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Abstract

The paradigm of gene regulation was forever changed by the discovery that short RNA duplexes could
directly regulate gene expression. Most regulatory roles attributed to noncoding RNA were often repres-
sive. Recent observations are beginning to reveal that duplex RNA molecules can stimulate gene tran-
scription. These RNA activators employ a wide array of mechanisms to up-regulate transcription of target
genes, including functioning as DNA-tethered activation domains, as coactivators and modulators of gen-
eral transcriptional machinery, and as regulators of other noncoding transcripts. The discoveries over the
past few years defy “Moore’s law” in the breath-taking rapidity with which new roles for noncoding RNA
in gene expression are being revealed. As gene regulatory networks are reconstructed to accommodate
the influence of noncoding RNAs, their importance in maintenance of cellular health will become increas-
ingly apparent. In fact, a new generation of therapeutic agents will focus on modulating the function of

noncoding RNA.
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Introduction

The role of RNA in transmitting genomic information for
the synthesis of cellular machines, in the form of pro-
teins, is a central tenet of biology. The realization that
RNA molecules have multiple roles within cells inspired
intensive research efforts towards revealing those roles
as well as harnessing these biopolymers for novel thera-
peutics. From the start, the plasticity of RNA was evident
from the numerous conformations that it adopted (Patel
and Suri, 2000). Furthermore, the functional versatility of
RNA was compellingly demonstrated by directed evolu-
tion methods that could generate molecules with enzy-
matic and regulatory properties (Wilson and Szostak,
1999; Doudna and Cech, 2002; Joyce, 2004; Davidson
and Ellington, 2007). Selection strategies yielded artifi-
cial RNA ‘aptamers’ that bind desired small molecules
and biopolymers with surprising degrees of specificity
and affinity (Patel and Suri, 2000; Serganov and Patel,
2007). One such aptamer was recently approved as a

therapeutic agent for macular degeneration in humans
while several others directed at cancer targets such
as the cell surface protein nucleolin, tenascin C of the
extracellular matrix, and the DNA repair protein Ku are
in clinical trials (Hicke etal., 2001; Bunka and Stockley,
2006; Ireson and Kelland, 2006; Ng etal., 2006; Chu etal.,
2007).

Nature itself uses RNA structural plasticity and
aptamer-type RNA's modules to sense the levels of
metabolites within cells and to regulate gene expression.
In the classical example of attenuation in prokaryotes,
nascent RNA adopts different structures to either block
or permit transcription of the tryptophan biosynthetic
genes in response to the cellular levels of this amino acid
(Yanofsky, 2007). In more recent examples, nascent RNA
was found to bind directly to small molecule metabolites
through an aptamer module and transmit this informa-
tion to regulate mRNA translation (Winkler and Breaker,
2005; Henkin and Grundy, 2006; Nudler, 2006). How
these “riboswitches” transmit information is only now
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cominginto focus (Serganov and Patel, 2007). Regulatory
riboswitches were first discovered in microbes and have
since been found in plants, fungi and humans (Cheah
etal., 2007; Wachter etal., 2007; Ray etal., 2009). While
most riboswitches negatively regulate gene expression,
an example of positive regulation by a riboswitch has
also been described (Mandal and Breaker, 2004).

The role of RNA in regulating gene expression is not
limited to riboswitches or attenuators. An unexpect-
edly robust ability of short duplex RNA molecules to
inhibit gene expression led to the discovery of a more
general mechanism of regulation by RNA duplexes (Fire
etal., 1998). The RNA interference (RNAi) mechanism
uses short noncoding RNA duplexes along with cel-
lular proteins to target and silence mRNA by degrada-
tion or by translational blockage (Hannon and Rossi,
2004). Intensive scrutiny of this post-transcriptional
mechanism of gene expression has led to rapid gains in
our understanding of the physiological importance of
noncoding RNA transcripts and the cellular machinery
that processes and utilizes these transcripts to regu-
late gene expression (Farazi etal., 2008; Hannon etal.,
2006). Typically, the processed RNA is incorporated into
the silencing complex called RISC that targets specific
mRNA molecules for degradation or translational inhi-
bition (Farazi etal., 2008; Meister and Tuschl, 2004). In
plants, fission yeast and Drosophila, short RNA duplexes
were also shown to participate in the formation of
repressive heterochromatin that blocks gene transcrip-
tion (Bartel, 2004; Bernstein and Allis, 2005; Baulcombe,
2006; Zofall and Grewal, 2006; Du and Zamore, 2007;
Grewal and Elgin, 2007; White and Allshire, 2008). The
principles of RNAi are now sufficiently well understood
to harness this cellular process to block the expression
of desired genes by using synthetic RNA duplexes that
bear sequence complementarity to the targeted mRNA
(Hannon and Rossi, 2004). The design of such repressive
short interfering RNAs (siRNAs) and their applications
has been widely described in the literature.

In thisreview, the focusis on RNA molecules that posi-
tively regulate transcription, the first step in gene expres-
sion. The identification of non-natural RNA aptamers
that serve as surrogates for protein-based transcription
factors (gene-specific activators) leads to questions such
as how these molecules function to stimulate transcrip-
tion. Riboactivators might directly recruit the transcrip-
tional machinery to gene promoters, or they may act in
conjunction with protein-based transcriptional activa-
tors. Examples of naturally encoded RNA molecules that
interact with the transcriptional machinery, as well as
those thatinteract with transcriptional activators to func-
tion as coactivators are described. A closer examination
of the targets of activators is coupled with the realization
that a central component of the transcriptional machin-
ery requires an RNA co-factor to mediate its function. In

the final act, the focus is on the astounding revelation
that short RNA duplexes require the RNAi machinery to
stimulate gene transcription. This discovery, like many
in this field, emerged from engineering efforts that uti-
lized synthetic RNAs as “antigene” transcription inhibi-
tors and led to the identification of natural noncoding
RNA that target gene promoters to stimulate transcrip-
tion. The review ends with a discussion of the emerging
global role for noncoding RNA in positive regulation of
mRNA synthesis.

Can RNA positively regulate gene
expression at the level of transcription?

Three groups identified RNA activators (riboactivators)
that could stimulate gene transcription with increasing
efficiency and a class of riboactivators was engineered
to function in a ligand-responsive manner.

(a) Genome-encoded RNA activators

In a study designed to identify endogenous targets of an
RNA binding protein it was found that some RNA mol-
ecules themselves could stimulate transcription when
tethered upstream of a reporter gene. The study relied
on an elegant modification of the two-hybrid assay
(Fields and Song, 1989) (Figure 1A). This assay relies on
the modular nature of eukaryotic transcription factors
wherein the DNA binding domain (DBD) can be sepa-
rated from the activation domain (AD) (Ptashne and
Gann, 2002). If separated, the modules do not assemble
into a functional unit and fail to stimulate transcription
(Figure 1A). However, if each domain is fused to pro-
teins that interact non-covalently then the interactions
between the fused partner proteins tether the activation
domain to the DNA bound domain (Ma and Ptashne,
1988). The resulting “two-hybrid” complex reconstitutes
a functional activator that can recruit the transcriptional
machinery and stimulate the expression of proximal
genes (Figure 1A) (Fields and Song, 1989). The ability
to non-covalently tether activation domains to a DNA
bound protein was used to create a “three-hybrid” assay
(Sengupta etal., 1996; Zhang etal., 2000). Here the DNA
binding domain and the activation domain are fused
to heterologous RNA binding proteins (Figure 1A). The
bridging molecule is a bi-functional RNA where one part
interacts with the protein fused to the DBD and the other
part interacts with the protein fused to the AD.

To identify RNA molecules that interact with Snpl, a
yeast protein that interacts with U1 spliceosomal RNA,
the authors fused RNA fragments from the S. cerevisiae
genome to a RNA module that interacts with the bac-
teriophage MS2 coat protein (Figure 1B). The DNA-
bound MS2 coat protein tethers the fused genomic RNA
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Figure 1. Modular architecture of transcription activators.
(A) Eukaryotic transcription factors typically contain a DNA bind-
ing domain (DBD) and an activation domain (AD). Separating the
two domains eliminates transcriptional activation of target genes.
However, tethering the AD to a DBD, by non-covalent protein inter-
actions (X and Y) suffices to stimulate transcription. This principle is
the basis of the 2-hybrid assay. In the 3-hybrid assay, a third bridging
molecule tethers the AD to the DBD. In this case the bridging mole-
cule is a bifunctional RNA molecule that bears an MS2-binding hair-
pin and aregion that interacts with an RNA binding protein (RBP). (B)
The DNA bound MS2 protein is used to tether RNA molecules bear-
ing an MS2-binding hairpin and a putative RNA activation domain
(in red) upstream of a reporter gene. Three types of riboactivators are
illustrated below.

sequence upstream of a reporter plasmid (Sengupta
etal., 1999). These RNA molecules were not expected to
stimulate expression without the third “hybrid” partner,
namely the Snp1 protein fused to an activator domain.
While the most robust activation of the reporter gene
resulted from interaction of Snpl with the Ul RNA,
a significant fraction of RNA molecules were able to

weakly stimulate the reporter gene in the absence of
Snpl (Sengupta etal., 1999). These RNA activators show
no sequence consensus and it remains unclear how they
stimulate gene expression. Moreover, because these
RNA activators were obtained from genomic sequences,
it is possible that they function as bona fide activators at
certain genes. Nevertheless, these serendipitously iden-
tified riboactivators were the first examples of noncod-
ing RNAs that could stimulate transcription of proximal
genes.

(b) In vivo selection of non-natural riboactivators

Ptashne and co-workers instead were actively seeking
RNA surrogates for transcription activators (Saha etal.,
2003). The activation domains (AD; Figures 1A and 2A)
of eukaryotic transcription factors are thought to interact
with components of the transcription machineryand the
chromatin remodeling enzymes (Figure 2A) (Ptashne
and Gann, 2002). These domains are often negatively
charged with a few interspersed hydrophobic residues
(Cress and Triezenberg, 1991; Drysdale etal., 1995;
Ansari etal., 1998). Importantly, robust non-natural
octapeptide activation domains could be readily isolated
from in vivo selections (Lu etal., 2000; 2005). However,
it was unclear if non-peptic molecules could function
as activation domains. To examine the importance of
retaining the peptidic nature of activation domains,
Ptashne and co-workers tested if RNA aptamers would
function as activation domains (Saha etal., 2003). The
premise was based on the chemical likeness of the RNA
with peptidic activation domain (negative charge of the
RNA phosphodiester backbone and the hydrophobicity
of the nucleobases) as well as ability of RNA aptamers
to target a wide array of ligands, from small molecules
to complex biopolymers. If an aptamer, tethered to DNA
upstream of a gene, could target a component of the
machinery it would stimulate transcription.

The in vivo selection relied on three-hybrid system
to tether a bi-functional RNA molecule upstream of a
reporter (Saha etal., 2003). The aptamer was placed
within a stem-loop scaffold that was known to be stable
in vitro and in vivo (Figure 1B) (van Venrooij etal., 1990;
Tsai etal., 1992). Ten positions in the loop were rand-
omized, yielding a library of nearly a million non-identi-
cal sequence variants. The whole collection of molecules
was screened to identify RNA aptamers that functioned
as transcriptional activators. Unlike similar screens for
non-natural peptide activators in which robust activa-
tors were obtained with high frequency (102), the screen
for riboactivators yielded activators at significantly lower
frequency (10°°). Nevertheless, this was the first demon-
stration of an engineered RNA aptamer functioning as a
transcriptional activator. These results greatly strength-
ened the notion that RNA molecules could directly
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communicate with the promoter-associated proteins
to stimulate gene transcription. The riboactivators were
significantly more active than the genomic sequences
(Sengupta etal., 1999). The riboactivators identified by
Saha etal. were comparable in the activation potential to
typical yeast transcription factors such as Gen4 but were
about 10% as active as the strongest activators, such as
Gal4. Within the stem-loop scaffold the molecules that
activated transcription showed a surprising consensus
in their sequence (*UGCNGGNUC?). Based on the small
library complexity (10° sequences), the scaffold con-
straints and the appearance of a clear consensus motif,
the authors predicted that a library with more sequence
variants might yield stronger riboactivators (Saha etal.,
2003). Indeed, a later study utilizing significantly longer
RNA molecules with greater sequence complexity iden-
tified stronger riboactivators (Buskirk etal., 2003).

(c) Ligand-regulated riboactivators

Inspired by the design of natural riboswitches, where
a ligand-responsive module is coupled to a regula-
tory module, Liu and co-workers integrated a small
molecule-binding aptamer within a non-essential ele-
ment of their most robust riboactivator (Buskirk etal.,
2004). Several rounds of selection and enrichment led to
ligand-responsive riboactivators. The selection yielded
molecules wherein ligand binding stabilized structural
elements and enhanced the function of the riboactiva-
tor (Figure 1B). This study elegantly incorporated the
principles of natural riboswitches to generate artificial
riboactivators whose activity could be regulated by a cell-
permeable small molecule ligand. While these molecules
still require a DNA bound protein to localize them to the
target gene, they provide a first step toward generating
riboactivators that may include an additional aptamer
component that targets transcription factors of choice
at one end and delivers a ligand-responsive activation
module at the other.

How do riboactivators mediate their
function?

The mechanism by which riboactivators stimulate
transcription is an important issue that remains unre-
solved. The manner by which they were identified, as
DNA-tethered molecules, suggests that riboactivators
would function akin to natural peptide activators. While
the bona fide targets of protein transcription activators
remain an area of debate and investigation (Mapp and
Ansari, 2007), it is clear that most protein activation
domains facilitate the assembly of the transcriptional
machinery at gene promoters (Figure 2A) (Ptashne and

Gann, 2002). In addition to acting at early steps, protein
activators may also act at later stages to facilitate efficient
transcript elongation.

(a) Targeting components of the transcriptional
machinery

Riboactivators might function by recruiting limiting com-
ponents of the transcriptional machinery and thereby
nucleate the assembly of the multi-protein complex at
gene promoters (Figure 2B). In support of this model,
Saha and co-workers found that their short riboactivator
interacted with the TATA box binding protein, TBP (Saha
etal., 2003). This well-studied protein is part of at least
three complexes that bind to the promoters of the three
RNA polymerases in eukaryotes. In the case of protein-
coding genes, RNA polymerase Il binds gene promoters at
a step subsequent to the binding of TBP and its associated
proteins (Bryant and Ptashne, 2003; Buratowski, 2000;
Buratowski etal., 1989). At several promoters binding of
TBP, as a subunit of the larger TFIID complex, is thought
to be rate limiting. Recruitment of TBP/TFIID by protein
activators or by direct tethering to the promoter proxi-
mal sites stimulates gene expression (Chatterjee etal.,
1995; Roeder, 1996; Verrijzer and Tjian, 1996; Ptashne
and Gann, 2002). In addition, transcription factors often
interact with other protein complexes such as Mediator
proteins that interact with RNA polymerase or chromatin
remodeling complexes that act on chromatin templates to
make the underlying DNA elements accessible to the tran-
scriptional machinery (Lee and Young, 2000; Ptashne and
Gann, 2002; Taatjes etal., 2004; Kornberg, 2005; Malik and
Roeder, 2005; Smith and Peterson, 2005; Workman, 2006).
Similarly, riboactivators might interact with the mediator
as well as other protein complexes that stimulate gene
transcription. In a more direct recruitment event, riboac-
tivators may interact with the polymerase and recruit it to
the promoter. The C-terminal domain (CTD) of the largest
subunit of RNA polymerase Il is known to interact directly
with RNA as well as RNA-binding proteins (Kaneko and
Manley, 2005; Phatnani and Greenleaf, 2006). Itis possible
that different riboactivators target specific components of
the transcriptional machinery or that riboactivators inter-
act with multiple targets and facilitate the recruitment of
different rate-limiting components at different promot-
ers. The outstanding mechanistic questions are only now
beginning to be addressed.

(b) Targeting protein-based transcription factors

The most celebrated example of a noncoding RNA
modulating gene transcription is that of trans-activation
response (TAR) element of the AIDS-causing virus HIV.
In this example, RNA polymerase II transcribes a short
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Figure 2. Targets of protein and RNA activation domains. (A) Protein
based transcription factors recruit several different protein complexes
to gene promoters. These include several different chromatin modi-
fying and remodeling complexes, coactivators, general transcription
factors (GTFs), and the RNA polymerase II (Pol II). Nucleosomes
are indicated as yellow spheres and the transcription start site is
denoted by a right-angled arrow. (B) An artificial riboactivator may
interact with components of the transcriptional machinery, protein-
based transcription factors and chromatin remodeling complexes.
(C) The nascent transcript from the HIV-1 long terminal repeat (TAR)
interacts with a viral protein transcription factor (TAT) and together
they recruit pTEFb to a stalled polymerase. The pTEFb-associated
kinase phosphorylates Pol II and promotes transcript elongation.
(D) Developmental transcription factors (TF) like DIx2 and NRSF/
REST interact with their RNA partners to recruit the transcriptional
machinery to their target genes.

region of the HIV-1 gene but fails to elongate the tran-
script. The TAR segment of the nascent transcript folds
into a stem-loop structure and associates with a virally-
encoded transcriptional activator protein called TAT
(Figure 2C) (Selby etal., 1989; Rosen etal., 1985). The
noncoding TAR segment and the associated TAT protein
specifically interact with the cellular cyclinT1 (Garber
etal., 1998). The cyclinT1-dependentkinase, Cdk9, in the
pTEFDb complex is thereby also recruited to the stalled
polymerase (Figure 2C). This kinase phosphorylates
the CTD of the polymerase and triggers the release of
negative regulators and association of complexes that
facilitate transcriptional elongation (Bres etal., 2008).
The TAR segment thus up-regulates transcription by
interacting with a transcription factor and a component
of the transcriptional elongation machinery. It is impor-
tant to note that this RNA module only works in cis at the
viral gene and is not known to stimulate transcription by
stalled polymerases across the host genome.

Noncoding RNAs also interact with DNA-bound tran-
scription factorstostimulate gene expression (Figure 2D).
Two recent examples include the Evf-2 and NRSE
noncoding transcripts. Evf-2 interacts with the homeo-
domain transcription factor, DIx2 and augments the
activation strength of that developmental activator
(Feng etal., 2006). This noncoding RNA functions only
at genes that are bound and regulated by DIx2. The
authors suggest that Evf-2 transcript acts together with
DIx2 as a “co-transcription factor” to robustly activate
target genes and coordinate the induction of neuronal
and craniofacial developmental programs. At this early
stage many questions on the nature of Evf-2 function
and generality of RNA co-transcription factors remain
unanswered. Intriguingly, Evf-2 sequence is transcribed
from an “ultraconserved” sequence overlapping the
enhancer region of genes for DIx5/6 developmental
transcription factors (TF). Across the genome, sev-
eral hundred such ultraconserved noncoding regions,
whose transcription are linked to developmental tran-
scription factors, have been bioinformatically identified
(Feng etal., 2006). The possible existence of hundreds of
evolutionarily conserved RNA-transcription factor pairs
imply an unexpectedly broad role for noncoding RNA as
co-transcription factors.

In another example, a short noncoding RNA duplex
associates with a neuron-restrictive silencing factor
(NRSF/REST) and converts it into a transcriptional acti-
vator (Kuwabara etal., 2004). NRSF binds and represses
the expression of genes that dictate stem cell differ-
entiation into neurons. The ability of this RNA duplex
(NRSE) to reverse the repressive state of NRSF led to a
hypothesis that the RNA displaces NRSF from its DNA
binding sites. Removal of the repressor would lead to
the expression of the cell-fate defining genes. The short
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RNA duplex shows sequence homology to DNA sites
bound by NRSF and might function by strand-invasion
and R-loop formation at the DNA binding sites. The
resulting RNA-DNA hybrid would disallow NRSF bind-
ing to its regulatory sites in the genome. Alternatively,
the DNA binding domain of NRSF could potentially
bind to the RNA itself, despite the significantly different
helical structure of RNA duplexes. Astonishingly, the
RNA duplex does not act by disrupting the NRSF-DNA
complex, instead it binds to DNA associated NRSF
and likely blocks the ability of this transcription factor
to interact with co-repressors (Kuwabara etal., 2004).
The resulting complex stimulates the expression of the
target genes that induce differentiation of stem cells
into neurons (Figure 2D). It remains to be seen if the
noncoding RNA, tethered to gene promoters by NRSE
actively stimulates gene expression by directly interact-
ing with the transcriptional machinery or the chromatin
remodeling machinery.

RNA as an adaptor between transcription
factors and the transcriptional machinery

With increasing reports of transcription factor-RNA
interactions at gene promoters, it becomes pertinent
to explore the possibility that such RNA molecules par-
ticipate as coactivators or molecular bridges between
DNA-bound TFs and the transcriptional machinery.
Two examples of natural RNA molecules that associate
with the transcriptional machinery and facilitate gene
activation are discussed below (Figure 3).

(a) RNA coactivators

In a two-hybrid assay designed to fetch targets of the
progesterone receptor (PR), an unusual cDNA clone,
riddled with stop codons and lacking a reasonable
protein-coding region, was isolated (Lanz etal., 1999).
Several elegant experiments indicated that the RNA
transcript itself, rather than any potential protein
encoded by it, was required for gene activation. This
noncoding RNA molecule enhanced ligand-responsive
transcription by several steroid receptors (SR) but did
not alter the strength of other classes of transcription
factors. The ability of this RNA molecule to discriminate
between different classes of transcription factors yet
function with several members of one class suggested
that it was a class-specific coactivator molecule. The
steroid receptor RNA activator (SRA) did not act alone,
but was found to be associated with a protein (SRC-1)
known to be a specific coactivator of this class of hor-
mone receptors (Figure 3A). SRA can also interact with
other proteins that selectively function with estrogen
receptor alpha (Shi etal., 2001; Watanabe etal., 2001).

Figure 3. RNA coactivators. (A) Upon binding their ligand, steroid
receptors (SR) interact with several coactivators. A noncoding RNA
(SRA) in complex with a protein (SRC-1) functions as a coactivator
for steroid receptor class of transcription factors. Sub-elements of the
RNA (in red) are important for SR mediated transcription activation.
The coactivators interface with the transcriptional machinery and
recruit it to the target gene promoter. (B) A general transcription fac-
tor complex (TFIIH) is often targeted by protein-based transcription
factors, including steroid receptor class of TFs. TFIIH is found to be
associated with the Ul snRNA. The RNA molecule is critical for the
kinase activity and it strongly facilitates transcription reinitiation by
Pol II.

The ribonucleoprotein complex interacts with ster-
oid receptors and components of the transcriptional
machinery (Figure 3A). Within the complex, SRA is
thought to confer specificity for steroid receptors, and
sub-elements within the RNA that are required for
this function have been identified (Lanz etal., 2002). It
remains to be seen how these elements modulate the
interaction of steroid receptors with the coactivator
complex and the transcriptional machinery.

(b) RNA within the transcriptional machinery

In biochemical or genetic dissections of the transcrip-
tional machinery, attention is rarely paid to non-protein
components. So it came as a surprise that TFIIH, a well-
studied protein complex that is a target of transcription
factors and is required for transcription, associates with
a noncoding RNA (Figure 3B) (Kwek etal., 2002). The
TFIIH complex has 10 protein subunits, many of which
have enzymatic functions that are essential for tran-
scription by RNA polymerase II (Pol IT). The association
of a noncoding RNA greatly enhances those functions,
especially the kinase and helicase activities that are
vital for transcription initiation, promoter release and
early steps of transcript elongation (O’Gorman etal.,
2005). Loss of the associated RNA strongly diminishes
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the ability of the TFITH complex to promote re-initiation
of transcription in cell-free systems. The RNA in ques-
tion is none other than the spliceosomal Ul snRNA.
Moreover, genes with promoter-proximal splice sites
are particularly responsive to the presence of Ul in
the TFIIH complex. The noncoding U1l snRNA associ-
ates with TFIIH via the cyclinH subunit of the Cdk7
kinase. This is reminiscent of the TAR-cyclinT1 inter-
action that facilitates later stages of transcript elonga-
tion. Coincidentally, both TFIIH and pTEFb act on the
repetitive heptapeptide motif within the CTD of Pol
II. TFIIH-associated Cdk7 kinase phosphorylates Ser5
whereas pTEFb-associated Cdk9 phosphorylates Ser2
of the YS,PTS_PS heptapeptide of the CTD (Phatnani
and Greenleaf, 2006). The phospho-Ser5 mark facili-
tates transcriptional initiation whereas the phospho-
Ser2 mark stimulates transcription elongation. Thus,
noncoding RNA via TFIIH or pTEFb overcome two rate
limiting steps of mRNA synthesis.

As in the case of SRA, sub-elements of Ul that
interact with TFIIH have been identified; however, it is
unclear how this association modulates TFIIH function.
Moreover, the precise role this RNA plays in global tran-
scription by Pol II in vivo remains poorly understood.
In this context, it is noteworthy that a sub-element of
U1 that interacts with TFIIH was used as a scaffold for
riboactivators that were described in the earlier section.
While the Ul sub-element lacking the artificial riboac-
tivator loop sequence does not elicit transcription, it is
possible that it contributes to the overall activity of the
riboactivator.

In addition to general factors and apart from the
CTD-RNA interactions, a different region of Pol II is
targeted by a noncoding RNA that is expressed when
cells experience stress (Allen etal., 2004; Espinoza etal.,
2004; Goodrich and Kugel, 2006). This noncoding B2
RNA, transcribed by Pol III under stress conditions,
associates with Pol IT and represses its function. A simi-
lar RNA-based mechanism inhibits eubacterial RNA
polymerase in stationary phase (Wassarman and Storz,
2000). Non-natural aptamers that inhibit eukaryotic Pol
II have also been isolated (Thomas etal., 1997) and their
Pol II-bound structure determined by X-ray crystallog-
raphy (Kettenberger etal., 2006). Together these studies
define a noncoding RNA binding site on Pol I and it is
possible that riboactivators bind this pocket and stimu-
late transcription.

Similarly, several studies have defined noncoding
RNA that block transcription by inducing the formation
of heterochromatin at target genomic loci (Bartel, 2004;
Bernstein and Allis, 2005; Baulcombe, 2006; Zofall and
Grewal, 2006; Du and Zamore, 2007; Grewal and Elgin,
2007; White and Allshire, 2008). As we learn more about
the role of noncoding RNAs in transcription regulation
it is likely that molecules that stimulate transcription by

interacting with the chromatin machineries will also be
discovered.

Several antigene-RNAs function as RNA
activators (RNAa)

While RNAi-based approaches have proven to be
extremely powerful, additional methods are being
developed to inhibit gene expression at the level of
transcription initiation. One such approach relies on
RNA duplexes that share sequence homology with gene
promoters rather than the protein-coding regions. These
“antigene” (agRNA) molecules would hybridize with
critical promoter elements and prohibit the binding of
transcription factors and the transcriptional machinery
(Janowski and Corey, 2005). In the process of developing
such agRNA molecules, two groups serendipitously dis-
covered that certain RNA duplexes could stimulate tran-
scription of the targeted genes (Li etal., 2006; Janowski
etal., 2007). This recent discovery of RNA activation
(RNAa) surprised even the community that redefined
the traditional notions of gene regulation by discovering
RNAI. Astonishingly, RNAa duplexes that stimulate tran-
scription do so with the help of the exact same cellular
machinery that is needed for RNAi mediated inhibition
of protein translation, the final step of gene expression
(Janowski etal., 2006; Li etal., 2006; Place etal., 2008;
Schwartz etal., 2008). RNAa does not appear to function
by binding transcription factors or displacing repressors
from promoters nor does it mediate its function by indi-
rect perturbation of inhibitory loops within gene regula-
tory networks.

A computational search across the genome hinted
that several natural noncoding RNA transcripts showed
sequence homology to endogenous gene promoters
(Place etal., 2008). Some of these transcripts due to a
self-complementary sequence could form RNA hairpins.
In studying RNAI it was discovered that short noncod-
ing RNA hairpins, also called microRNA (miR), serve as
substrates for Dicer, a protein that cleaves and processes
these hairpins to generate RNA duplexes (Figure 4A).
A single RNA strand of the duplex is loaded onto a mem-
ber of the argonaute (Ago) family of proteins. The single
stranded RNA guides Ago2 and its partners to comple-
mentary mRNA where they mediate their repressive
function. A recently discovered microRNA, miR-373,
contains sequences that are homologous to a region sev-
eral hundred base pairs upstream of the E-cadherin and
CSD-C2 genes. Previously, miRs that did not target mRNA
sequences were thought to be irrelevant since they would
not function in RNAi. However, while investigating the
function of miR-373 Dahiya and co-workers found that it
required both Dicer and Ago2 to stimulate the transcrip-
tion of the two target genes (Place etal., 2008). The result
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Figure 4. RNA activation (RNAa) by natural or artificial RNA
duplexes. (A) Naturally encoded RNA microRNAs (miRs) are proc-
essed into duplexes by Dicer and a single stranded ‘guide’ is loaded
on to Ago2. The synthetic or artificial RNA duplexes designed to tar-
get gene promoters also associate with Ago2. The RNA-Ago2 complex
can stimulate (+) or repress (-) mRNA synthesis based on the precise
sequence complementarity of its guide RNA. In addition to the bona
fide mRNA (wavy black line) several noncoding sense and antisense
transcripts are also generated at active promoters (wavy blue lines).
(B) Three proposed models for the RNAa function. In the first, RNA
hybridizes to the non-template strand leaving the template strand
exposed for Pol I binding. The second model suggests that non-pro-
ductive transcripts are eliminated by Ago-RNAa, thereby enhancing
mRNA synthesis. The third model suggests that Ago-RNAa complex
is transiently tethered to the PR gene promoter by hnRNP-K protein.
This interaction facilitates the displacement of the repressive chro-
matin-binding protein HP-1g from the promoter onto the antisense
RNA. The promoter is then accessible to Pol II whereas the HP-1g
bearing RNA is likely released from the promoter.

suggested that RNAa molecules, in association with a
member of the Ago family, targeted intergenic tran-
scripts rather than the underlying promoter elements.
Indeed, RNAa molecules trimmed from miR-373 targeted

noncoding transcripts at the E-cadherin promoter. In the
absence of antisense transcripts that traversed the pro-
moter, the RNAa molecule was incapable of stimulating
mRNA synthesis of E-cadherin.

A biochemical study showed that a positively acting
agRNA duplex (not all agRNAs are stimulatory) was
bound to Ago2 and to an antisense transcript that tra-
versed the progesterone receptor (PR) gene (Schwartz
etal., 2008). Tagging the “guide” strand of this agRNA/
RNAa with biotin did not affect its biological function,
thus providing a convenient handle to affinity-purify
the agRNA/RNAa and the associated cellular machin-
ery. The short RNA not only targeted the PR antisense
transcript but also hnRNP-K, a protein that binds DNA
and RNA. The PR promoter has hnRNP-K binding sites.
Thus, the isolation of hnRNP-K bound to the antisense
RNA offers a tantalizing clue as to how RNAa molecules
may be targeted to gene promoters. Perhaps hnRNP-K
serves as a protein bridge, binding both the promoter
DNA and the RNAa associated antisense transcript. If
so, this interaction must be transient or fairly unstable
because a DNA-hnRNP-RNAa ternary complex was
not detected by standard experiments. A more baffling
observation is that the positioning of the RNAa on the
anti-sense transcript was critical because a few base pair
offset could yield a molecule that inhibited rather than
stimulated transcription (Figure 4A) (Janowski etal.,
2007). The opposing regulatory functions of overlapping
agRNAs are even more perplexing because both mol-
ecules require the antisense transcript to manifest their
function.

Both genetic and biochemical studies have revealed
an exciting and unexpected mode of RNA activation.
The stimulatory role of RNA duplexes targeted at the
transcription start site or significantly upstream has
raised many interesting questions. For example, does
RNAa act to dampen antisense transcription or does it
utilize these transcripts to further tune mRNA synthesis?
The requirement for prior transcription raises the criti-
cal issue of RNAa molecules functioning merely as “sig-
nal amplifiers” or “rheostats” rather than gene switches.
In this scenario, protein factors function as key regula-
tory switches whereas RNAa may simply buffer gene
expression from stochastic transcriptional variability.
This question arises from the observation that stimula-
tory agRNA are most effective at lower levels of PR gene
expression but reverse function to inhibit high degree of
PR gene expression in the same cell line.

The initial exploration of RNAa action has also
raised several mechanistic questions. A major enigma
involves the rules that differentiate stimulatory from
repressive agRNA duplexes. RNA molecules that bind
overlapping sites on the antisense RNA utilize identi-
cal cellular machines (Dicer and Ago complexes) but
have opposite regulatory effects on gene transcription.
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These inexplicable differences will have to be clarified
for RNAa molecules to have general applications as
research tools or therapeutics. More immediately, how
RNAa molecules stimulate gene expression remains
unresolved. Several models have been proposed to
explain their stimulatory function (Figure 4B). An early
model, positing that the RNA hybridizes with the non-
template strand of the promoter to create an exposed
single-stranded template has not been satisfactorily
ruled out (Britten and Davidson, 1969; Frenster, 1976).
The formation of the DNA-RNA hybrid would generate
a stable R-loop and the single-stranded template stand
could enter the narrow cleft of RNA polymerase II to gain
access to the active site (Armache etal., 2003; Bushnell
and Kornberg, 2003). An alternative hypothesis is that
RNAa molecules bound to the Ago complex dampen the
expression of upstream transcripts (Figure 4B). In S. cer-
evisiae, such transcripts have been shown to regulate the
transcription of genes by displacing transcription factors
and machinery that binds to gene promoters (Martens
etal., 2004). The Ago-bound RNAa molecules may also
dampen downstream antisense transcripts. Whether
these “dampening” mechanisms require the degrada-
tion of upstream or downstream transcripts remains to
be conclusively determined. Moreover, why bona fide
protein-coding mRNA molecules would escape similar
inhibition and instead be stimulated remains unclear,
especially because in the case of the PR gene, the longer
antisense transcript has been shown to be m7G capped,
spliced, and polyadenylated (Schwartz etal., 2008). As
noted above, a more elaborate model states that RNAa
or RNAi molecules are localized to gene promoters via
protein bridges that bind both RNA and promoter DNA.
This act of promoter localization facilitates the transfer
of chromatin-bound repressors (HP1vy) onto the anti-
sense transcripts (Figure 4B). The experimental results
support the last model and run counter to Occam’s
razor of simplicity (Schwartz etal., 2008). In light of the
unexpected ability of RNAa molecules to stimulate gene
transcription, it should not be surprising if mechanisms
as elaborate as those attributed to protein-based activa-
tors are involved in RNAa function.

Future scope

It is increasingly plain that RNA can regulate gene
expression by a plurality of mechanisms. Early pioneer-
ing work led to aptamers against transcription factors
and components of the transcriptional machinery and
these have proven to be valuable mechanistic tools
(Thomas etal., 1997; Shi etal., 1999; Zhai etal., 2001;
Fan etal., 2005; Sevilimedu etal., 2008; Wurster and
Maher, 2008). The eventual goal is to use such aptam-
ers as therapeutic agents that can act on aberrantly

functioning transcriptional circuits. Rather than use
aptamers to competitively perturb molecular interac-
tions, three groups used aptamers tethered upstream of
promoters to stimulate gene expression. In a somewhat
similar manner, a pTEFb binding TAR “aptamer” is used
by HIV-1 to recruit the machinery required to overcome
a rate-limiting step of transcriptional elongation. As
we explore further, a broader role for natural aptamers
in regulating transcription elongation will come into
focus.

The Evf-2 RNA activator also hints at a major role for
noncoding RNA in regulating gene networks in animal
development. The paradigm set by this example implies
that ultraconserved noncoding regions that are linked
with genes encoding developmental transcription fac-
tors (TF) may well generate RNA molecules that interact
with the protein TFs and reconstitute potent RNA-TF
activators. A bioinformatic search for similar examples
reveals hundreds of potential RNA-TF pairs. That non-
coding RNA sequences may evolve more easily than pro-
tein domains has interesting implications for coupling
of animal development and evolution of new functions
in transcriptional regulators.

The role of noncoding transcripts in modulating
gene expression of B-globin genes surprised all who had
studied the regulation of this gene for decades (Gribnau
etal., 2000). The intergenic transcripts were important
for placing chromatin marks that facilitate transcription.
This is contrary to the accepted role of RNA molecules in
formation of repressive heterochromatin and in facilitat-
ing repressive DNA methylation patterns at promoters.
The direct role of RNA molecules in targeting chroma-
tin modifying/remodeling enzymes for transcriptional
stimulation has yet to be demonstrated. However, it is
not difficult to imagine that such RNA molecules will
soon be found.

Another role of intergenic RNA has emerged from
the search for RNA duplexes that could target gene
promoters and silence transcription of desired genes.
Instead, several synthetic RNA duplexes stimulated the
expression of targeted genes. This led to the identifica-
tion of endogenous noncoding RNA that target gene
promoters and regulate their transcriptional robustness.
Computational analysis has implicated many potential
noncoding transcripts in similar functions. Initial bioin-
formatic searches for miRs focused solely on sequences
that share sequence homology with coding regions of
the genome. Recent high throughput sequencing meth-
ods have not only begun to reveal the existence of miRs
that could target regulatory regions but have also found
antisense transcription from bona fidle mRNA promot-
ers and from within coding regions of genes (Kapranov
etal., 2007). These antisense and cryptic transcripts
are not restricted to a subset of genes but are prevalent
across the genome (Amy etal., 2008; Core etal., 2008;
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He etal., 2008; Preker etal., 2008). More importantly, in
cases where such transcripts have been eliminated, they
were found to diminish mRNA synthesis in the sense
direction (Schwartz etal., 2008). The prevalence of such
transcripts suggests that this newly discovered mode of
gene regulation by RNAa is likely a general modulator of
transcription.

As these new and exciting mechanisms of gene
stimulation become apparent, they will undoubtedly be
harnessed to regulate the transcription of desired genes.
The goal of engineering gene regulatory networks will
inevitably have to account for the role of endogenous
noncoding RNAs. Indeed, synthetic biological appli-
cations led to the discovery of riboactivators. As our
appreciation for the role of RNA activation increases
and the role of such molecules in maintenance of health
and the onset of disease becomes apparent, a new class
of therapeutic agents targeting such molecules will be
developed. RNA-targeting drugs may well overcome the
limitations of targeting only protein regulators of gene
expression.

Each of the examples of RNA activation described
here has far-reaching implications. Most of these stimu-
latory functions were only recently discovered and the
rate of new discoveries in this area shows no sign of
abating. A new RNA world awaits discovery and a slight
modification of the scout’s motto “be prepared to be
amazed” may serve us best as we go forward.
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