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Abstract
Epigenetic silencing of tumor suppressor gene promoters is one of the most common observations
found in cancer. Despite the plethora of observed epigenetically silenced cancer related genes little
is known about what is guiding the silencing to these particular loci. Two recent articles suggest that
long antisense non-coding RNAs function as epigenetic regulators of transcription in human cells.
These reports, along with previous observations that small antisense non-coding RNAs can
epigenetically regulate transcription, imply that long antisense non-coding RNAs function as
endogenous transcriptional regulatory RNAs in humans. Mechanistically, these long antisense non-
coding RNAs may be involved in maintaining balanced transcription at bidirectionally transcribed
loci as a method to modulate gene expression according to the selective pressures placed on the cell.
The loss of this intricate bidirectional RNA based regulatory network can result in overt epigenetic
silencing of gene expression. In the case of tumor suppressor genes, this silencing can lead to the
loss of cellular regulation and be a contributing factor in cancer. This perspective will highlight the
endogenous effector RNAs and mechanism of action whereby long antisense non-coding RNAs
transcriptionally regulate gene expression in human cells.

Keywords
non-coding RNA; epigentics; antisense RNA; transcription; silencing

Introduction
The majority of the human genome is transcribed in both sense and antisense directionalities
(reviewed in ref. 1). It is now known that much of the ~98% junk DNA is transcribed into non-
coding RNAs, of which many are antisense to known coding mRNAs. Interestingly, there is
limited conservation of long non-coding RNA sequence between various organisms, with the
only noted commonality restricted to short stretches within the respective RNAs.1 This relative
low sequence conservation between various species may in fact be the result of differing
selective pressures placed on the organism and the selection of particular regions within the
non-coding RNAs which are functional in regulating a particular locus in the genome.
Theoretically distal changes in the long non-coding RNAs could also affect the respective
secondary structure and thus alter particular target localization of the long non-coding RNA.
However, to date there are few examples of phenotypic mutations resulting from alterations in
long non-coding RNAs.2 This may be an attribute of selective pressures placed on the cell
acting directly on the non-coding RNAs; changes that when positive are reinforced and selected
for compared to when negative selected against and lost. It has indeed proven more difficult
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to assess the positive selection placed on non-coding RNAs due to the lack of proximal neutral
sites (reviewed in ref. 3).

Many long non-coding RNAs are antisense to the coding region of protein producing genes.
Notably, these sense/antisense or bidirectionally transcribed genes appear conserved
throughout evolution suggesting a function as the retention of the cis acting antisense would
be expected to diverge over evolutionary distance. However, this does not appear to be the case
but rather that the sense/antisense RNAs are retained.4 Thus, the retention of sense mRNA
with a corresponding antisense non-coding RNA and the vast number of long non-coding
RNAs might be suggestive of a role for these RNAs in organismal complexity.5 Functionally,
non-coding RNAs, both short6,7 and long,8,9 have been shown to be involved in the regulation
of transcription by a mechanism that involves epigenetic changes in locus specific chromatin.
Thus, emerging evidence suggests that non-coding RNAs function to bestow specificity in
targeting epigenetic complexes to particular loci. Such control of transcription could be one
possible avenue for how long non-coding RNAs would function to modulate organismal
complexity. But how do long-coding RNAs regulate transcription?

Long Antisense Non-Coding RNAs Regulate Transcription in Human Cells
Imprinted genes have for several years been known to be controlled by non-coding RNAs and
this mode of regulation is dependent on epigenetic changes at cis-acting imprint control regions
(ICE) (reviewed in ref. 10). The ICE varies in position relative to the antisense non-coding
RNA promoter and is thought to be involved in regulating the antisense non-coding RNA
promoter and expression. The antisense non-coding RNA accordingly regulates the imprinted
region. These imprinted regions cover large distances encompassing several genes. The long
non-coding RNAs may thus be required to epigenetically regulate these imprinted regions to
confer epigenetic memory that is not only nucleosome specific but also functional in
nucleosome/nucleosome interactions allowing for epigenetic memory to be maintained at the
imprinted cluster. In the case of imprinted genes, there is a correlation with imprinted gene
expression and the non-coding RNA.11 But how might non-coding RNAs function to regulate
non-imprinted genes?

Evidence for a mechanism of how long non-coding RNAs could regulate gene transcription
emerged from studies using siRNAs targeted to human promoters (reviewed in ref. 12).
Promoter targeted siRNAs, made de novo and introduced into human cells, were shown to be
capable of instilling transcriptional gene silencing that was specific for the targeted promoter.
13 Importantly, the observed transcriptional silencing appeared to function mechanistically
through an epigenetic based mechanism.13 Indeed this initial observation has been
disconcerting to many as tradition modes of RNAi based transcriptional silencing in plants and
S. pombe required and RNA dependant RNA Polymerase, which is not known to be present
or functional in humans.14 Nonetheless, several other groups have recapitulated this work
using promoter targeted siRNAs.6,15-34 Despite the ability to generate promoter targeted
siRNAs to control transcription of RNA polymerase II promoters little was known regarding
to what extent this mechanism was being acted on in human cells, i.e., what if anything was
the endogenous non-coding RNAs that actively utilized this pathway in human cells to regulate
transcription?

During studies to uncover the mechanism whereby small RNAs regulate transcription in human
cells it was learned that small antisense RNAs alone were sufficient for directing transcriptional
silencing.35 Interestingly, in this same body of work it was learned that the small antisense
RNAs were associated with the DNA methlytransferase 3A (DNMT3a, an enzyme involved
in de novo DNA methylation36), and the silent state histone 3 lysine 27 tri-methylation mark
at the targeted promoter.35 These observations were important as they suggested that a
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transcriptional regulatory pathway was active in human cells which relied on antisense non-
coding RNAs and was mechanistically distinct from the RNAi pathways described in plants,
S. pombe, Drosophila and C. elegans.14

How Antisense Non-Coding RNAs Guide Epigenetic Silencing Complexes to
Target Loci?

Until recently it had remained unknown as to how the small antisense RNAs were able to find
the particular promoter target site. Studies carried out to determine whether or not the small
antisense RNAs were targeting either DNA or an RNA at the promoter demonstrated for the
first time that RNA Polymerase II promoters were transcribed and that these low-copy promoter
associated RNAs were in fact the target recognition/motif required for the small antisense
RNAs to instill transcriptional silencing in humans.37 Since this discovery several others have
reported pervasive transcription to be located at, upstream, or even overlapping 5' regions of
protein coding genes, e.g., RNAPII promoters.5,15,38-41 Taken together these observations
suggest that transcription found at RNAPII promoters could be the required target site for some
yet to be discovered effector RNA involved in the regulation transcription. However, it had
until recently unclear if there were any endogenous RNAs in human cells actively utilizing the
emerging mechanism found to be involved in small antisense RNA directed transcriptional
gene silencing.

Interestingly, observations began to emerge suggesting promoter targeted siRNAs could also
activate transcription.42-44 It was during studies into the mechanism involved in siRNA
directed gene activation that a role for long antisense non-coding RNAs was discerned.8 These
studies demonstrated that long antisense non-coding RNAs were the heretofore unknown
endogenous RNA based transcriptional regulators that were actively utilizing the previously
described mechanism to regulate transcription.8 This observation is supported by other
observations in human cells whereby long antisense non-coding RNAs regulate transcription
through targeting epigenetic silencing complexes to homology containing loci.9,45,46 The
observations that small antisense non-coding RNAs, shown previously to modulate
transcription in humans, as well as long antisense non-coding RNAs could function to regulate
transcription in humans was further supported by reports of endogenous miRNAs capable of
directing transcriptional silencing in humans.6,7 Taken together these data suggest that
antisense non-coding RNAs, either short or long, are functional in regulating transcription in
human cells. Interestingly, both forms of short and long antisense non-coding RNA mediated
control of transcription require Argonaute 1 (Ago-1)8,23,24 and the enrichment of silent state
histone 3 lysine 27 trimethylation at their respective target loci.8,20,30,35 As a result of these
works a mechanism whereby antisense non-coding RNAs regulate transcription has begun to
emerge (Fig. 1). Importantly, either long or short antisense non-coding RNAs can direct
epigenetic remodeling complexes specifically to target loci and the mechanism of action
appears to require Ago-1, DNMT3a and histone deacetylase 1 (HDAC-1)20,25,28,30 (Fig. 1).

Why Long Antisense Non-Coding RNAs?
It's beginning to seem that that the question of a function for “junk DNA” is no longer so
enigmatic. Genome-wide analysis of the human transcriptome has suggested that virtually the
entire genome is transcribed in both sense and antisense directions.47 Indeed much of the “junk
DNA” is actively transcribed and roughly 40–50% of protein coding genes appear to exhibit
long antisense non-coding RNAs.48 In fact virtually every protein coding gene we have looked
at, using directional RT followed by PCR,8,49 appears to be expressing some level of a long
antisense non-coding RNA. These antisense non-coding RNAs can be in cis or trans to their
sense counterparts with a significant number found to lack poly-adenylation and subsequently
retained in the nucleus. Such findings, taken together with recent observations, that both short
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and long antisense non-coding RNAs can function to epigenetically regulate gene transcription,
8,9,12 implicates non-coding RNAs as functional endogenous regulators involved in
epigenetic regulation of transcription in human cells.

It is noteworthy that the extent of protein coding genes cannot account for the relative cellular
and molecular complexity in human cells. Emerging evidence strongly suggests that biological
complexity is to some extent linked to long non-coding RNAs.2,47,50 However, the form and
function of non-coding RNAs between various organisms is of interest. While many organisms
appear to depend on RNAi for particular functions that can drive cellular complexity, it is
interesting to note some crucial differences may portend the reason long non-coding RNAs
function in human cells to modulate chromatin and gene expression on the epigenetic level
whereas siRNAs tend to do so in plants, yeast, C. elegans and Drosophila. Some aspects of the
RNAi pathway are retained in human cells while others, such as an RNA dependant RNA
polymerase (RdRP) are not. In fact the lack of an RdRP may be one key aspect of why long
non-coding RNAs are found to function as epigenetic regulators of transcription in human
cells. It would seem that humans may be utilizing long non-coding RNAs to control gene
transcription via directing epigenetic complexes to particular loci. The advantage to utilizing
long non-coding RNAs is that their ability to target a particular loci can be altered via subtle
changes instilled in the long non-coding RNA. As only a small segment of the antisense non-
coding RNA is required to direct transcription silencing in human cells9 and (reviewed in ref.
12) it seems reasonable to postulate that long antisense non-coding RNAs can undergo
secondary structural changes that can modulate the folding of the long non-coding RNA and
thus facilitate particular regions of the RNA to be capable of targeting particular chromatic
regions with differing fidelities. Thus, changes in the long non-coding RNAs could affect the
secondary structure and provide for either increased or reduced RNA/target affinity. Such a
trait could allow for variation to be instilled in the cellular system which would allow for finer
tuned adaptation to selective pressures. This could be one functional aspect of long non-coding
RNAs that correlates with enhanced diversity and complexity found in humans. But why would
humans need to retain miRNAs and RISC mediated regulation of RNAs? The retention of
miRNAs, and also possibly the recently discovered tiny RNAs (tiRNAs),51 may in fact be
linked to the regulation of long antisense non-coding RNAs, i.e., the miRNAs are present to
control both the sense and antisense transcripts based on relative abundance while the tiRNAs
are present to open upstream chromatin for regaining transcription and/or to suppress the long
antisense non-coding RNAs (Fig. 2). An example for this ability of miRNAs to regulate
bidirectional transcription can be found with miR373 which appeared to bind the observed
antisense non-coding RNA for E-cadherin (reviewed in ref. 8). Examples of a function for
tiRNAs has yet to be determined.

Taken together there is mounting evidence implying a much overlooked role for long non-
coding RNAs in transcriptional regulation and possibly cellular complexity. This role is argued
to manifest via non-coding RNA guided epigenetic based modes of gene regulation. To date,
there are only a few examples where long antisense non-coding RNAs have been shown to
epigenetically control transcription at non-imprinted loci.8,9,45,46 Interestingly, these
bidirectionally transcribed genes have been predominantly found to be tumor suppressor genes
(reviewed in ref. 9). It is noteworthy that several tumor suppressor genes become epigenetically
silenced during the progression to cancer. One has to wonder to what extent the loss of
regulatory control of long antisense non-coding RNAs plays in the development of cancer?
Indeed six long non-coding RNAs have been shown to be involved in carcinogenesis.52
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Utilizing the Endogenous Long Non-Coding RNA Mechanism of Epigenetic
Regulation for Therapeutic Gain

The evolutionary implications of long non-coding RNAs and their role in biological complexity
and evolution is clearly of interest. However, equally interesting is the prospects of capitalizing
on the molecular mechanism whereby antisense non-coding RNAs, be them small or long,
regulate transcription for therapeutic benefit. Some of the key components of the mechanism
whereby antisense non-coding RNAs regulate transcription have been worked out (reviewed
in ref. 12) (Fig. 1). In essence small antisense non-coding RNAs can be designed to target
particular genomic loci. These small RNAs associate with Ago-1 and the homology containing
promoter associated RNAs during the first 12–24 hours following introduction into the
cell24,37 (Fig. 1). After ~24 hours Ago-1 is lost at the targeted loci while silent state histone
methylation begins to become pronounced.20,24,28 If the targeting lasts for ~3–4 days DNA
methylation begins to appear at some of the targeted loci correlating with long-term stable
transcriptional silencing.20,30 This form of RNA based silencing is distinctly different than
traditional RNAi as (1) single stranded antisense non-coding and long antisense non-coding
RNAs appear to be utilizing the same mechanism of action to epigenetically silence homology
containing loci,8,12 (2) Ago-1, DNMT3a, and HDAC-1 are required for the establishment of
silencing and DNMT1 and DNMT3a are required for the maintance of silencing,20,23,24,28
(3) this form of RNA mediated epigenetic silencing can be long-lasting if not permanent,
following a relatively short exposure to the trigger antisense non-coding RNA.20,30 Thus, the
endogenous machinery is operative in human cells to exert specific long-term transcriptional
gene silencing, provided that the targeted promoter is in fact transcribed, i.e., transcription is
required to establish transcriptional silencing.35

Equally interesting is the fact that this same molecular mechanism can be utilized to increase
gene expression. To induce transcriptional activation of a particular gene the gene needs to
exhibit bidirectional transcription, i.e., contain a long antisense non-coding RNA. One then
designs traditional siRNAs or antisense phosphorothiate oligonucleotides to specifically target
the degradation of the gene specific long antisense non-coding RNA. The loss of the regulatory
long antisense non-coding RNA results in a loss of the epigenetic brake on the promoter
expressing the sense strand and ultimately gene activation.8,53 As such the same long non-
coding RNA based molecular mechanism can be utilized to specifically control transcription
and either turn a gene on or off. The therapeutic potential to utilizing this mechanism to exert
transcriptional control has only recently been realized with examples of transcriptional
suppression demonstrated for HIV-1,28,30,54 CCR5,24 c-Myc,15 E-cadherin,29 prostate
cancer27 and progesterone receptor.22 Clearly the potential discoveries with regards to the
role of long non-coding RNAs in evolution and cellular complexity are just now beginning to
emerge, as is the limitless potential to utilizing this emerging endogenous antisense non-coding
RNA epigenetic regulatory pathway to exert therapeutic control over gene expression and avert
disease progression.
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Figure 1.
Model for both small and long antisense non-coding RNA directed transcriptional regulation
in human cells. (A) Long antisense non-coding RNAs expressed at bidirectionally transcribed
genes may fold into (B) secondary structured non-coding RNAs that can (C) interact with
particular sites in the promoter of sense strand at the bidirectionally transcribed gene and also
influence the recruitment of Ago-1, DNMT3a and HDAC-1 to this target site. (D) Small
synthetic antisense non-coding RNAs can be designed to take advantage of the endogenous
mechanism and also utilize the same pathway to transcriptionally silence gene expression. (E)
The end result of either small or long antisense non-coding RNA transcription silencing is the
targeted epigenetic remodeling of the particular RNA targeted loci.
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Figure 2.
How both tiRNAs and miRNAs might regulate long antisense non-coding RNAs at
bidirectionally transcribed loci. (A) The endogenous state of a bidirectional transcribed gene
is shown exhibiting low level antisense non-coding RNA expression relative to the highly
expressed sense/mRNA. (B) This surplus of sense/mRNA could be targeted by particular sense/
mRNA specific miRNAs. (C) The result of miRNA binding to sense/mRNA is a loss of sense/
mRNA expression and unimpeded antisense non-coding RNA expression, which can lead to
(D) Ago-1, and possibly several other yet-to-be determined proteins, associated interactions
with the antisense non-coding RNA that results in the guiding of the epigenetic machinery
necessary to transcriptionally silence the long antisense non-coding RNA homology containing
region in the sense/mRNA promoter. (E) The result of increased silencing of sense/mRNA
expression can be increased unimpeded antisense non-coding RNA expression and possibly a
shift in transcription upstream of the long antisense non-coding RNA targeted site. This
upstream transcription might then generate tiRNAs that together with the miRNAs would
exhibit preferential binding, based on surplus substrate, to the antisense non-coding RNAs. (F)
The result of tiRNA and/or miRNA binding the antisense non-coding RNA would be a loss of
antisense non-coding RNA directed epigenetic repression leading to an increased potential for
RNA polymerase II to intercalate into and transcribe the sense/mRNA gene promoter,
ultimately regaining higher levels of sense/mRNA transcription.
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