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The Coded Functions of Noncoding RNAs for

Gene Regulation

Sojin An, and Ji-Joon Song*

For eukaryotes, fine tuning of gene expression is neces-
sary to coordinate complex genetic information. Recent
studies have shown that noncoding RNAs (ncRNAs) play
central roles in this process. For example, ncRNAs partici-
pate in multiple diverse functions such as mRNA degrada-
tion, epigenetic regulation and alternative splicing. The
findings regarding this new player in gene regulation sug-
gest that the mechanism of gene regulation is much more
complicated and subtle than previously thought. In this
review, new findings concerning the role of ncRNAs in
gene regulation are discussed.

INTRODUCTION

Multicellular organisms must regulate the expression of genetic
information to maintain the identities of different cell types. To
achieve this purpose, genetic information is stored in a highly
regulated structure called chromatin. Chromatin forms hierar-
chically higher order structure and is regulated through several
mechanisms. Chromatin is assembled and disassembled by
chromatin assembly complexes and chaperones according to
nuclear processes, such as DNA replication, DNA repair, and
transcription. The ATP-dependent chromatin-remodeling com-
plex remodels chromatin structure to regulate the accessibility
of transcription factors to DNA. The nucleosome is the funda-
mental packaging unit of chromatin. Within this unit, histones
are subjected to several covalent modifications including acety-
lation, phosphorylation, ubiquitination, sumoylation and methy-
lation. Site-specific modifications of histones lead to changes in
chromatin structure or serve as beacons to recruit other chro-
matin modifiers. In multicellular organisms, the complexity of
chromatin regulation is necessary to maintain the integrity of
the genome and to regulate the expression of genetic informa-
tion.

ncRNAs are functional RNA molecules that are not translated
into proteins. The first ncRNA was discovered in the 1960s in
studies on tRNA; however, its function was restricted to con-
veying genetic information, rather than regulating gene expres-
sion. In the early 1990s, several groups reported a long ncRNA,
called X-inactive specific transcript (Xist), which is specifically

transcribed in the inactive X chromosome and directly regulates
X-chromosome inactivation (Brockdorff et al., 1991; McCarrey
and Dilworth, 1992; Masui and Heard, 2006). In addition to
XIST, the roX genes mediate X-chromosome hyperactivation in
Drosophila and several long ncRNAs, including Air, have been
implicated in genomic imprinting (Braidotti et al., 2004). Recent
genome-wide analysis of transcriptome revealed that genome
transcribes many long size noncoding RNAs, which are collec-
tively called long noncodingRNAs (IncRNAs) to distinguish from
small noncoding RNAs such as siRNAs and piRNAs. There are
accumulating evidences that several classes of IncRNAs play
critical functions in gene regulation at the chromatin level. In
this review, we provide an overview of the recent findings on
the functions and mechanisms of IncRNAs for gene regulation
as well as the implication of small noncoding RNAs for gene
regulation.

siRNA regulates heterochromatin establishment

RNA interference (RNAI) is a gene silencing mechanism medi-
ated by small RNAs. RNAi was initially identified as a mecha-
nism of posttranscriptional gene silencing in Caenorhabditis
elegans (Fire et al., 1998); it also acts in the related processes
of quelling in Neurospora and post-transcriptional gene silenc-
ing (PTGS) in plants (Hannon, 2002). RNAi involves a con-
served group of proteins: Dicer and Argonaute (Hannon, 2002;
Matzke et al., 2001). Double-stranded RNA (dsRNA) is proc-
essed by Dicer into small interfering RNAs (siRNAs) of 21-25
nucleotides, and siRNA then binds to Argonaute, which is a
catalytic enzyme in the RNA-induced silencing complex (RISC)
(Liu et al., 2004; Song et al., 2004). The siRNA-bound RISC
cleaves mRNA in a sequence-specific manner to repress gene
expression. However, Martienssen and Grewal’s groups showed
that RNAI is also involved in the initiation of chromatin silencing
and heterochromatin assembly in S. pombe (Hall et al., 2002;
Volpe et al., 2002). They found that the deletion of RNAi ma-
chinery including Argonaute, Dicer and RNA-dependent RNA
polymerase induces the accumulation of transcripts and tran-
scriptional de-repression in the centromeric heterochromatin
region accompanied by loss of histone H3Lys9 methylation,
which is a gene repression marker. In addition, the siRNA-
mediated establishment of heterochromatin requires heterochro-
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matin protein 1 (HP1/Swi6) (lida et al., 2008). These results
revealed a surprising interaction between two seemingly unre-
lated pathways: RNAi and chromatin regulation. RNAi-media-
ted chromatin regulation has been studied extensively in S.
pombe, but it is not clear how the RNAi machinery works at the
chromatin level in higher eukaryotes. The primary function of
siRNA in heterochromatin establishment is to recruit the RNA-
induced initiation of transcriptional gene silencing (RITS) com-
plex and subsequently to recruit chromatin-modifying com-
plexes. Although it has been speculated that siRNA recruits
RITS and other complexes in a sequence-specific manner by
hybridizing with nascent transcripts from heterochromatin loci,
the exact mechanism is not clearly understood.

ncRNA-mediated transcriptional silencing is also observed in
plants. In plants, the DCL3/HEN1 complex processes dsRNA,
formed from transcripts in the sense and antisense directions,
into siRNA. siRNA complexed with AGO4-PolV serves as a
primer to generate more transcripts by PolV (Bies-Etheve et al.,
2009). PolV transcription at the locus primed with siRNA was
shown to facilitate de novo methylation by DRM2. Once the
locus is methylated, PollV transcribes aberrant RNAs from the
methylated locus, which are subsequently processed by the
DCL3/HEN1 enzyme complex to result in the amplification of a
siRNA signal at the targeted locus. Although siRNA was initially
discovered as an mRNA degradation pathway, this posttrans-
criptional regulation may be a minor function of RNAI; the major
function may be to maintain and regulate genetic information in
the nucleus.

piRNA as a tool of transposon surveillance
Several groups have recently discovered another class of small
RNAs called Piwi-interacting RNA (piRNA) (Girard et al., 2006;
Lau et al., 2006). Most piRNAs appear to be derived from a
small number of long single-stranded RNA precursors that are
often encoded by transposon-rich heterochromatic clusters
(Brennecke et al., 2007; Yin and Lin, 2007). Transposons are
important features of most eukaryotic genomes, and the mobili-
zation of these elements can lead to genetic instability (McClin-
tock, 1953). Transposon silencing is particularly critical in the
germline, which maintains the genetic information that will be
inherited by future generations. It has been demonstrated that
the Piwi protein is genetically linked to transcriptional gene
silencing in flies and that piRNA forms a complex with a protein
implicated in gene silencing pathways (Lau et al., 2006). A
recent study reported that piRNAs play a critical role in transpo-
son silencing and genome maintenance during germline devel-
opment (Malone et al., 2009).

piRNAs differ from siRNA in their size and in their binding
partners. siRNA and miRNA are 21-22 nucleotides (nt) in size
and bind to the proteins from the Ago clade of the Argonaute
protein family. piRNAs are typically 24-32 nt long and associate
with Piwi, Aubergine (Aub) and one PIWI clade Argonaute pro-
tein, AGOS. piRNA is generated through the “Ping-Pong cycle”
by Aub and AGOS in a slicer activity-dependent manner (Bren-
necke et al., 2007; Gunawardane et al., 2007; Yin and Lin,
2007). However, the mechanism of the biogenesis of Piwi-
bound piRNA is not known. A recent study shows that there are
two distinct piRNA pathways in Drosophila ovary germline and
somatic cells (Malone et al., 2009). In somatic cells, only Piwi
protein is expressed and is shown to regulate the gypsy family
through an exclusive association with piRNAs transcribed at the
flamenco cluster. In germline cells, three Piwi proteins, Piwi,
Aub, and AGOS3, regulate a broad range of transposon ele-
ments.

It has been reported that protein-coding genes containing

transposon insertions within introns were not silenced by the
piRNA pathway, suggesting that piRNA homology is removed
by splicing after export from the nucleus (Brennecke et al.,
2007). These data suggest that piRNA functions at the post-
transcriptional level. Alternatively, several lines of evidence
suggest that Piwi protein localizes to the nucleus and functions
at the chromatin level. It has been shown that Piwi protein di-
rectly interacts with HP1 protein. In addition, the depletion of
Piwi protein results in the loss of H3Lys9 methylation and the
delocalization of HP1 protein. Furthermore, Piwi has been im-
plicated in heterochromatin assembly in somatic cells (Brower-
Toland et al., 2007; Pal-Bhadra et al., 2004). These findings
suggest that piRNA and Piwi proteins interact to induce the
chromatin modification of their target genes, thus imposing
transcriptional silencing. Consistently, piRNA mutations re-
duced de novo DNA methylation of retrotransposons in fetal
male germ cells (Kuramochi-Miyagawa et al., 2008). Further-
more, piRNAs have been found in polysome fractions. The
mouse Piwi protein, Miwi, associates with translation initiation
factors and may positively regulate translation (Grivna et al.,
2006; Unhavaithaya et al., 2009). These findings raise the pos-
sibility that piRNAs also control translation. However, despite
the many studies on Piwi/piRNA function, the exact mechanism
of their action needs to be further investigated.

Long noncoding RNAs in X chromosome inactivation

X chromosome inactivation (XCI) is a good example for epige-
netic regulation by ncRNA. It is known that there are two kinds
of XClI: imprinted and random. During imprinted XClI, the pater-
nal X chromosome is preferentially silenced in the placenta of
eutherian mammals, and in all cells of earlier marsupial mam-
mals (Martin et al., 1978; Rastan and Robertson, 1985). By
contrast, random XClI takes place in the early female embryo,
where both the maternal and the paternal X chromosome have
the same chance of becoming inactivated (Martin et al., 1978).

XCl is regulated by a single X-inactivation center (Xic), an X-
linked locus that counts the number of X chromosomes, chooses
one to remain active and silences the other (Costa, 2008). Xic
is noted for its abundance of noncoding transcripts: the Xist
silencer RNA (Borsani et al., 1991; Brockdorff et al., 1992;
Brown et al., 1991; 1992); its antisense Tsix counterpart (Lee
and Lu, 1999; Lee et al., 1999; Sado et al., 2001); and the en-
hancer-bearing Xite (Ogawa and Lee, 2003).

On the future active X chromosome (Xa), Xite acts on the
linked Tsix allele to prolong antisense transcription, which in
turn blocks Xist upregulation. On the future inactive X chromo-
some (Xi), Xite repression results in Tsix downregulation in cis
(Ogawa and Lee, 2003), which in turn triggers induction of Xist
and heterochromatinization (Sun et al., 2006). These results
suggest that several ncRNAs are needed for XCI. However,
research has shown that the autosomal insertion of Xist trans-
genes can silence genes flanking the insertion site, implicating
Xist as both necessary and sufficient for X chromosome inacti-
vation (Lee and Jaenisch, 1997; Penny et al., 1996; White et al.,
1998; Wutz and Jaenisch, 2000).

During X-inactivation in ES cells, Tsix is expressed on the Xa
but is downregulated on the Xi causing the expression of Xist to
be upregulated (Lee and Lu, 1999). While Xist expression on
the Xi is prolonged during X-inactivation maintenance, Tsix
expression ceases on the Xa and is therefore not required to
keep Xist expression blocked (Lee et al., 1999). The Xist RNA
coating of the future Xi is followed by a series of epigenetic
changes creating the characteristic chromatin signature of the
transcriptionally repressed inactive X chromosome (Okamoto et
al., 2004). First, active markers such as H3Lys4 methylation
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Fig. 1. The roles of noncoding RNAs

and H3Lys9 acetylation are gradually lost. Second, MacroH2A
is incorporated in the Xi (Costanzi et al., 2000). Third, histone
methyltransferase Polycomb group complex 2 (PRC2) associ-
ates with Xi and leads to the accumulation of repressive
H3Lys27 trimethylation (Erhardt et al., 2003; Plath et al., 20083;
2004; Silva et al., 2003), which is later followed by H3Lys9 me-
thylation (Okamoto et al., 2004). This observation indicates that
XCl resulted from chromatin modification mediated by the long
ncRNA, Xist. However, the exact mechanism of Xist recruit-
ment of chromatin modifiers is not clear. Recently, Jeannie
Lee’s group found another ncRNA involved in XCI. They found
that a 1.6-kilobase ncRNA (RepA) within Xist is transcribed as a
separate transcript and recruits PRC2 to its target locus, Xi.
Using the RNA-chip assay, followed by biochemical ap-
proaches, they showed that RepA RNA recruits PRC2 and that
the PRC2 subunit, EZH2, is responsible for direct interaction
with RepA. Based on these results, they proposed a model to
explain how RepA and other ncRNAs, such as Xist and Tsix,
work with PRC2, which is the first ncRNA-binding protein in-
volved in XCI. Before XClI, when only Tsix alone is transcribed,
Tsix and RepA compete for PRC2 binding. Upon XClI onset, the
transcription of Tsix is suppressed, and Xist is transcribed.
RepA then relays PRC2 to the 5’ region of Xist, which leads to
the methylation of histone H3Lys27. These data suggest that
the function of ncRNA in XCl is to recruit chromatin modifiers. It
would be interesting to examine if other ncRNA, such as Tsix,
Xist and Xite, also recruit protein factors to modify chromatin.

HOTAIR regulates HOX gene transcription

Humans have 39 HOX genes grouped into HOXA, B, C, and D
genes located in four separate chromosomes. HOX genes
encode master regulatory transcription factors. Therefore, ex-
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pression patterns of the HOX gene cluster govern the fates of
cells during embryonic development. HOX genes are tightly
controlled through epigenetic regulations, and ncRNAs are
thought to be involved in controlling HOX genes (Rank et al.,
2002). Although the presence of ncRNA in HOX gene expres-
sion has been reported previously, the function of ncRNA
coded in the HOX gene cluster remained unknown until the
discovery of HOTAIR by Howard Chang’s group (Rinn et al.,
2007; Woo and Kingston, 2007). They characterized the tran-
scripts from all human HOX gene loci using high resolution tiling
arrays and discovered a 2.2 kilobase ncRNA transcribed in the
HOXC locus, termed HOX Antisense Intergenic RNA (HOTAIR).
The discovery of ncRNA in HOX gene locus was expected.
However, the surprise came when they knocked down HOTAIR
gene expression. The depletion of HOTAIR by RNAi has little
effect on the transcription of HOXC in regions where HOTAIR is
transcribed; however, the depletion of HOTAIR represses the
transcription of the 40 kb region in the HOXD cluster. These
data suggest that HOTAIR ncRNA transcribed in HOXC works
in trans to repress HOXD located in a different chromosome.
To investigate the molecular mechanism, they examined the
change of the repressive marker histone, H3Lys27 and its
modifying enzyme, Polycomb Repressive Complex 2. Consis-
tent with the data that HOTAIR works in trans, the depletion of
HOTAIR causes the loss of histone H3Lys27 methylation in
HOXD but not in HOXC. Moreover, the level of Suz12 expres-
sion, a component of PRC2, decreases modestly but specifi-
cally in the HOXD region. These data suggest that HOTAIR
ncRNA transcribed in the HOXC region recruits PRC2 to the
HOXD region to methylate histone H3Lys27 leading to repres-
sion. The mechanism of HOTAIR recruitment of PRC2 may be
similar to that of RepA. The paper by Howard’s group showed
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Table 1. The roles of noncoding RNAs

ncRNA Action place Action mode
siRNA Cytoplasm mRNA degradation
miRNA Cytoplasm Translation inhibition
piRNA Nucleus Transposon surveillance
RepA Nucleus X-chromosome Inactivation
HOTAIR Nucleus Transcriptional silencing
MALATA1 Nucleus/Speckles  Alternative splicing

that HOTAIR could coordinate histone modifications by binding
to multiple histone modification enzymes (Tsai et al., 2010). In
this paper, HOTAIR serves as a scaffold for at least two distinct
histone modification complexes. Histone H3Lys27 methylation
by PRC2 is a hallmark for transcriptional repression while His-
tone H3Lys4 methylation by MLL complex is a hallmark for
transcriptional activation. These two hallmarks function antago-
nistically for transcriptional regu-lation. Interestingly, HOTAIR,
which induces transcriptional repression, recruits PRC2 through
the 5" domain and the LSD1/ CoREST/REST complex through
the 3’ domain. The two anta-gonistic hallmarks are coordinated
by the ability to recruit proteins to write a repressive mark and to
erase an active mark. Many questions still remain concerning
how HOTAIR specifically localizes to the HOXD cluster and
whether ncRNA-mediated silencing is a common mechanism
for HOX gene silencing or if this is a special case for HOTAIR.

MALAT1 regulates alternative splicing

ncRNA-mediated gene regulation is not limited to transcriptional
gene silencing. A recent paper by Prasanth’s group implicates
the ncRNA MALAT1 in regulating alternative splicing. Metasta-
sis-associated lung adenocarcinoma transcript 1 (MALATT)
(Tripathi et al., 2010), also known as NEATZ2 (Hutchinson et al.,
2007), was originally identified as a long ncRNA that exhibited
significant expression in individuals at high risk for metastasis of
many human cancers (Ji et al., 2003; Lin et al., 2007). After
transcription, nascent MALAT1 is processed into a 5'-long tran-
script and a 3'-short tRNA-like transcript by RNase P cleavage
(Sunwoo et al., 2009; Wilusz et al., 2008). The long form of
MALAT-1 localizes to nuclear speckles as a structural platform
while the short form is exported to the cytoplasm (Hutchinson et
al., 2007).

Several lines of evidence suggest that nuclear speckles have
two important functions: as compartments for assembly, modifi-
cation and storage that supply alternative splicing and transcrip-
tion factors to active transcription sites (Lamond and Spector,
2003); or as hubs facilitating the efficiency and integration of
distinct steps in gene expression, ranging from transcription to
mRNA export (Hall et al., 2006). In general, alternative splicing
is regulated by trans-acting protein factors, which include the
small nuclear ribonucleoproteins, the serine/arginine-rich (SR)
family of nuclear phosphoproteins (SR proteins), the SR-related
proteins, and the heterogeneous nuclear ribonucleoproteins
(Blencowe, 2006; Long and Caceres, 2009).

Two relevant studies have described the possible functions of
MALAT1. One study suggested that silencing of MALAT1 sup-
presses the migration of CaSki human cervical cancer cells
(Tseng et al., 2009). The other study revealed that MALAT1,
retained in nuclear speckles, positively regulates cell motility
through the concomitant regulation of motility-related genes,
such as CTHRC, CCT4, HMMR and ROD, via transcriptional
and/or post transcriptional regulation (Tano et al., 2010). How-
ever, the molecular mechanism of the function of MALAT1 was
not known. In Prasanth’s paper, it is revealed that MALAT1 is

not required for the structural integrity of nuclear speckles, but
interacts with SR splicing factors and modulates their distribu-
tion to nuclear speckles. In addition, it was suggested that
MALAT1 regulates alternative splicing of pre-mRNAs by con-
trolling the functional levels of SR splicing factors; depletion of
MALTAT1 increases the levels of cellular SR proteins and alters
the distribution ratio of phosphorylated to dephosphorylated
pools of SR proteins towards an increased fraction of the
dephosphorylated forms of these proteins. These findings indi-
cate that ncRNAs play roles in regulating the expression of
genetic information not only at the transcriptional step but also
at the alternative splicing step.

Future perspective

The scope of the functions of ncRNA expands from posttrans-
criptional silencing to transcriptional silencing and RNA splicing.
It is now clear that ncRNAs play important roles at several lev-
els of gene regulations: genomic stability maintenance, tran-
scription, translation, and splicing. However, the mechanisms
behind the actions of ncRNAs are largely unknown, and many
questions remain unanswered. What is the mechanism of
ncRNA biogenesis? Are RNAi machineries involved? Do ncRNAs
mediate epigenetic modification of the loci to repress transcrip-
tions as RepA does? It is likely that many other ncRNAs in-
volved in gene regulation are yet to be discovered. It seems
that RNA is situated at the center of the central dogma in regu-
lating the genetic information flow from DNA to protein.
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