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Traditionally, we know that genomic DNA will produce
transcripts named messenger RNA and then translate
into protein following the instruction of genetic central
dogma, and RNA works here as a pass-by messenger.
Now increasing evidence shows that RNA is a key regu-
lator as well as a message transmitter. It is discovered by
next-generation sequencing techniques that most
genomic DNA are generally transcribed to non-coding
RNA, highly beyond the percentage of coding mRNA.
These non-coding RNAs (ncRNAs), belonging to several
groups, have critical roles in many cellular processes,
expanding our understanding of the RNA world. We
review here the different categories of ncRNA according
to genome location and how ncRNAs guide and recruit
chromatin modification complex to specific loci of
genome to modulate gene expression by affecting chro-
matin state.
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Introduction

The complexity of the genes and the gene products in
eukaryote is highly beyond our imagination. This is
reflected not only in gigantic genome but also in its com-
plicated transcription and regulation network. Intrinsically,
the chromosomal DNA lives in different chamber-like
regions, where the nucleosomes are tightly or less con-
densed, which is relevant to the chromatin accessibility for
transcript factors [1]. Additionally, chromatin DNA parti-
tioned to chromosome segregation is located in a specific
region in nucleus with the help of lamin [2] and plenty of
non-histone protein, and these lamina-associated spatial
organizations likely represent large-scale heterochromatin
formation with low transcription levels [3].

RNA transcription levels are largely monitored by chro-
matin state. Eukaryote genome is packed into a nucleosome
that is composed of 146 bp DNA and core histones (H3,
H4, H2A, and H2B). More importantly, histones are
subject to an extensive range of post-translational modifica-
tions including methylation, acetylation, ubiquitination,
phosphorylation, and polyADP ribosylation [4]. The
genome DNA can be methylated [5] prevalently and hydro-
xymethylated [6] though in low level. Although DNA
methylation affects the structure and dynamics of nucleo-
somes, usually resulting in a more compact and rigid struc-
ture; 5hmC are highly conjoined with promoters in
embryonic stem cells, which usually present in poised
genes with bivalent signatures marked by histone 3 lysine
27 trimethylation (H3K27me3) and histone 3 lysine 4 tri-
methylation (H3K4me3). Different histone modifications
imply particular epigenetic functions. For example,
H3K4me3 reside in promoter, H3K4me2 locate in promo-
ters and enhancer regions, H3K4me1 sit on the enhancer,
lysine 9 acetylation (H3K9ac), and H3K27ac correlate with
active regulatory regions, H3K36me3 and H4K20me1 meet
with transcribed regions and H3K27me3 which is asso-
ciated with Polycomb-repressed regions [7,8]. Furthermore,
combinations of two or more marks provide a more power-
ful strategy to identify new transcriptional units.
Employing ‘K4–K36 domain’ discovered .1000 long
non-coding RNAs (ncRNAs) which are conserved in
mammals [9]. Considering the crucial roles of chromatin
modification in gene expression during development and
disease, we would like to ask: what factors are responsible
for the initiation of these DNA and histone modification?
How does the cell know in what time and which region of
their genome should be modified? In this review, we
propose that diversified ncRNAs transcribed from different
genome regions such as enhancer, promoter, intron, and
intergenic region guide and recruit chromatin modification
complex to specific loci to affect chromatin state contribut-
ing to regulate gene expression in response to the environ-
ment alteration.
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Genome-wide Transcriptional ncRNA
Bridging DNA and Chromatin Modification
Complex

Genome DNA serves as carrier of static genetic informa-
tion, which is interpreted by transcription and translation to
manipulate phenotype. RNA polymerase II (Pol II), the
well-known RNA polymerase consisting of 12 subunits
[10], cooperates with a large number of transcription
factors to elegantly initiate the transcription, and Pol II cat-
alyzes DNA to produce heterogeneous RNA including
ncRNA such as small nucleolar RNA (snoRNA), riboso-
mal RNA (rRNA) as well as traditional functional mRNA
molecule that is translated into protein [9,11–13].
Specifically, promoter in eukaryote genome comprises
enormous regulation elements to recruit various functional
factors including Pol II and chromatin remolding com-
plexes to change its configuration and adjust gene tran-
scription. For a eukaryotic Pol II molecule, the ‘correct’
initiation transcription from a defined promoter leads to the
production of protein-coding messenger RNA (mRNA),
microRNA (miRNA) [14], endogenous small interfering
RNA (siRNA) [15], piwi-interacting RNA (piRNA) [16],
and large intergentic ncRNA (lincRNA) [9]. However, re-
cently high-throughput sequencing shows that Pol II also
initiates transcription ‘non-specifically’ from undefined or
incorrect sites to generate promoter-associated short RNAs
(PASR) and termini-associated short RNAs (TASR) and
other uncharacterized RNAs with biological significance
[17,18]. Moreover, genomic transcription is not always
limited to active genes because any engaged Pol II may
produce transcripts ranging in plenitude, which was con-
firmed by genome-wide mapping of Pol II uncovering that
10%–30% of the inactive genes are bound by Pol II in
their promoter regions [19]. Even some short RNAs
[20,21] are generated by paused Pol II when it is poising
for but not embarking on functional transcription.
Likewise, how Pol II is recruited to those promoters and
whether Pol II always inhabits along DNA to scan proper
promoters to initiate transcription or Pol II loiters or stably
stalls at the promoter as prepared waiting for onset of
stimuli are still undecided issues.

Recent studies by nuclear run-on sequencing [22] and
NET-seq [23] and other powerful next-generation sequen-
cing techniques [24] prove that most genomic DNA pro-
duces transcripts. In human genome, in addition to
annotated transcripts from functional gene region which
accounts for 1%–2% genome, there are plenty of unanno-
tated transcripts [25], 80% of which stretch 93% genome
[24] with relatively low-level copy number from particular
loci. The observation that ncRNA transcripts extend from
50 untranslated region (50UTR) of elongation factor 1 alpha
promoter (EF1a) [26] to gene body in low copy indicates

that the promoter region is transcriptionally active. It seems
that low-level transcripts are essential for gene silencing
[27] and heterochromatin formation [20].

Genomic DNA can be separated into several functional
units including promoter region, gene body, gene terminal
region, and other regulated elements (Fig. 1), most of
which transcribe ncRNA or become the target of ncRNA
to modify chromatin structure followed by changes in gene
expression. Unlike double-strand DNA, single-stand RNA
molecule could easily fold into secondary structure like
stem loop which could be recognized by coordinate pro-
teins, and on the other hand the primary RNA sequence
complements to chromosomal DNA via base pairing for
targeting distinguishing loci. All these features render RNA
as an excellent candidate to bridge DNA and associated
modifying factors that remold chromatin, change chromatin
accessibility, and manage gene expression. Considering
that many ncRNAs are tightly associated with chromatin-
modifying complex [28], the relationship between tran-
scription, ncRNA, and chromatin modification is worthy of
further exploration.

ncRNA Anchored to the Promoter Region
and Chromatin Modification

Conceivably, promoter, not only with enormous transcrip-
tional factors binding on it, but also being the target of
ncRNAs which are discovered in increasing number, is a
pivotal element to control gene expression. As Pol II initi-
ates transcription from promoter, there leaves more oppor-
tunities to generate promoter-associated ncRNA, which
possesses capacity to regulate gene expression in various
epigenetic mechanisms. Firstly, the transcription process
itself takes part in the arrangement of chromatin state as
well as production of the transcripts, which can be verified
by the fact that promoters of ncRNAs are more conserved
than that of the protein-coding gene [29]. In this case, tran-
scription allows promoter to obtain an open chromatin
architecture that in turn benefits gene activation. Secondly,
ncRNA allosterically regulates the activity of
chromatin-associated factors [30]. Thirdly, the transcribing
RNA serves as an adaptor to call for various factors to the
chromatin complex when RNA molecule physically inter-
acts with chromatin around the promoter region. Finally,
the transcribed RNA may recognize its complementary
DNA sequence so as to bring RNA-binding protein to the
particular chromatin region [31].

Till now, most epigenetic events and gene regulation have
focused on the promoter region including CpG island and
CpG shore. Many genes employ multiple promoters to
trigger transcription, along with a series of ncRNAs to
control promoter activity. For instance, in human quiescent
cells, the dihydrofolate reductase’s upstream minorpromoter
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derives ncRNA to repress the major promoter-derived tran-
scription that contributes to cell cycle regulation [27].
Imprinting genes usually have their antisense expression
which may partially explain allele-specific expression.
Taking insulin-like growth factor 2 (IGF2) as an example, it
transcribes from four different promoters, designated P1–P4.
While transcripts from P1 are derived from both parental
alleles, transcripts from P2–P4 are from paternal allele.
IGF2AS, one kind of ncRNA, is also a paternally expressed
transcript produced within the IGF2 locus in a reverse orien-
tation [32,33]. Does IGF2 antisense regulate the IGF2 ex-
pression paternally? Interestingly, IGF2 receptor gene that is
maternally expressed is managed by an intronic imprint
control element that contains the promoter region of its anti-
sense namely Air that is paternally expressed to silence
IGF2R by inducing methylation in the promoter region [34]
in correlation with H3K9 methylation due to G9a recruit-
ment by Air [35]. In X chromosome inactivation, different
types of ncRNAs and chromatin modification complexes
create a classical model to link ncRNA and chromatin state
[36,37], which emerges as the universal pattern in an organ-
ism [28]. Even more ncRNAs probably lead to DNA methy-
lation to sustain changed chromatin configuration during
the cell division [38–42], which is similar to the well-
established model of siRNA-directed DNA methylation in
plants [43].

Different from siRNA-directed mRNA degradation,
siRNA targeted in promoter region adjusts gene expression
at transcriptional level by changing chromatin accessibility.
The exogenous siRNA-directed gene silencing has been
demonstrated in plants, yeasts, and mammalians through
different mechanism to tune down gene transcription. What
about endogenous siRNA in regulating transcription? One
of the major recent scientific progresses is the discovery of
a variety of ncRNAs surrounding the extensive defined
promoter region of known genes transcribed in sense and
antisense orientation [17,21,22,44,45], some of which may
further be chopped into endogenous siRNA. An argonaute-
containing complex RITS (RNA-induced initiation of
transcriptional gene silencing) [46] is extremely tight to
heterochromatin formation which holds imperative role in

maintaining genomic stability. We anticipate that siRNA
may recognize the promoter-associated RNAs which load
to RITS complex to direct epigenetic modification on the
corresponding targeted promoters. Many chromatin modifi-
cation factors like DNA methyltransferases (DNMTs) and
histone methyltransferases [38] are then recruited to the
targeted elements. Chromatin immunoprecipitation (ChIP)
assays show that H3K27me3 combining with DNMT3A
and siRNA targeted to EF1promoter build a stable epigen-
etic modifications complex at the EF1 promoter.

SiRNA targeting to the promoter region does not always
lead to gene silencing. Several distinct siRNAs designed
to Cadherin-1 promoter can elevate the gene expression,
although the mechanism is still controversial. The next-
generation sequence technology also identifies a large
number of transcripts surrounding mRNA [24,25]. Later,
Yue et al. [47] verified that these extra ncRNA either
inhibit or active gene expression. Addition of antigene
RNA PR13515 that locates in region beyond 30UTR and
antigene RNA PR-11 that generate from the promoter
region increase the amounts of progesterone receptor
message transcripts (mRNA), respectively. miRNA is
noted as one of the well-defined small ncRNA, and previ-
ous studies have shown that miRNAs regulate gene expres-
sion by translational suppression or sequence-specific
degradation of complementary mRNA in post-
transcriptional level. Nonetheless, recent research has
unveiled that miR373 complement to E-cadherin promoter
leading to Pol II enrichment at transcription start site (TSS)
[48] and here miR373 emerged as a positive regulator in
contrast to traditionally down-regulation gene expression
by miRNA. Another example is 50-RACE confirmed by
the promoter-associated ncRNA derived from upstream of
c-myc gene [49]. Essentially, those promoter-associated
ncRNAs correlated positively with c-myc transcripts but
�50 times lower expression than c-myc mRNA. Using
siRNA targeted to c-myc promoter-associated ncRNA
which is seen in nuclear run-on assays can significantly
reduce c-myc gene expression in cells.

In comparison with small ncRNAs, long ncRNAs are
emerging as a new type of ncRNAs. Transcriptome profile

Figure 1 Genome-wide transcriptional landscape and global chromatin modification The top part shows functional units based on location around

gene; the bottom part shows various types of ncRNA transcribed from the upper corresponding units; the shapes lying in DNA indicate targets of

ncRNAs to modify chromatin structure. nc-mRNA: homologous to mRNA but do not code proteins; TSSa-RNA: TSS-associated RNA.
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by H3K4me3 and H3K36me3 enrichment in tiling array
identified 216 ncRNAs that located in the regions 4–8 kb
upstream of the TSS. One of them named PANDA inter-
acts with the transcription factor NF-YA to mediate cell
cycle arrest and apoptosis [50]. Surprisingly, the promoter
region of ncRNA is even more conserved than that of the
protein-coding mRNA in mammalian [29] which further
strongly suggests that ncRNAs to a larger extend may
sculpt cell identity. Twelve ncRNAs correlated to Pou5f1,
Sox2, and Nanog are identified, which may have functions
during mouse embryonic stem cell (ES cell) differentiation.
Interestingly, the promoter of two ncRNAs binding by
Pou5f1 and Nanog are regulated by pluripotential factors to
mediate chromatin reprogramming [51]. Even in retinal de-
velopment, a 9 kb non-coding RNA 2 (RNCR2) targets to a
specific nucleus domain [52], which helps regulate mouse
retinal cell differentiation ncRNA are also important in
regulating cell cycle. ncRNAs transcribed from multiple
cyclin D1 promoter with the 200 and 330 bp length [30]
were able to bind RNA-binding protein TLS and exert in-
hibition of p300 histone acetyltransferase activity to
perform the transcriptional silencing. The further research
[48] recognized that expression of promoter-associated
ncRNAs is inducible in response to ionizing irradiation,
which suggests that ncRNA can serve as a sensor of DNA
damage. All these evidence show that ncRNA is a compel-
ling element in various aspects from ES cell maintenance to
differentiation, from cell cycle to DNA damage response.

ncRNA Generated and Targeted in Gene
Body Regions Demanding More
Consideration

Gene body region including the exon and intron have dif-
ferent patterns of chromatin modification from promoter
region. Yet, similar to what happened in the promoter;
enormous ncRNAs are generated and supposed to be bio-
logically functional in gene body region. A combination of
the coding transcripts along with the non-coding transcripts
increases the transcriptional complexity. The ab initio
reconstruction of transcriptome [53] reveals a large number
of novel 50start and/or 30end transcripts and small RNAs.
Relying on both computational and experimental assays,
another study [54] identified that at least 4%–5% of the
neighbour genes in the human genome could be tran-
scribed into a single RNA unit. We hypothesize that those
fusion long transcripts may function as ncRNA or be trans-
lated to chimeric protein contributing to the evolution of
protein diversity. All these examples show that gene body
regions are capable of producing unannoted ncRNAs
whose functions need to be further determined.

The transcribed introns are actually the largest part of
gene-body-derived ncRNA. A survey of mRNA and EST

public database showed .55,000 ncRNAs derived from
introns of 74% of all RefSeq genes. Interestingly, part of
intronic ncRNAs and their corresponding mRNAs have
affiliated expression pattern [55]. Whether intronic tran-
scripts have function in regulating gene expression and
modifying the chromatin status of gene body is still an
open question. Despite all this, �25% of known human
miRNAs are located in intronic regions [56]. The intronic
miRNA, together with the host gene mRNA, synergistical-
ly regulate gene expression [57]. The intronic miRNAs are
transcribed by Pol II or Pol III who prefer to initiate tran-
scription through repetitive elements. Coincidently, many
repeats often inhabit in the intronic region. In the human
genome, repeat sequences that do not code for proteins
make up at least 50% of the whole human genome, the
precise function of such a large percentage of repeats
remains to be explored. From an evolutionary historical
view, repeats reshape the genome by rearranging it and
thereby changing chromosome structure and dynamics
[58]. Considering many Alu, making up �11% of the
human genome [59] and primarily adjacent to GC-rich and
gene-rich regions [60] are transcribed and processed further
into siRNA, we proposed a model that endogenous
Alu-derived siRNAs recruit RNA silencing complexes to
the Alu-containing region to change chromatin accessibility
thereby leading to the silence of genes surrounded by Alu
during disease development.

Gene duplication generally occurs in evolutionary
process contributing to genetic novelty. The extra copy
would go through mutation, depletion, or fraction which
brings about malfunctions to form a pseudogene. A series
of genome-wide studies [61] identified �15,000 pseudo-
genes in human cell. Pseudogene is not, as its name sug-
gests a counterfeit, but gains its function to regulate
protein-coding transcripts similarity toncRNA. Some
pseudogene transcripts serve as a shield to suppress mRNA
degradation by RISC complex in which miRNA is comple-
mentary to both pseudogene transcript and mRNA [62] or
other RNA-destabilizing factor [63], indicating the signifi-
cance of pseudogene that can be seen as functional ncRNA.

Gene Terminal Region-derived ncRNAs
and their Possible Roles in Gene Regulation

Gene terminal ncRNAs including antisense RNA may
regulate gene expression in different ways. Interestingly,
comparing with gene body, gene terminal region repre-
sented higher level of transcripts, which is similar to pro-
moter region [22]. Furthermore, a potential processing into
shorter-terminal-associated RNA has been investigated.
TASRs and aTASR are two types of terminal-derived
ncRNA. TASR was identified by tiling array [64] which
share the same sequence with parental mRNA but shorter,

Non-coding RNA expression and its function in chromatin modification

Acta Biochim Biophys Sin (2012) | Volume 44 | Issue 1 | Page 43

D
ow

nloaded from
 https://academ

ic.oup.com
/abbs/article/44/1/40/1164 by guest on 24 April 2024



and aTASR is a new class of small RNA with 50-poly
(U)-tailed emerging in gene terminal [18]. The biological
functions of the termini-associated RNA need a thorough
inquiry. Whether those terminal-derived ncRNAs are tran-
scribed from the antisense strand or produced by taking
30-poly(A)-tailed mRNA as template with the help of some
factors like RNA-dependent RNA polymerase or RNAPII
[65] needs more investigation. We hypothesize that it is
similar to divergent transcription occurring in active pro-
moter, TASRs may function like promoter-associated
ncRNAs in regulating gene expression.

In addition to terminal-derived short ncRNA, the anti-
sense RNA overlapping with the gene terminal transcribed
from the downstream region in opposite directions can also
be considered as a special type of terminal ncRNA. The
prevalence of antisense transcripts is a common phenom-
enon in organisms from bacteria to mammalian [15,66,67].
The distribution of antisense RNAs implies their general
participation in the regulation of gene expression with
mechanisms related to chromatin modification. Through
extensive base pairing, antisense RNA regulates sense tran-
scripts more quickly and specifically by its nature.
Although an antisense transcript that lies on 50-UTR of
Zeb2 indirectly activates Zeb2 expression via affecting
Zeb2 mRNA splicing [68], it seems that actively transcrip-
tional antisense RNA is exclusively involved in gene silen-
cing. During Saccharomyces cerevisiae chronological
aging [69], the antisense of phosphate transporter PHO84
assembled in Hda1/2/3 histone deacetylase complex
leading to H3K18 deacetylation. P15 antisense can silence
p15 transcription directly through increased H3K9
dimethylation and decreased H3K4 dimethylation, both of
which represent gene silencing markers. The model reveals
that antisense RNA mediates heterochromatin formation
and then induces gene silencing. Afterwards, the changed
chromatin architecture moreover leads to DNA methylation
with a long-lasting heritable effect [39].

Intergenic ncRNA, from Junk to Wealth

The intergenic regions of genomic DNA have long been
considered as junk DNA with less function, but an evolu-
tionary comparison discovered astonishingly that intergenic
transcripts constitute half of the expression differences
between human and chimpanzee [70]. Recent studies have
suggested that the mammalian genome transcribed several
thousands of lincRNAs [9,28,53].

Many lincRNAs are associated with chromatin-modifying
complexes such as PRC2, CoREST [31,53] and implicated
in embryonic development, DNA damage repair, signal
transmission, and cell cycle progression [9]. One lincRNA
named lincRNA-p21, target of p53, holds fundamental
duties in the p53 transcriptional response to apoptosis [71].

Another lincRNA, RNA-RoR, poses a positive impact to
induce pluripotent stem cell [72], during which, RNA-RoR
works as scaffold guiding chromatin-associated factors to
particular loci to modulate chromatin state. Reprogramming,
which refers to erasure and rewrite of epigenetic marks,
emerges in many biological process. In human and mouse,
there are large K9-modified regions that stretch up to
4.9 Mb with the help of H3K9methyltransferase G9a, to re-
organize specific genome regions into heterochromatin [3].
We speculate that the lincRNA may recruit chromatin modi-
fication complex to contribute to the formation of large
organized chromatin K9 modifications (LOCKs). More
research [73] has found that close relationship between
LOCK and chromatin remodeling during reprogramming of
epithelial-to-mesenchymal transition. Searching for
lincRNA that guide remodeling complexes to the large
region in this transition process may benefit to illustrate the
intrinsic mechanism. Some lincRNAs transcribed from a
relatively large region may represent an obvious chromatin
remodeling which in turn regulates its nearby gene activity.
In contrast to repressive effect of lincRNA-p21 [71], two
lincRNAs, ncRNA-a6, and ncRNA-a7 [74], located nearby
Snail1 and Snail2, respectively, are positively correlated
with Snail expression.

Hox genes are a cluster of related genes that establish
the embryonic structure and orientation of an organism
including HOXA, HOXB, HOXC, and HOXD. There are
plentiful of polycomb/Trithorax group response elements
(PRE/TREs) diffusely spreading across the genome [75],
and ncRNAs with transcribed TRE sites can recruit
trithorax complex, an indicator of active gene expression,
to the corresponding genomic TRE loci to elevate gene
expression in cis [76]. HOTTIP transcribed from the
HOXA locus brings WDR5/MLL complex to active
several HOXA genes expression [77].

Enhancer locates far upstream or downstream of the
gene regulating gene expression either in cis or in trans.
Mediator complex, which also interact with Pol II [78,79],
usually enhances forming loop with the promoter to play a
positive impact in gene expression from a long distance.
Different from promoter, which prefers to control house-
keeping gene, enhancer seems to regulate tissue-specific
genes [7] consistent with more enhancer diversity than that
of promoter in various cell types. Prominently, most
disease-related single-nucleotide polymorphism (SNP) goes
through a significant enrichment in the enhancer region;
these SNPs probably affect the enhancer function by tran-
scribing different levels of enhancer-related ncRNA. Kim
et al. [80] described the identification of .12,000
enhancer-derived ncRNAs, namely eRNAs, in the mouse
neuronal cell. The level of eRNA for each enhancer deter-
mined by RNA-Seq reads �1.5 kb region on both sides of
the p300/CBP peak. In human prostatic cells, treated with
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androgen, enhancers responding to androgen receptor
undergone a widespread transcriptional reprogramming
[44]. These inducible eRNAs function as a linker between
an activated enhancer and its affiliated promoter to regulate
gene expression.

Other intergenic RNA including transcribed repeats es-
pecially presented in centromere and telomere to form het-
erochromatin play a profound role in maintaining genomic
integrity. Several studies show that telomeric regions
produce large telomere repeat-containing RNA and small
RNAs [81,82] and centromeric repeats also undergo a
prevalent bidirectional transcription [83]. Deletion of argo-
naute, a major component of RNAi machinery, results in
the disruption of centromeric heterochromatin. Transient
transfection GFP-siRNA leads to the formation of siRNA
machinery surrounding telomeres, which indicates that telo-
meric repeat-containing RNA that serves as target or
byproduct is always correlated with chromosome end [81].

Conclusion and Perspective

While the majority of the genome is actively transcribed
into RNA, most of them belong to ncRNA scope. This
decade, a series of studies show that long ncRNA (anti-
sense, lincRNA) and short RNA (siRNA, piRNA,
promoter-associated RNA) are correlated with
chromatin-associated complex recruited to particular
genome loci to change chromatin structure. It is still a long
way for us to understand the intrinsic mechanism thorough-
ly in mammals. The discovery of the positive relationship
between high-methylation level in gene body and actively
transcriptional genes [84,85] and higher frequency of
non-CpG methylation in exons than that in introns [86]
need further investigation. Considering both exon and
intron transcribed as the same unit, the difference in
non-CpG methylation frequency may be attributed to the
processed introns that serve as ncRNA in turn to recruit
modification enzymes for chromatin remodeling. Above
all, although obtaining great achievement in the field of
RNA-directed chromatin modification, the underlying
mechanism as a whole is elusive. ncRNA as a key player
in remodeling epigenetic inheritance needs to be further
investigated to understand gene expression and disease
development.
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