAs is also
not functional [25]. Furthermore, knockdown of NEAT1 in HeLa cells results both in loss of
paraspeckles and in enhanced nucleocytoplasmic export of mMRNASs containing inverted
repeats of Alus [25], suggesting NEAT1 might be a key factor in the regulation of the nuclear
retention of edited or structured mRNASs in paraspeckles. However, how this subset of
retained transcripts is regulated by NEAT1 remains unclear. It will be of interest to
determine whether NEAT1 directly associates with the retained mMRNAs and thereby controls
their nuclear export or whether retained mMRNAs bind to proteins that are assembled in
paraspeckles by NEAT1 RNA.

In addition to NEAT1, there are a number of IncRNAs that localize to different subnuclear
regions. MALAT1 (metastasis-associated lung adenocarcinoma transcript 1) (NEAT2 in
human), is transcribed from the downstream region of Men &/ (NEAT1) gene, and is
specifically localized to splicing speckles” [41] (Figure 3). However, the structure of
splicing speckles is largely unaffected in cells with reduced NEAT2/MALAT1 expression
[23], suggesting that this IncRNA is not required for the assembly or integrity of speckles. In
addition to NEAT1 and MALAT1, IncRNAs that are involved in chromatin silencing also
localize to distinct regions in the nucleus. While Air specifically envelops paternal Slc22a3
[14], Xist and Kcnglotl both localize to the perinucleolar region during the S phase of the
cell cycle [12,42,43]. Finally, several repeat-associated INCRNAs have been localized to
specific nuclear regions. A subclass of Sat 111 (Satellite I11) is transcribed upon heat shock in
human cells and these INcCRNAs are associated with nuclear stress bodies, which are
assembled on specific pericentromeric heterochromatic domains containing Sat 111 DNA,
several transcription and splicing factors, but are devoid of heterochromatin markers
[44,45].

Involvement of INcCRNASs in a wide variety of other biological processes

Apart from the above-discussed roles in nuclear processes, INcRNAs have also been
implicated in the regulation of a number of diverse other biological events. For example,
some IncRNAS can act as precursors for small RNAs, either by an RNase I11-like cleavage
from the sense and antisense duplexes, such as Xist/Tsix [46] or by a tRNA-like 3’ end
processing of MALAT1 [47] (Fig. 3). NRON (ncRNA repressor of the nuclear factor of
activated T cells [NFAT]) ncRNA is involved in NFAT intracellular trafficking by
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interacting with multiple proteins including members of the importin  superfamily [48].
During heat shock response, HSR1 (heat shock RNA-1) cooperatively works with translation
elongation factor eEF1A to activate the heat shock transcription factor 1 and induce the
expression of heat-shock and other cytoprotective proteins [49]. Furthermore, a natural
antisense transcript (Zeb2-AS) blocks alternative splicing by overlapping a splice site of its
sense-coding transcript (Zeb2), therefore altering Zeb translation [50]. Also, IncRNAs have
been implicated in stem cell pluripotency and differentiation, as shown by a recent study that
over 900 IncRNA s are specifically associated with mouse ESC differentiation into embryoid
bodies [51].

Finally, the expression of IncRNAs has been linked to a number of human diseases,
including cancer and neurological diseases (reviewed in [52,53]). Most recently, INCRNAs
have been reported as additional players in the regulation of some well-documented
disorders, such as Alzheimer's disease [54] and Fragile X syndrome [55]. Overall, although
our understanding of how these INCRNAs cause diseases lags far behind that of their protein
partners, IncRNAs may serve as additional clinical targets in the treatment of diseases in the
future.

Perspectives

While IncRNASs do not possess protein-coding capacity, they have been found to have
previously unexpected impacts on the programming and regulation of mammalian genome.
Despite recent rapid progress in the functional study of many of them, some important
questions remain to be addressed.

Unlike proteins, where sequences can often be classified into motifs, which are usually
indicative of function, the primary sequences of INCRNAs often contain insufficient
information to predict their function. They frequently exhibit sequence divergence yet
conserved function between species. For instance, mouse B2 and human Alu RNAs are not
similar in sequence or overall secondary structure [20], but surprisingly share identical
mechanisms of repression of RNAP Il in both organisms. Furthermore, human NEAT1 and
mouse Mene/g, both of which are transcribed from similar genomic contexts, share only very
low sequence similarity [41], but are functionally conserved in mouse and human in the
assembly of paraspeckle structure integrity [22-25]. Moreover, PRC2 proteins are associated
with a number of INcRNAs whose lengths vary from 1.6 kb to over 90 kb [11,12,15,16]
(Figure 1). It is almost certain that very long INcRNAs do not interact exclusively with these
proteins. Therefore, it is of great interest to decipher the sequences and the structural motifs
for their functional significance.

Another challenging unanswered question is how do protein partners interact with InNCRNAs
to allow the specialized functions? In one model, IncRNAs might recruit and then “guide”
its protein partners to proper chromosomal destinations. Specific sequences within the
IncRNAs could recognize specific chromatin regions via sequence complementarity,
therefore bringing the associated proteins to the targeted region. For instance, RepA and Xist
recruit PRC2 to establish local chromatin modifications on the inactive X [11]. In the case of
IncRNAs recruiting proteins at a distance [14] or in trans [16], the tertiary structure of the
higher-order of chromatin might help bring distant chromatin regions together.
Alternatively, IncRNAs might induce allosteric structural modifications of their protein
partners to either enhance [17] or suppress [18] their normal activities. Although these
hypotheses remain to be experimentally confirmed, they might not be independent as one
IncRNA might be able to both “guide” and “modify” its protein partner(s) during the same
biological process. For instance, CCND1 upstream associated ncRNA not only allosterically

Curr Opin Cell Biol. Author manuscript; available in PMC 2011 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chen and Carmichael

Page 6

“modifies” the activity of TLS but also “guides” the modified complex to the CCND1
upstream region to perform transcriptional repression [18] (Figure 2A).
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Figure 1.

Long non-coding RNA-mediated chromatin remodeling. Some IncRNAs that are transcribed
by RNA polymerase Il recruit transcriptional repressive complexes including PcGs and G9a
to silence specific genomic regions, both in cis (top) and in trans (bottom). See text for
details.
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Figure 2.

Long non-coding RNA-mediated transcription regulation. A. Transcription activation by
IncRNA. In this example, Evf-2 is transcribed from an ultraconserved enhancer and forms a
stable complex with DIx-2, which in turn activates DIx-2 as a transcriptional enhancer. B.
Transcription suppression by IncRNA. Top: in response to DNA damage, INCRNAs are
transcribed from the 5’-upstream region of the CCND1 gene and recruit the RNA-binding
protein TLS to modulate CBP and p300 to inhibit CCND1 transcription. Bottom: IncRNA
transcribed from the upstream of the minor promoter of DHFR gene competes with
transcription factors to inhibit the major promoter transcription in quiescent cells.
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Figure 3.

Long non-coding RNAs in nuclear subcompartments. Human NEAT1 (Mene in mouse)
localizes to paraspeckles and is required for paraspeckle structural integrity. NEAT2
(MALAT1) localizes to splicing speckles but is not required for their structural integrity. See
text for details. Nascent Mens and MALAT1 transcripts can each be processed by the
unusual mechanism of RNase P cleavage to generate the 5” end of mascRNA (MALAT1-
associated small cytoplasmic RNA) and the 3’ end of the mature Meng and MALAT1
transcripts, which localize to paraspeckles and splicing speckles, respectively.
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