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Introduction
Previous genomics and transcriptomics studies, including recent RNA-sequencing studies,
have now confirmed that only 1–2% of the mammalian genome corresponds to protein-
coding genes with the vast majority of the genome does not appear to have protein-coding
capacity. Since proteins have been thought to carry out many of the key regulatory functions
within cells, it has been puzzling that the number of protein-coding genes does not seem to
fluctuate between species with great differences in developmental and physiological
complexity.

Interestingly, a number of studies have now shown that protein-coding genes are vastly
outnumbered by non-coding RNAs (ncRNAs) especially in eukaryotic genomes [1, 2], and
some have estimated that mRNAs only represent 20% of all transcripts [3]. Intriguingly,
there seem to be a linear relationship between the complexity of an organism and the
number of non-coding RNAs produced [4]. This observation suggests that developmental
complexity which is not reflected in the number of protein-coding genes maybe mediated by
non-coding RNAs. However, the mechanisms by which non-coding RNAs contribute to this
complexity is not completely understood.

One possibility is that non-coding RNAs are slowly acquiring more “power” and essentially
are carrying out a “Coup d'état” slowly over evolution? Either by taking on prime
responsibility to regulate cellular processes, or alternatively ncRNAs may have been co-
opted by proteins to assist in orchestrating the diversity of eukaryotic cellular pathways.
Consistent with the latter, almost all known examples of ncRNA function by interfacing
with protein coding genes.

In this review we highlight a common theme of large non-coding RNAs forming ribonucleic
protein interactions that are known in all kingdoms of life with a specific emphasis on the
examples of mammalian ncRNAs that have found protein partners to form ribonucleoprotein
complexes resulting a wide range of biological functions (organizational, transcriptional,
post-transcriptional, and translational). These ribonucleoprotein complexes have
implications in many aspects of biology including genomic imprinting, X inactivation,
pluripotency and cancer.

Classic examples of functional ribonucleoprotein complexes
There are many clear examples of non-coding RNAs that function as part of complexes with
proteins known as ribonucleoprotein complexes (e.g., ribosome, splicesome, SRP and
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RNase P). One of the most profound examples of ribonucleoprotein complexes is the
ribosome which is required for the translation of messenger (m)RNAs into proteins and is
conserved throughout all kingdoms of life. Eukaryotes have 80S ribosomes, each consisting
of a small (40S) and large (60S) subunit. Both subunits require RNA and protein
components: the 60S large subunit is composed of 5S, 28S, 5.8S ribosomal RNAs and 49
proteins and the 40S subunit has 18S RNA and 33 proteins [5]. The assembly of the
ribosome takes place in the nucleolus and requires the coordination of approximately 200
proteins to physically associate with cognate ribosomal RNAs. Although eukaryotes have
larger and more complex ribosomes than those present in prokaryotes, nevertheless,
ribosomes from all kingdoms of life function according to similar principles. The ribosome
represents a great example of a RNA-protein complex that has a clear functional role.

Interestingly, the localization of the ribosome to the endoplasmic reticulum to initiate
translation also requires another ribonucleoprotein complex which is referred to as signal
recognition particle (SRP) can recognize and bind to the endoplasmic reticulum (ER) signal
sequence in a newly synthesized secretory protein and subsequently delivers the protein
along with its associated ribosomes to the membrane of the ER to complete the translation of
the protein (Figure 1). In prokaryotes and eukaryotes SRP forms a ribonucleic-protein
complex with 7SL and 5SL respectively.

Another classic example of a functional ribonucleoprotein complex is RNase P [6], this
ribonuceloprotein complex is found in all kingdoms of life and it is responsible for the
generation of mature 5’ends of tRNAs by cleaving the 5’ leader elements of precursor
tRNAs. In bacteria and euckryotes RNase P is composed of a core RNA and 5 and 10
proteins, respectively. In vitro studies have shown that RNase P RNA can function as a
ribozyme since the RNA can function without its protein partners [7]. These studies show a
remarkable plasticity in RNA-protein interactions throughout evolution.

These examples of ribonucleoprotein complexes (ribosome, RNase P and SRP) demonstrate
that RNAs play a central role in the function of RNA-protein complexes in all kingdoms of
life and they suggest that other newly discovered non-coding RNAs may function in a
similar manner. Although these classic ribonucleoprtein complexes appear to be conserved
between prokarotes and eukaryotes, the eukaryotes counterparts tend to be more complex
involving more proteins; this is probably due to the fact that the eukaryotic cell has more
specialized functions. It is worth noting that a large number of mammalian proteins have
RNA binding motifs, and these proteins are involved in a wide range of cellular processes.
The significance of many RNAs interaction with proteins is not known and has not been
well characterized.

Several technologies have emerged over the years to assay RNA-protein interactions on a
large scale with each technology having its advantages and disadvantages. Native RNA co-
immunoprecipitation (RIP) which assays RNA-protein interaction without any form of
cross-linking has been used to assay RNA interaction with chromatin complexes, Ago
proteins and others both in the nucleus and the cytoplasm [8–10]. One caveat to this
technology is the potential for RNA molecules to associate with proteins after cell lysis in a
non-specific manner [11]. Alternatively, cross-linking by formaldehyde or UV light can be
applied prior to assaying RNA-protein interactions to eliminate the potential for non-specific
interactions following cell lysis [12–14], however, these methods tend to increase
background levels and to be less efficient. Nevertheless, collectively these methodologies
have been able to show that RNA-protein interactions are more widely spread than
previously thought and these RNP complexes participate in a wide range of biological
processes. These observations argue that non-coding RNAs function through interactions
with multiprotein complexes – a field that is yet to be fully explored. Thus, paving the way
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for functional and structural studies to elucidate RNA sequences or secondary structures that
maybe important for these interactions.

In the following sections we will discuss emerging ribonucleoprotein complexes of a wide
range of non-coding RNAs and their binding protein partners and how these
ribonucleoproetin complexes can function in a wide range of cellular processes.

Ribonucleoprotein complexes of large non-coding RNAs and chromatin-
modifying complexes

The human body is composed of hundreds of distinct cell types. Each cell must occupy a
specific position within the body and perform a specific function. Since all the cells within a
multicellular organism contain the same genome, the information that cells utilize to
establish their identity is likely to be coded in their Epigenome [15]. The epigenome is
comprised of modifications to DNA (i.e., DNA methylation), and modifications to histone
proteins at specific amino acid residues (e.g., acetyation, methyaltion, phosphorylation …
etc) [16]. Key regulators of the epigenome are chromatin-modifying complexes which can
add or remove covalent modifications to chromatin. In contrast to transcription factors,
which can recognize and bind to specific DNA sequences, the majority of chromatin-
modifying complexes do not have DNA binding capacity. A major gap in our understanding
of epigenetic regulation by chromatin-modifying complexes is how these complexes are
targeted to specific regions of the genome. Recent studies have recently shown that the
Jumanji protein Jarid2 can recruit the polycomb repressive complex (PRC)2 to its target
sites in mouse embryonic stem cells (mESC) [17–20], however, jarid2 shows low expression
in differentiated cells; and therefore its not clear how PRC2 is targeted to its genomic sites
in other cell types. Also, there is a plethora of chromatin-modifying complexes that does not
have DNA binding protein partners that direct them to their sites of action.

Several studies have now suggested a potential role for non-coding RNAs in guiding
chromatin-modifying complexes to their targets [21]. For example, the large non-coding
RNA HOTAIR, which is transcribed from the HOXC locus on chromosome 12, interacts
with the chromatin-modifying complex PRC2 and potentially guide this complex to the
HOXD region on chromosome 2 to repress the transcription of several HOXD genes in trans
[10]. Similarly, Zhao et al found RepA (in the 5’ of Xist) to also interact with PRC2 and
affect its localization and activity on the inactive X chromosome in cis [22]. We have
recently shown that many large intergenic non-coding RNAs (lincRNAs) associate with
several chromatin-modifying complexes including PRC2, SMCX and CoREST [9]. About
20% of expressed lincRNAs associate with components of PRC2 (SUZ12 and EZH2) in
several human cell types. Furthermore, siRNA-mediated knockdown of PRC2-associated
lincRNAs results in changes in gene expression similar to those observed in PRC2
knockdown suggesting that these lincRNAs function in the same pathway. Collectively,
these studies show that large non-coding RNAs association with chromatin modifying
complexes is a general phenomenon in mammalian cells; however, future studies are needed
to determine if large ncRNAs are guiding chromatin-modifying complexes to genomic loci,
to that end one needs to show that depletion of these ncRNAs disrupt the localization of
these complexes to their genomic sites, and those large ncRNAs are localized to the same
DNA regions.

Similarly several large non-coding RNAs transcribed antisense to protein-coding genes can
also interact with chromatin-modifying complexes and affect chromatin landscape. For
example, the antisense transcript to the Igf2r gene known as Air is required for the allele-
specific silencing of several genes in the mouse placenta functions through direct interaction
with the repressive histone methyltransferase G9a [23, 24]. Similarly, the Kcnq1 gene has a
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nuclear retained antisense transcript, Kcnq1ot1, that associates in a tissue-specific manner
with the chromatin complexes G9a and PRC2 and represses several protein-coding genes
with a 1 Mb region in cis [25].

A study by Yu et al (2008) found that many tumor suppressor genes have antisense
transcripts [26]. For example, p15, a cyclin-dependent kinase inhibitor implicated in
leukemia, has an antisense transcript that silences its transcription in cis and in trans by
inducing heterochromatin formation without a change in DNA methylation in a Dicer-
independent manner. It is possible that these antisense transcripts directly bind and recruit
chromatin-modifying complexes to their associated sense transcripts.

The role of non-coding RNAs in chromatin formation has also been observed in plants. A
study by liu et al found that targeted 3’ processing of a non-coding antisense transcript to the
FLC gene, a major floral repressor gene, results in the recruitment of FLD, a homolog of the
human histone demethylase LSD1, which targets H3K4me2 for demethyaltion [27]. This
targeting results in the reduced transcription of the FLC sense transcript. Notably, antisense
mediated chromatin modifications appear to operate mostly in cis in contrast to intergenic
ncRNAs which can operate both in cis and in trans.

What is the role of chromatin associated non-coding RNAs? Although many studies have
now shown that large non-coding RNAs form ribonucleic protein interactions with
chromatin-modifying complexes in a wide range of cell types and organisms, however, the
exact role of these interactions is not well understood at least on a global scale. It is possible
that non-coding RNAs play a role in i) facilitating architectural interactions amongst protein
coding components of chromatin-modifying complexes; ii) the targeting of these complexes
to specific regions of the genome; or iii) the activity of theses complex or all of the above.
Future studies are needed to dissect the mechanism of RNA-mediated epigenetic regulation.

RNA-protein interactions in transcriptional regulation
In the previous section we explored how large non-coding RNAs can regulate gene
expression via interactions with chromatin-modifying complexes and altering the chromatin
at gene promoters to affect their transcriptional output. Alternatively, a non-coding RNA
could also form RNA-protein complexes with transcription factors themselves and modulate
transcription factor activity. For example, 30 years ago it was demonstrated that a
transcription factor (TFIIIA) served a dual role to bind DNA at the internal promoter of the
5S RNA and subsequently forms a ribonucleic protein complex with the 5S RNA [6, 28,
29]. Interestingly, two different regions of the same Zinc Finger binding domain bind DNA
and RNA respectively.

Several other recent studies are pointing to a more global role of transcription factors
interfacing with RNA to modulate transcriptional regulation. Specifically, the growth arrest-
specific (Gas)5 non-coding RNA, which has high expression level in growth-arrested cells
due to lack of nutrients. It was recently demonstrated that Gas5 performs this function, in
part, by forming a ribonucleoprotein complex with the glucocorticoid receptor (GR) through
direct binding to its DNA binding domain (DBD) [30]. This binding of Gas5 RNA to the
DBD of GR subsequently modulates the GR transcriptional activity at its downstream target
genes. Similarly, it has been demonstrated that a large non-coding RNA termed NRON
modulates the nuclear localization of the transcription factor NFAT [31]. Moreover,
Martianov et al found a non-coding RNA transcribed from the minor promoter of the human
dihydrofolate reductase (DHFR) gene to regulate the transcription of this gene by directly
interacting with the major promoter of DHFR and forming a DNA-RNA triplex.
Furthermore this non-coding RNA can interact with TFIIB and leads to the dissociation of
the pre-initiation complex causing repression of DHFR [32].

Khalil and Rinn Page 4

Semin Cell Dev Biol. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Consistent with a global role for RNA interfacing with transcription factors several recent
studies have shown that many protein-coding genes have non-coding RNAs transcribed in
close proximity to their transcription state site (TSS RNAs) [33]. In addition to TSS RNAs,
others have described similar species of ncRNAs that are also transcribed in close proximity
to eukaryotic genes which include promoter-associated RNAs (PASR) and transcription-
initiation RNAs (tiRNAs) [34, 35]. Although the function of these transcripts is not known,
one can speculate that many of these ncRNA maybe playing a regulatory function by
interacting with transcription factors and/or chromatin complexes to regulate the
transcription of their neighboring genes in a similar manner to the DHFR ncRNA described
above. Further studies are needed to elucidate in more detail the nature of these transcripts
and if they share a similar regulatory mechanism. Together these, studies point to a potential
mechanism of fine-tuning transcription factor functions by interfacing with non-coding
RNAs.

Ribonucleoproteins are involved in nuclear organization
The mammalian nucleus is a highly organized structure with specific compartments and
subnuclear bodies. Such nuclear compartments are required for various functions, including
transcriptional regulation and splicing, and change in response to external stimuli or
progression through the cell-cycle. A few studies have shown that large non-coding RNAs
alone or through association with protein partners can play a structural role in the formation
of some nuclear compartments.

A recently identified subnuclear body, termed paraspeckles, comprises a ribonucleoprotein
complex [36]. Paraspeckles are found in a wide range of tissue, primary and transformed
cells but not in embryonic stem cells, however they do appear after differentiation. Several
proteins have been implicated as core components of paraspeckles including PSF/SFPQ,
NONO, and PSPC1 which are members of the Drosophila melanogaster behavior, human
splicing family [36]. Subsequently a long non-coding RNA known as NEAT1 has been
shown to be required for paraspeckle formation and integrity as siRNA-mediated
knockdown of NEAT1 results in loss of paraspeckles [36–38]. More recently, NEAT1 has
also been implicated in nuclear export of mRNAs from the nucleus [39].

Another study by Sone et al (2007) found a large non-coding RNA (i.e., Gomafu) to be
expressed in a distinct set of neurons. Interestingly, the spliced mature Gomafu RNA is
localized to the nucleus and is detected as numerous foci that do not co-localize with any
known nuclear domain markers possibly marking a novel nuclear compartment [40].
Collectively, these studies implicate long non-coding RNAs in the formation of specialized
compartments within the cell and suggest that other yet to be identified long non-coding
RNAs can have structural functions in mammalian cells alone or by binding to protein
partners.

Small RNAs based Ribonucleic-protein interactions
Similar to large non-coding RNAs, small RNAs (less than 200 nucleotides in length) also
associate with protein partners to perform various functions. In yeast, sense and antisense
RNAs transcribed from heterochromatic loci form double-stranded (ds)RNAs that are
processed by DICER into small RNAs that interact with Ago proteins as a crucial part of
RNA-induced initiation of transcriptional silencing (RITS) complex [41]. RITS is required
for the silencing of heterochromatic repeats through the recruitment of chromatin-modifying
complexes to these loci [42]. In RNA dependent RNA polymerase I (Rdp1) mutants, RITS
fails to localize to the heterochromatic loci and lack siRNAs suggesting that the initial
transcription of dsRNA is essential for the generation of siRNAs and the maintenance of
heterochromatin [42]. A recent study, however, found a tiny fraction of Dicer-independent
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small RNAs that are generated through a celluar degradation mechanism which then bind to
Ago1 and can recruit chromatin complexes to initiate the addition of specific histone marks
(Mozaed paper). The authors suggest that this may be a part of a general surveillance
mechanism of the transcriptome.

In mammals, there is also emerging evidence that small RNAs targeted to the promoter
region of genes can interact with Ago proteins and results in alteration of chromatin
modifications at promoters by the recruitment of chromatin complexes and therefore can
affect the transcription of genes. Previously, Janowski and colleagues found that small RNA
targeted to the transcription start sites or promoter regions of genes can induce gene
silencing through the binding of Ago1 and Ago2 to the DNA (Janowski et al., 2006). A
similar study from Kevin Morris’s group found that small RNAs targeted to the promoter
region of the UbC gene in human cells result in long term silencing via changes in
chromatin modifications in an Ago1-dependent manner (Hawkins et al., 2009). Intriguingly,
another study found that small RNAs can also induce gene activation in some cases when
targeted to the promoter region of genes (Janowski et al., 2007). A recent study has also
found that small RNAs that are transcribed from 5’ end of polycomb target genes in primary
T cells and embryonic stem cells, are associated with the chromatin-modifying complex
PRC2 [43]. Collectively these studies demonstrate that ribonucleic-protien complexes
comprised of small RNAs play key roles in epigenetic regulation from yeast to mammals.

Another major class of functional small RNAs is microRNAs (miRNAs) [44]. MicroRNA
biogenesis initiates from primary transcripts (pri-miRNA) that are capped, polyadenylated
and processed by Drosha into a short stem-loop structure (pre-miRNA). Pre-miRNAs are
then processed by the RNase III-like enzyme Dicer into functional 23 nt mature miRNAs.
Each mature miRNA sequence can be complementary to few hundred mRNAs and via this
complementarity, a single miRNA can regulate the translation of many proteins and
therefore simultaneously influence many cellular processes and pathways [44]. miRNAs
also function within a multiprotein complex known as RNA-induced silencing complex
(RISC). RISC is composed of several proteins including DICER, the double-stranded RNA
binding protein TRBP, and Argonaute 2 [45]. This multiprotein complex becomes a
functional ribonucleoprotein when a double-stranded RNA or pre-miRNA and a matching
mRNA become incorporated into the complex. Thereafter, the argonaute 2 protein which
has the slicing activity within the RISC complex is triggered to destabilize or degrade the
mRNA [46]. These studies demonstrate the importance of small RNA-protein interactions in
the regulation of translation.

Small ncRNA- protein interactions are also implicated in spermatogenesis. For example,
piwi-associated RNAs (piRNAs) are slightly larger than miRNAs and siRNAs, range in size
between 26–32 nt have only been found in germ cells thus far and associate with the Piwi
family of Argonaut proteins [47–49]. Mice have three piwi proteins: Mili, Miwi, and Miwi2.
These proteins are expressed in the various stages of mouse meiosis and interact with
piRNAs [50]. Functional studies such as mouse knockouts of these proteins have
demonstrated that they are required for spermatogenesis as these mice displayed meiotic
defects and sterility [51, 52]. Although all three proteins resulted in spermatogenic arrest,
the stage at which the arrest occurs varies between the three proteins suggesting a non-
overlapping function (reviewed in Khalil and Wahlestedt, 2008). Only few piRNA clusters
have been characterized to date and their functions have been implicated in transposon
silencing or guidance of chromatin-modifying complexes [53].

Similar to piRNAs another group of small RNAs have been implicated in germ cell biology.
MSY2, a germ-cell-specific member of the Y-box family of DNA-/RNA-binding proteins,
have recently been shown to associate with a novel class of small RNAs. MSY2 binds small
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RNAs (MSY-RNAs) that range in size from 18–36 nt with the majority being 25–31 nt in
length, and are expressed in both germ cells and somatic cells [54]. Despite the abundance
of piRNAs in the testes which are also similar in size to the immunoprecipitated RNAs with
MSY; the authors found only 7% of these MSY-RNA map to known piRNA genes. MSY-
RNA map to exons (65%), introns (16%), intergenic regions (12%) and piRNA clusters
(7%) with no MSY-RNA matching to rRNA, tRNA or miRNAs. Also, since the majority of
MSY-RNAs have a 5’ adenosine, this distinguishes them form piRNAs and miRNAs
suggesting that MSY-RNA is a distinct class of small RNAs. Although, the exact function of
these MSY-RNA is not known, however, MSY-RNAs are enriched in chromatin in the
nucleus, and in the cytoplasm they are detected in both ribonucleoproteins and polysomes,
suggesting that MSY-RNA may play a role in regulating genes at the transcriptional or post-
transcriptional level. Also, since deletion of Msy2 in mice results in spermatogenic defects
this also provide further evidence that MSY-RNAs are likely to be functional. MSY-RNAs
and piRNAs may play critical roles during spermatogenesis including regulation of meiotic
progression and meiotic recombination with implications for fertility and inherited genetic
disorders.

X inactivation and genomic imprinting
One of the most dramatic examples large non-coding based RNPs playing a critical role in
chromatin regulation is X chromosome inactivation. Female somatic cells silence one of
their two X chromosomes to equalize the dosage of X linked genes with males (XY) [55,
56]. At the center of a complex choreography is a large non-coding RNA known as XIST,
specifically, the Repeat A region of Xist physically associates with PRC2 and is required for
its localization to the future inactive X chromosome [22]. This ribonucleoprotein complex of
Xist and its protein partners confers a transcriptionally repressive environment on most of
the inactive X chromosome by modifying histone tails with repressive chromatin marks that
likely interfere with transcriptional fidelity.

The interface of large non-coding RNAs and chromatin modifying complexes is becoming a
common theme in the maternal or paternal allelic silencing beyond Xist [21]. One hallmark
of imprinted regions is that they tend to have a cluster of protein-coding and non-coding
RNAs [57]. Moreover, these non-coding RNAs tend to regulate imprinted protein-coding
genes in cis through association with chromatin- modifying complexes. The non-coding
RNAs Air and Kcnqot1 are two large non-coding RNAs that associate with the chromatin
modifying complexes (Air with G9a, and Kcnqot1 with PRC2 and G9a) and target them in
cis to neighboring genes to affect chromatin modifications and therefore the transcription of
those genes [24, 25]. These studies open up another interesting question: do non-coding
RNAs help establish imprints in the germline by guiding chromatin complexes to imprinted
loci to establish imprinting marks. These studies are usually hampered by the difficulty of
culturing germ cells in vitro and the inability to obtain pure germ cells that are not
contaminated by neighboring somatic cells. Nonetheless it is becoming increasingly clear
that large non-coding RNAs are key modulators of allelic imprinting.

Potential role of large non-coding RNAs in pluripotency?
Several landmark studies have previously shown that the coordinated effort of several
transcription factors is required to maintain or induce pluripotency [58]. These transcription
factors occupy the promoters of genes involved in self-renewal, while genes that are
involved in cellular differentiation are occupied by repressive complexes such as polycomb
proteins [59]. This distribution is not restricted to the promoters of protein-coding genes but
also have been observed at promoters of microRNAs [60] and more recently at large non-
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coding RNAs [61, 62]. These observations suggested a potential role for non-coding RNAs
in pluripotency.

For example, Guttman et al identified approximately 100 lincRNA promoters bound by
Sox2, Oct4 or Nanog for which direct regulation occurs. A more recent study by Mohamed
et al. identified 105 and 335 large noncoding RNA proximal regions bound by Oct4 and
Nanog respetively. The authors focused on four conserved long noncoding RNAs that are
bound by Oct4 or Nanog. The induction of differentiation of mouse ES cells by retinoic acid
affected the levels of these transcripts, similar to Oct4 and Nanog. Also, knockdown of
either Oct4 or Nanog resulted in concomitant changes in the levels of these lncRNAs
suggesting that these lncRNAs are likely to be direct targets of Oct4 and Nanog.
Interestingly, siRNA-mediated knockdown of one of the four lncRNAs (known as Gomafu/
Miat) resulted in the downregulation of several pluripotency markers including Oct4 and
Nanog. These studies implicate lncRNAs in pluripotency and suggest that they may function
in specific pathways that regulate cell fate decisions.

However, the mechanism of long RNAs mediated effects on pluripotency remains a key
question. One possibility is that long non-coding RNAs can form ribonucleic-protein
complexes with chromatin-modifying complexes to alter the expression of genes that
contribute to the maintenance of pluripotency. Consistent with this notion a study found two
large non-coding RNA in mouse ES cells to be associated with MLL1 and H3K4me3 [61].
Collectively, these studies point to a key role for large non-coding RNAs interfacing with
the core pluripotency transcriptional machinery and chromatin modify complexes

Potential roles for non-coding RNAs and ribonucleoproetins in disease
The key functional roles of long non-coding RNAs has prompted researchers to investigate
their contribution to human disease. Numerous studies have now found an association of
human disease with mis-regualtion of long non-coding RNAs. However, there has been a
great debate whether these long non-coding RNAs are causing the disease or they become
mis-regulated as a consequence of disease. Two recent studies point to lincRNAs playing a
role in the former [63, 64]. The lincRNA HOTAIR has recently been shown to be sufficient
to drive metastasis by interfacing with chromatin-modifying complex PRC2 [63, 64]

Another study demonstrated that a lincRNA termed lincRNA-p21 plays a key role in the p53
tumor suppressor pathway [64]. Specifically, lincRNA-p21 is a direct target of p53 that
serves as a global repressor in the p53 pathway. Loss of lincRNA-p21 function resulted in a
similar tumor-supressor phenotype to p53. Thus, in contrast to HOTAIR, lincRNA-p21
maybe a “tumor-supressor lincRNA”. The mechanism of lincRNA-p21 based repression of
p53 target genes required the ribonucleic-protein association with hnRNP-K. Interestingly,
the physcial association between lincRNA-p21 and hnRNP-K was required to modulate the
localization of hnRNP-K to genes repressed by p53 via lincRNA-p21. Collectively,
HOTAIR and lincRNA-p21 represent a potential new class of “onco-“ and “tumor-
suppressor lincRNAs” that are key regulators of cellular transformation by forming
ribonucleic-protein interactions.

Long non-coding RNAs have also been shown to be mis-regulated in neurological disorders.
Intriguingly, the brain has the second highest level of non-coding RNA expression after the
testis. Previously, two independent studies identified two large non-coding RNAs that are
transcribed in the opposite direction of FMR1, the gene implicated in fragile X syndrome
[65, 66]. The first is a 2.4 kb non-coding RNA known as FMR4 and its transcribed about
200 bp upstream of FMR1. The second is an antisense transcript to FMR1 with multiple
splice variants known as ASFMR1. Both FMR4 and ASFMR1 become silenced in fragile X
syndrome patients similar to FMR1. However, it is not clear how these non-coding RNAs
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contribute to the symptoms of fragile X patients. The function of ASFMR1 is not known,
however, FMR4 has an anti-apoptotic function and may functions by protecting neuronal
cells during development. Also, an antisense non-coding RNA to BACE1, an enzyme that is
responsible for cleaving APP, was found to be elevated in Alzheimer’s patients. This non-
coding RNA stabilizes BACE1 mRNA in vitro and in vivo which leads to increased BACE1
protein levels and therefore contributes to increased AB-42 accumulation in brain cells [67].
Other lncRNAs have been implicated in cardiac disease, spinocerebeullar ataxia type 8 and
many others [57]. These association studies have now set the stage for follow-up functional
studies that will reveal how lncRNA contribute to human disease and if they are driving
disease state or merely reflecting indirect effects of changes in the transcriptional program of
cells.

Discussion
There are extensive RNA-protein interactions in all kingdoms of life. Here we explored their
key roles in numerous cellular processes ranging from translation, splicing, nuclear
organization and potentially epigenetic regulation of gene expression. A notable
commonality amongst the diversity of these regulatory mechanisms is ncRNA bridging
diverse protein complexes. The notion of ncRNA as a “molecular scaffold” proposed by
Zappula and Cech in the context of telomere replication may also apply to epigenetic
regulation of cellular identity [9, 21, 68, 69] and potentially numerous other cellular
processes [21]. Thus, RNA-Protein complex diversity could be tantalizing solution to the
observation of increasing ncRNA content in parallel with cellular complexity. For example,
the multiplicity of lncRNAs could result in an array of novel RNA-protein interactions
possibly to fine tune increasingly complex cellular circuitry.

Consistent with this idea is the observation that perturbations of these RNA-Protein
interactions can result disease. For example, HOTAIR and lincRNA-p21 serve as modular
molecular scaffolds bridging key chromatin modifying complexes that if perturbed can
result in cellular transformation [64, 68]. A clear advantage ncRNA as a molecular
modulator of protein complex diversity is the inherent ability activate a ncRNA to facilitate
a unique ribonucleic-protein complex, with sufficiently less constraints than deriving a
protein specific to this function. Collectively the studies reviewed herein, underscore the
need for further exploration into the spectrum of RNA-Protein interactions and their
importance in disease.

In summary, there is clear evidence across all kingdoms of life that large non-coding RNA-
Protein interactions fine-tune a wide range of cellular processes. These ever emerging
diversity of RNA-protein interactions are shedding new light into the cell circuitry defining
and maintaining cellular complexity.
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Fig 1. Extensive Large Non-coding RNA-protein Interactions in the Mammalian Genome Which
are involved in Numerous Biological Processes
In the nucleus large non-coding RNAs interact with chromatin-modifying complexes (e.g.,
PRC2, CoREST, LSD1) and are thought to guide these complexes to their site of action and/
or serve as scaffolds. Also, large non-coding RNAs play a crucial role in other processes
such as splicing as well as nuclear-cytoplasmic shuttling. In the cytoplasm, large non-coding
RNAs are also involved in several process including signal recognition particle (SRP) which
directs nascent secretory proteins to the endoplasmic reticulum and some large non-coding
RNAs have been found in P-bodies.
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