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Small RNA molecules, such as microRNA and small interfering RNA, have
emerged as master regulators of gene expression through their ability to suppress
target genes in a phenomenon collectively called RNA interference (RNAi). There
is growing evidence that small RNAs can also serve as activators of gene expression
by targeting gene regulatory sequences. This novel mechanism, known as RNA
activation (RNAa), appears to be conserved in at least mammalian cells and trig-
gered by both endogenous and artificially designed small RNAs. RNAa depends on
Argonaute proteins, but possesses kinetics distinct from that of RNAi. Epigenetic
changes are associated with RNAa and may contribute to transcriptional activation
of target genes, but the underlying mechanism remains elusive. Given the potential
of RN Aa as a molecular tool for studying gene function and as a therapeutic for dis-
ease, further research is needed to completely elucidate its molecular mechanism
in order to refine the rules for target selection and improve strategies for exploiting
it therapeutically. ©2011John Wiley & Sons, Ltd. WIREs RNA 2011 2 748-760 DOI: 10.1002/wrna.90

INTRODUCTION

he quest to manipulate gene expression at

will has been a fascinating pursuit since
the establishment of the central dogma of gene
expression. The discovery of posttranscriptional RNA
interference (RNAIi) has partially fulfilled this goal—
that is the ability to suppress the expression of any
gene using small double-stranded RNAs (dsRNAs).
Since the initial discovery of RNAi,? several other
related mechanisms of gene silencing have been
identified that occur at the levels of chromatin,
DNA, transcription, mRNA, and translation, each
triggered by small RNA.3® It has been proposed
that RNAi is an evolutionarily conserved defense
mechanism to suppress foreign sequences (i.e., viral
infection); however, such examples are rare in higher
eukaryotes despite the presence of intact RNAI
machinery. Therefore, it is now believed, instead, that
evolution has adapted this innate defense mechanism
as a means to regulate gene expression. In this
regard, it is reasonable to suggest that RNA-mediated
gene regulation may have evolved the capability
to regulate target sequences both negatively and
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positively, thereby composing the ‘yin and yang’ of
the RNA-mediated gene-regulation network.

Recently, several classes of small RNA have been
shown to upregulate gene expression at the transcrip-
tional and/or epigenetic level.”!! To describe such
phenomena, the term RNAa (RNA activation) has
been coined to distinguish it from RNAi.” In this
review, we discuss (1) the observations made so far
on RNAaj; (2) our current understanding of its mech-
anism of action; and (3) its potential application both
as a tool to study gene function and as a therapy for
disease. We also speculate on the possibility of RNAa
being mediated by endogenous small noncoding RNA
(ncRNA).

SMALL dsRNA-MEDIATED
TRANSCRIPTIONAL ACTIVATION
(RNAa)

The discovery of RNAa came as a surprise. In early
2004, our group was interested in how aberrant DNA
methylation of promoter sequences was regulated in
cancer cells. It was speculated that ncRNA could
induce sequence-specific DNA methylation, a phe-
nomenon that had been known to occur in plants
for over 10 years.!? At the time, our laboratory was
investigating epigenetic mechanisms of gene silencing,
including DNA hypermethylation in gene promot-
ers. One particular gene of interest was E-cadherin, a
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tumor suppressor gene silenced in several types of can-
cers. The E-cadherin promoter contains a typical CpG
island surrounding the transcription start site that,
upon methylation, silences E-cadherin expression.!3:14
We sought to examine whether DNA methylation
could be induced at the E-cadherin promoter by expos-
ing cells to synthetic small dsRNAs, the known trigger
for RNAI. By implementing rational small interfering
RNA (siRNA) design rules'’ against the E-cadherin
promoter sequence, two high-scoring targets at sites
just outside the CpG island were selected for testing.
When dsRNA for either target was transfected into the
prostate cancer PC-3 cell line, surprisingly, E-cadherin
expression was robustly upregulated instead of being
downregulated.” This sparked subsequent identifica-
tion of additional examples of RNAa [e.g., p21 and
vascular endothelial growth factor (VEGF) genes]’
(Table 1). Shortly thereafter, another group reported
activation of the progesterone receptor (PR) and major
vault protein (MVP) genes by dsRNA,® implying that
the phenomenon could be a general mechanism of
gene regulation.

TABLE 1 | RNA activation examples

Small RNA and transcriptional upregulation

Definition, Observations, and Features

of RNAa

Definition

The term RNAa was originally used to describe
gene activation at the transcriptional level mediated
by small dsRNA designed to target gene promoter
sequences.” These dsRNAs, termed ‘small activating
RNAs’ (saRNAs) to distinguish them from siRNAs,
exert an effect opposite to that of RNAI. Similar to
the term RNAI, whose definition has been expanded
to describe both transcriptional and posttranscrip-
tional gene silencing mechanisms, RNAa may also
be used to describe other related mechanisms by
which small RNAs positively regulate gene expres-
sion and the epigenome, including transcriptional
activation via targeting the 3’ flanking regions of
genes with small dsRNAs,2¢ piwi-interacting RNA
(piRNA)-mediated epigenetic activation,?” microRNA
(miRNA)-mediated translational activation,?$?° and
additional gene activation mechanisms yet to be
discovered.

Gene Symbol (alias) Full Name Species Target Location ~ Trigger RNA References

Ccnb1 Cyclin B1 Mouse Promoter saRNA/agRNA "

CDH1 (E-cadherin)  Cadherin 1, type 1, Human and nonhuman  Promoter saRNA/agRNA 7,9, 11, 16-18
E-cadherin (epithelial) primates and miRNA

CDKN1A (p21) Cyclin-dependent kinase Human and nonhuman ~ Promoter saRNA/agRNA 7,11, 19-22
inhibitor 1A primates

CsbQ2 Cold shock Human Promoter miRNA 9
domain-containing
protein C2

CXCR4 Chemokine (C—X—C motif) Rat Promoter saRNA/agRNA 1"
receptor 4

KLF4 Kriippel-like factor 4 Human Promoter saRNA/agRNA 23

LDLR Low-density lipoprotein Human Promoter saRNA/agRNA 24
receptor

MVP Major vault protein Human Promoter saRNA/agRNA 8

NKX3-1 NK3 homeobox 1 Nonhuman primates Promoter saRNA/agRNA 1

PAWR (PAR4) PRKC, apoptosis, WT1, Nonhuman primates Promoter saRNA/agRNA 1
regulator

PGR (PR) Progesterone receptor Human Promoter and saRNA/agRNA 8,25

3’ terminus

TP53 (p53) Tumor protein 53 Nonhuman primates Promoter saRNA/agRNA 1"

VEGFA (VEGF) Vascular endothelial growth Human and nonhuman ~ Promoter saRNA/agRNA 7,11
factor A primates

Vegfa (Vegf) Vascular endothelial growth Mouse Promoter shRNA 10
factor A

WT1 Wilms tumor 1 Nonhuman primates Promoter saRNA/agRNA "

agRNA, antigene RNA; miRNA, microRNA; saRNA, small activating RNA.
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Promoter-Targeting RNAa

In our initial studies, by testing six genes and designing
one or two saRNA targets on the promoter of each
gene, three of the tested genes (E-cadherin, p21, and
VEGF) were activated by their respective saRNAs.”
These saRNAs have a target size of 19 nt with 3’
dTdT overhangs—an identical structure to standard
siRNAs. They targeted locations on gene promoters
ranging from —200 to —700 relative to the transcrip-
tion start site. Soon after, the Corey group reported
that synthetic dsSRNAs, termed antigene RNAs (agR-
NAs) to distinguish them from siRNAs that target
mRNA, targeting the promoter regions of PR and
MVP activated the expression of their respective target
genes. These agRNAs also have a target size of 19 nt
but they target sequences located on or near the tran-
scription start site, ranging from —56 to —2. Interest-
ingly, in the example of the PR gene, the agRNA PR11,
which targets sequence —11/48, robustly induced PR
gene expression in the MCF7 breast cancer cell line,
but suppressed PR expression in the T47D cell line
which has higher basal expression of PR compared
to MCF7 cells.® In these studies, RNAa was observed
when the saRNA/agRNA was introduced into the cells
at concentrations ranging from 5 to 50 nM.”® Since
these initial reports, additional examples of promoter-
targeting RNAa have been identified (Table 1).

Nonpromoter-Targeting RNAa

Targeting genomic regions outside promoter
sequences may also affect gene transcription both
negatively and positively. Yue et al. found that agR-
NAs targeting the 3’ terminal region of the PR gene
caused either transcriptional gene silencing (TGS) or
activation by interacting with an overlapping non-
coding sense transcript.?® It has been proposed that
the agRNAs trigger a looping mechanism bringing
the 3’ terminus and promoter into close proximity to
allow recruitment of additional proteins and mod-
ulation of promoter activity.?® Likewise, targeting
enhancer sequences may also exert some regulatory
effect on gene activity as enhancers use a similar
looping mechanism to activate transcription.3’

Distinct Kinetics of RNAa

An interesting feature associated with RNAa is its
kinetics, which diverges from traditional RNAi. It
is well known that RNAI can be induced within hours
in mammalian cells, lasting for a period of ~5-7 days
and subsequently disappearing when the exogenous
siRNA is exhausted.?’32 In contrast, RNAa takes a
very different time course. Gene activation by trans-
fecting promoter-targeting saRNA has been reported
to be delayed by ~24-48 h in comparison to RNAI.
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For example, in a side-by-side comparison, p21 activa-
tion by saRNA did not emerge until ~48 h following
saRNA transfection, while knockdown of two genes
[male absent on the first (MOF) or E2F1] by siRNA
was detectable as early as 6 h.3? Perhaps, the delay
in RNAa activity reflects a more complex mechanism
with additional rate-limiting steps. Because RNAa is a
nuclear process acting on gene transcription, acquiring
access to the nucleus may be one of the rate-limiting
steps. Changes in chromatin structure associated with
RNAa may also contribute to the delayed kinetics.

Another peculiar feature of RNAa is its pro-
longed effect. After a single saRNA transfection, gene
activation can last for nearly 2 weeks in certain cell
lines.”3 The duration of PR gene activation demon-
strated by the Corey group® and of E-cadherin and
p21 induction observed by our group’»32 is remarkably
similar, suggesting prolonged activation is a general
feature of RNAa. It is reasonable to speculate that
such long-lasting gene activation is due to epigenetic
changes, which may persist well beyond the life of
saRNA molecules. In support, several types of epige-
netic changes have been associated with RNAa (see
the section Transcriptional Activation is Associated
with Epigenetic Changes).

Complementarity Requirement of Guide-Target
Sequences for RNAa

Classic RNAi mediated by siRNA requires perfect
complementarity between the siRNA and its cognate
mRNA sequence. This complementarity is necessary
for the RNA-induced silencing complex (RISC) to
cleave the mRNA transcript at the siRNA recognition
site. In contrast, translational repression mediated
by miRNA can tolerate mismatches between non-
seed sequence and its cognate mRNA.33 Interestingly,
promoter-targeting saRNAs share similar recognition
features as miRNA: mismatches in regions outside the
seed sequence are tolerable and retain partial RNAa
activity.”** Based on this observation, it is possible
that RNAa may be triggered by endogenous miRNA
with imperfect matches to promoter sequences.

Conservation of RNAa

RNAa was initially discovered in human cells.”® By
targeting the mouse VEGF promoter using short hair-
pin RNAs (shRNAs) via lentiviral-mediated overex-
presion, Turunen et al. demonstrated RNAa in mouse
cells in vivo and in vitro.'® RNAa has also been
reported in several other mammalian species, includ-
ing rat and nonhuman primates.'! Because nonhuman
primates share almost identical genome sequences
with human, most saRNA targets designed on the
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promoters of human genes are well conserved in non-
human primates'! and these saRNAs can also activate
their cognate genes in nonhuman primate cells.!! The
conservation of saRNA targets in primates suggests
the possibility of validating RNAa-based therapeutics
in nonhuman primate disease models, whereas human
and rodent promoter sequences diverge significantly,
saRNAs that are functional in rodents may not be
active in human cells.

Mechanism of RNAa

Although the mechanism of RNAa remains largely
elusive, recent studies have provided insight into
several important aspects of RNAa.

Target Molecules of RNAa

Unlike targeting single-stranded mRNA sequences,
saRNAs/agRNAs designed for promoter regions may
have different modes of strand preference: sense or
antisense. At present, a universal model for RNAa is
lacking and different mechanisms may exist in context
with different promoters.

Sense or Antisense Targets

Although the trigger for RNAa is small duplex RNAs,
evidence suggests that only one strand is required
to guide activity. In a manner seemingly analogous
to strand selection in the case of siRNAs, duplex
saRNA is recruited by endogenous machinery in
which one strand is discarded and the remaining
strand facilitates target recognition via complementary
base-pairing to initiate RNAa. The question remains:
which strand guides RNAa activity when targeting
noncoding sequence? It has been demonstrated that
activation of the PR and low-density lipoprotein recep-
tor (LDLR) genes by targeting promoter sequences
with agRNA is facilitated through interacting with
a noncoding antisense transcript (i.e., synthesized in
the opposite direction as target-gene transcription),
which runs through the promoter.”*2° In these cases,
the antisense transcript serves as a docking site for
target recognition, implying that RNAa activity is
mediated by the sense strand in the agRNA duplex. In
another system, in which PR expression was activated
by targeting the 3’ terminal region with agRNA, it
was revealed that a noncoding sense transcript (i.e.,
synthesized in the same direction as target-gene tran-
scription) recruits agRNA.2® Such evidence would
imply that the antisense strand in this agRNA duplex
guides gene activation. Overlapping noncoding RNAs
transcribed in the sense and antisense orientations
have already been shown to serve as docking sites for
TGS mediated by small duplex RNAs.3*3¢ Likewise,
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such sense and antisense transcripts may serve as the
targets for RNAa as well.

Though PR gene activation by targeting pro-
moter sequence was facilitated by the sense strand of
its agRNA duplex, other target genes may not have the
same requirement. For instance, using chemical mod-
ifications to inactivate strand function selectively, we
showed that the antisense strand in saRNA duplexes
was responsible for RNAa activity in two examples
targeting the p21 and E-cadherin promoters.3? It is
likely that strand function in saRNA/agRNA duplexes
is dependent on the context of the gene and/or ori-
entation of the targeted molecule. Utilizing modified
saRNA/agRNAs with inactivated strands can define
strand activity and assist in determining orientation
of putative target noncoding transcripts.

RNA or DNA as Target?

Recent studies have revealed that both sense and
antisense noncoding transcripts are pervasive in the
human genome.3”>3% At promoter sites, transcripts
are also abundant, with some as short as ~20
nucleotides.?? Some, referred to as nascent tran-
scripts, have been found to be usually tethered to gene
promoters.>**! Long noncoding RNAs (IncRNAs), as
large as a few thousand nucleotides, can also overlap
promoter regions. These promoter-overlapping tran-
scripts may serve as binding sites of Argonaut proteins
(Ago)-loaded agRNAs. For example, long noncoding
antisense transcripts overlapping the PR or LDLR pro-
moter are considered to be the target of agRNAs**?°
because their depletion by an RNase H-based mecha-
nism renders the agRNAs nonfunctional.>® The tran-
script-agRNA-Ago complex is thought to act as a
scaffold for recruiting other proteins [e.g., hnRNP-
K (heterogenous nuclear ribonucleoprotein-K), HP1
(heterochromatin protein 1y), etc.] to affect gene reg-
ulation by enhancing or reducing association of RNA
polymerase II (RNAP II).° Interestingly, the abun-
dance of these promoter-overlapping transcripts is
not affected by agRNA targeting, implying that an
RNAI cleavage mechanism is not involved.*?

RNA has long been known to hybridize to
double-stranded DNA*3** with high stability com-
parable to that of protein-DNA complexes.*’ It has
been hypothesized that RNA hybridization with the
nontemplate strand of the promoter could expose
the template strand for RNAP II binding.** In plants,
RNA-directed DNA methylation (RdADM) only occurs
to the cytosines along RNA-DNA duplexes, indicating
a direct RNA-DNA interaction that provides a strong
and specific signal for de novo DNA methylation.*4”
Thus, it is possible that, with the help of an Ago
protein, saRNA interacts directly with its DNA target
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without the need of a third ncRNA as a docking
molecule. This viewpoint is further supported by
recent observations that many ncRNAs can guide
chromatin-modifying complexes to specific genomic
sites in mammalian cells.*%*°

Dependence of RNAa on Ago Proteins

Ago proteins belong to a large family of proteins con-
taining the PIWI and Piwi/Argonaute/Zwille (PAZ)
domains. Humans have a total of four closely related
Ago proteins (Agol1-4) that function in small RNA-
mediated gene regulation. During conventional RNAi,
the Ago2 protein recruits siRNAs to form the RISC
complex, which cleaves target mRNA by virtue of
Ago2’s catalytic activity.’® Both Agol and Ago2
have been implicated in transcriptional RNAI, fre-
quently referred to as TGS,>12 although the details
of the mechanism remain elusive. The requirement of
Ago proteins in RNAa has also been examined by
RNAi knockdown and chromatin immunoprecipita-
tion (ChIP) experiments. In knockdown experiments,
RNAa-mediated induction of E-cadherin and p21 was
abolished by Ago2 depletion, whereas knockdown
of the other Ago members (Agol, 3, and 4) did
not significantly impair RNAa.”>3? Using ChIP assays,
an agRNA-dependent association of Ago2 has been
demonstrated with the targeted antisense transcripts in
the PR and LDLR promoter.”**> Turunen et al. also
showed that Ago2 is recruited to the mouse VEGF
promoter by activator shRNAs.!” The dependence of
RNAa on Ago?2 is surprising because target cleavage
is not observed in RNAa.*? A reasonable explana-
tion is that Ago2 is required for initial processing
of saRNA/agRNA duplexes in a manner similar to
siRNA maturation. The endonuclease activity of Ago2
cleaves and discards the passenger strand to form
an active RNA-Ago complex capable of recogniz-
ing complementary sequences.’>>* This view is sup-
ported by the observation that 2’-OMe modification
at the passenger-strand cleavage site inhibits RNAa
activity.3? In addition, Ago proteins were found to be
as abundant in the nucleus as in the cytoplasm in a
number of studies.’>” However, it is unclear whether
Ago2 is directly involved in subsequent transcriptional
activation at the targeted gene or if additional pro-
teins are essential for RNAa. Moreover, other Ago
proteins may participate in RNAa when it is triggered
by small RNA with an imperfect duplex structure (i.e.,
miRNA), in a manner similar to conventional RNAI.

Transcriptional Activation Is Associated with
Epigenetic Changes

Most examples of RNAa were demonstrated by an
increase in target-gene expression at the mRNA and/or
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protein level. Enhanced mRNA stability may also lead
to increased mRNA and protein levels and repre-
sents an alternative mechanism for RNAa. However,
this possibility does not appear to be true when
assessing mRNA stability after saRNA transfection.
Determination of both p21 and E-cadherin mRNA
levels across a period of time after actinomycin D or
«-amanitin treatment revealed that saRNA treatment
does not increase the stability of their correspond-
ing mRNAs compared to control treatments (Portnoy
et al., unpublished data). Instead, several studies have
shown an increase in RNAP II association with the
core promoter, indicating RNAa is a transcriptional
mechanism.?26-24:42

Various types of chromatin modifications have
also been identified at different promoters following
RNAa. For example, loss of di- and tri-methylation at
histone H3K9 has been associated with RNAa at the
E-cadherin promoter in PC-3 cells.” In another study,
reduced acetylation at H3K9 and H3K4 together
with increased di- and tri-methylation at H4K4 has
been associated with RNAa at the PR promoter.’
Also, activation of the mouse VEGF promoter by
shRNAs has been linked to increased H3K4me2 and
H3K4me3 levels, as well as decreased H3K9me2,
leading to a more accessible chromatin structure.!® It
is plausible to hypothesize that Ago2 guides saRNA
molecules to complementary target sequence where
they serve as a scaffold to recruit histone-modifying
enzymes and activate transcription. The diversity
in chromatin modifications may reflect gene-specific
epigenetic changes associated with RNAa.® Further-
more, the question still remains as to whether the
changes in chromatin are the cause or consequence of
RNAa. Regardless, successful mapping of epigenetic
changes at target-gene promoters has caught RNAa in
action and indirectly provides evidence toward target
specificity.

EXAMPLES OF ENDOGENOUS RNAa

The fact that synthetic saRNA/agRNA duplexes are
able to elicit RNAa in a variety of mammalian species
suggests that RNAa is an endogenous mechanism of
gene regulation. Given the similarity between miRNA
and saRNA/agRNA in structure and chemistry, it is
tempting to speculate that naturally occurring miRNA
may serve as an endogenous trigger of RNAa or TGS.
In support, mutation experiments have revealed that
RNAa can tolerate mismatches between synthetic saR-
NAs and target promoter sites at nucleotides outside
the ‘seed’ sequence; features indicative of miRNA
target recognition.”>3>
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Initial evidence that miRNA positively regulates
target sequences came from a study by Jopling et al.’3
In this study, miR-122 expressed in human liver cells
enhanced hepatitis C viral (HCV) gene replication
by targeting the 5’ noncoding elements in the HCV
genome,’® whereas sequestering miR-122 resulted in
loss of autonomous replication of HCV RNAs. In
two other studies, miR-369-3 was shown to positively
regulate mRNA translation by targeting AU-rich ele-
ments in 3’UTRs (untranslated regions) in stressed
cells.?2% Recently, miR-10a also has been shown to
positively regulate gene expression by interacting with
the S'UTR of ribosomal protein mRNAs to enhance
translation.’’

miRNA Target Prediction on Promoter
Sequences

miRNA target prediction in 3’'UTRs is facilitated by
examining target conservation across different species.
Otherwise, computationally predicted targets with
good homology may not necessarily be bona fide
targets.®%®! Predicting miRNA targets in gene pro-
moters is even more challenging due to a lack of
relevant experimental data and general poorer con-
servation across species. The first attempt to identify
miRNA targets on promoter sequences came from a
study by Place et al.’ in which the E-cadherin pro-
moter was scanned for putative target sites highly
complementary to miRNA. This study led to the iden-
tification and verification of miR-373 target sites in
the promoters of E-cadherin and cold shock domain-
containing protein C2 (CSDC2).” Other groups have
subsequently used/designed other algorithms to scan
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200-bp portions of all proximal promoter regions
in the human genome. It was found that promoter
sequences complementary to miRNAs are as com-
mon as those within 3'UTRs, some of which possess
unusually high complementarity.®%¢3

Considering that miRNA target sites may not
be restricted only to the 200-bp proximal promoter
region, we used the miRanda algorithm to scan 1 kb
of all human promoter sequences for putative target
sites.®* By setting the prediction stringency to medium-
high, the prediction identified a total of 345,259
targets on 18,687 promoters for 701 human miRNAs,
with an average of 18.5 miRNA targets per promoter
(1 kb) (Figure 1(a)). Only a few miRNAs target pro-
moter sequences with 100% complementarity. Six of
these miRNAs (miR-611, miR-191, miR-484, miR-
320a, miR-34b, and let-7i) are directly transcribed
from the promoter regions of protein-coding genes.
Among them, miR-320a, transcribed from the pro-
moter of POLR3D gene, has already been shown to
modulate iz cis the expression of POLR3D.%?> Two
additional miRNAs (miR-574-5p and miR-548¢-5p)
have perfect complementarity with multiple promot-
ers. As it turns out, these miRNAs are transcribed
from repetitive sequences in the genome and share per-
fect complementarity with similar repetitive sequences
found in the promoters of multiple genes. The impact
of these miRNAs on gene transcription deserves fur-
ther investigation.

One intriguing observation from whole-genome
target prediction is that the number of potential tar-
gets in gene promoters positively correlates to the GC
content of the miRNA (Figure 1(b)). For example,
miR-663 has the highest number of targets (19,263
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FIGURE 1 | Whole-genome promoter microRNA (miRNA) target prediction. (a) Histogram depicting the number of promoters (1 kb) in the human
genome versus the number of sites predicted to be complementary to known human miRNAs. (b) The number of miRNA hits in gene promoters
positively correlates to the GC content of miRNAs. Shown is a semi-log plot with the number of promoter hits in logarithmic scale on the y-axis and

GC content (GC%) of miRNAs in linear scale on the x-axis.
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hits, Figure 1(b)) followed by miR-638, miR-661, and
miR-608. A feature common to these miRNAs is that
they have relatively high GC content and contain sev-
eral CpG sites within their sequence; miR-663 has a
GC content of 90.9%, the highest among all human
miRNAs, and contains five CpG sites. It may come
as no surprise that these miRNAs would have such
high numbers of hits in gene promoters because 60 %
of all human genes have CpG islands within their
promoters, which are characterized by high GC con-
tent and a high ratio of observed-to-expected CpG
frequency.®® Interestingly, GC-rich miRNAs are not
well conserved across species. This raises an interesting
possibility that such miRNAs may preferentially tar-
get gene promoters, which are also poorly conserved
compared to protein-coding sequences. Perhaps, such
miRNAs rapidly evolve in parallel with targeted pro-
moter sequences.

miRNA-Mediated RNAa

Based on target-prediction algorithms, miR-373 pos-
sesses a target site in the E-cadherin promoter at
position—645 relative to the transcription start site,
with 87% sequence complementarity. Transfection of
either mature miR-373 or precursor (pre-miR-373)
mimics into PC-3 cells readily activates E-cadherin
expression.” E-cadherin induction by pre-miR-373
requires the Dicer protein for maturation and acti-
vation is specific to the miR-373 sequence. Mecha-
nistically, miR-373 enhanced the transcription of its
target genes by recruiting RNAP IL° By analyzing
additional putative miR-373 targets, CSDC2 was also
confirmed to be activated by miR-373 in PC-3 cells.
However, not all genes containing promoter sequences
complementary to miR-373 were susceptible to gene
activation. This suggests that promoter environment,
chromatin accessibility, and so on may play a role
in determining susceptibility to miRNA-mediated
RNAa.

The miR-373 study provides the first evidence
that promoter-targeting miRNAs can elicit RNAa in
manner similar to saRNA/agRNA duplexes. However,
several questions still remain. For instance, what is the
physiological relevance of miRNA-mediated RNAa
via targeting promoter sequence? Examples of endoge-
nous miRNAs positively regulating gene expression in
a physiological context, including phenotypic con-
sequences and functional significance, need to be
examined. Given that miRNA can have oncogenic
or tumor suppressor-like function, one might envi-
sion endogenous miRNA influencing tumorigenesis
via RNAa. However, the involvement of RNAa in
cancer remains unclear.
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piRNA-Mediated RNAa

piRNAs comprise a class of 26- to 31-nt small RNAs
that interact with Piwi subfamily members of the
Ago proteins and suppress transposable elements, thus
playing roles in germline development and transpo-
son silencing.®®"%° By deep sequencing of Piwi-bound
small RNA of Drosophila melanogaster, Yin et al.
identified a 20-nt piRNA that uniquely maps to
a region of the telomere-associated sequence (TAS)
on the right arm of chromosome 3 (3R-TAS). This
piRNA, called 3R-TAS1 piRNA, is enriched in the
nucleus and expressed in both the germline and soma.
In wild-type flies, 3R-TAS is associated with both
euchromatic chromatin markers, including H3K4me2,
H3K4me3, and H3K9ac, and heterochromatic mark-
ers such as H3K9m2, H3K9m3, H4K12ac, and HP1.
Depletion of the 3R-TAS1 piRNA by Piwi muta-
tion results in a dramatic shift of the TAS chromatin
markers toward heterochromatin markers, whereas
restoration of 3R-TAS1 piRNA reinstates the euchro-
matic features of TAS.?” Such epigenetic activation by
piRNA provides an additional example that an oth-
erwise largely suppressing small RNA can have dual
functions by acting as an activator.

PROPOSED MODEL FOR RNAa

Evidence accumulated so far points to the possibility
that there exists an endogenous cellular mechanism by
which endogenous ncRNA is used to positively reg-
ulate gene expression by modulating chromatin and
epigenetic states. This mechanism can be exploited by
using artificially designed saRNA/agRNA molecules
that target gene promoters to increase gene tran-
scriptional activity. Based on our understanding
of the current literature, we propose a model for
RNAa induced by promoter-targeted saRNA/agRNA
(Figure 2). In this model, an exogenously introduced
saRNA/agRNA or an endogenously transcribed and
processed small RNA such as miRNA is loaded
onto an Ago protein in the cytoplasm. The Ago
protein processes the saRNA/agRNA to form an
active Ago-RNA complex by cleaving and discard-
ing one of the RNA strands. The Ago-RNA complex
then enters the nucleus through active transport or
passive diffusion when the nuclear envelope breaks
down during cell division. It is also possible that
saRNA/agRNA is first imported into the nucleus
where it programs an active Ago-RNA complex. If
complementary targets for the RNA guider exist in
genomic DNA sequences (Figure 2(a)) or in ncRNA
sequences that are tethered to the DNA (Figure 2(b)),
then the Ago—-RNA complex would initiate a process
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FIGURE 2 | Mechanism for RNA activation. An exogenously introduced or naturally occurring saRNA/agRNA is loaded into an Ago protein (e.g.,
Ago2) where the passenger strand is cleaved and discarded, resulting in an active Ago—RNA complex. This complex gains access to the nuclear
compartment by either passive transport when the nuclear envelope disappears during mitosis or active transport mechanisms. The complex may
then bind to (a) complementary DNA sequences or (b) nascent cognate transcripts in promoters or 3’ flanking regions and further recruit histone
modifiers, leading to an open chromatin structure and active transcription. Ago, Argonaut proteins; agRNA, antigene RNA; ncRNA, noncoding RNA;

saRNA, small activating RNA.

that diverges from RNAi to modify chromatin struc-
ture and epigenetic states at the target location via
two potential mechanistic models. In model A, the
RNA guider guides the Ago protein to its DNA target
by forming an RNA-DNA duplex or triplex structure
and the Ago protein then serves as a recruiting plat-
form to attract histone-modifying activities, leading to
an open chromatin structure and active transcription.
Alternatively, as depicted in model B (Figure 2(b)),
the RNA guider binds to cognate promoter tran-
scripts and the Ago protein recruits histone-modifying
enzymes to institute active chromatin marks on
the local chromosome, resulting in transcriptional
activation.

EXPLOITING RNAa

RNAa has been shown to be generally potent and long-
lasting,”»® making it a promising new tool for gene
overexpression studies and a novel therapeutic strat-
egy for treating disease by stimulating gene expression.

Volume 2, September/October 2011

Technical Considerations for RNAa

Several technical issues should be taken into con-
sideration when designing and performing RNAa
experiments.

saRNA Target Selection

Design of saRNAs has largely been a hit-or-miss pro-
cess due to a lack of complete understanding of the
underlying mechanism and the heterogeneous nature
of different target regions in promoters with regard to
local chromatin structure and its impact on gene tran-
scription. Shifting a targeting sequence by just a few
bases may change a potent saRNA/agRNA into a less
effective activator.® The basis for this spatial sensitiv-
ity is unclear, but it may be dependent on the context
of duplex sequence and/or target site. Different target
locations may result in saRNA sequences with varying
thermodynamic properties, and guide-strand selection
and effective processing by Ago proteins are dependent
on the thermodynamic characteristics within dsRNAs.
As such, improper selection of the guide strand

© 2011 John Wiley & Sons, Ltd. 755
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may sequester RNAa activity. Certain small RNA
sequences may also be restricted to the cytoplasm
and have limited access to the nuclear compartment
thereby limiting their opportunity to facilitate RNAa.
In support, the sequences in some miRNAs have been
shown to specify compartment localization.”® It has
been reported that some miRNAs are restricted only
to the cytoplasm or nucleus.”! Additional parameters
associated with a particular region of a gene pro-
moter such as chromatin/DNA accessibility, distance
from the transcription start site, presence or absence
of nascent transcripts, and so on may also determine
whether the region is a suitable target for RNAa. Effi-
cient saRNA design will be greatly improved as our
understanding of the mechanism(s) of RNAa develops.
To increase the likelihood of identifying a functional
saRNA for a particular gene, generally, at least five
saRNAs should be designed and tested.

Off-Target Effects

Short dsRNA is known to be able to induce off-target
effects and change the expression of many unre-
lated genes. These effects could be sequence-specific
through the miRNA-like regulatory mechanism or
nonsequence-specific through an interferon response
or immunostimulation. To avoid off-target effects,
saRNA targets should be carefully selected to ensure
that the target sequences do not have significant
homology with any other region in the genome, includ-
ing coding and noncoding regions. Induced expression
of the intended target gene following saRNA trans-
fection should also be carefully interpreted so as to
exclude any potential off-target effect. This can be
done by correlating the expression induction with phe-
notypic changes of the transfected cells and expression
changes of downstream genes known to be regulated
by the target gene.?? Validation of RNAa-induced
phenotypic and downstream gene changes by vector-
based overexpression of the RNAa target gene may
also help in determining specificity.?3

Maximizing the RNAa Effect

To achieve maximal gene activation by RNAa in
cultured cells, we consider the two most important
aspects to be saRNA transfection concentration and
duration. Because RNAa is a nuclear process and
transfected small dsRNAs largely localize in the cyto-
plasm due to an exportin-5-mediated dsRNA nuclear
exclusion mechanism,”? a higher concentration of
saRNA is needed to transfect cells compared to siRNA
transfection for RNAi experiments. As there is an
~48-h delay in the onset of RNAa activity, and peak
gene activation does not appear until 4-5 days post-
transfection,” it is advised that the optimal window for

756 © 2011 John Wiley & Sons, Ltd.
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observing gene activation is between 3 and § days.3?
In addition, some general rules for cell-transfection
experiments should be followed in RNAa experi-
ments, including: using healthy and uncontaminated
cells at their exponential growth phase, and transfect-
ing the cells at an optimal density so that the cells are
not over-confluent at harvest. A reverse-transfection
protocol generally yields better results than forward
transfection for RNAa.

RNAa as a Tool for Studying Gene Function
Conventionally, gain-of-function studies are often car-
ried out by vector-based systems. However, ectopic
expression vectors do not typically resemble natural
genes.”3’4 They are frequently created from cDNA
libraries or amplicons, which do not contain introns
or UTR elements. Such regions can have pivotal
effects on endogenous gene function.”>”> For instance,
intronic regions allow for multiple splicing variants
that can have unique functions in different cell or
cancer types.”®’” RNAa has the unique ability to
enhance endogenous transcription of a targeted gene
and its potential splicing variants. Such ability has
been demonstrated by the simultaneous upregulation
of multiple splicing variants of the VEGF” or PR52¢
gene using a single promoter-targeted saRNA. Very
recently, our group has used RNAa as a molecular
tool to interrogate the function of KLF4, a member
of the Kruppel-like family of transcription factors,
in prostate cancer cells in which its expression is
silenced and its function had never been studied.?3
RNAa-mediated KLF4 restoration in prostate can-
cer cells caused modulation of its regulated genes,
including genes that regulate the cell cycle and cell
motility,”> and led to inhibition of both cell prolif-
eration/survival and invasion/migration, suggesting a
tumor-suppressor role for KLF4 in prostate cancer
cells. These results could be fully recapitulated by
vector-mediated KLF4 overexpression.”> RNAa thus
offers a promising new approach to interrogating
gene function (e.g., tumor suppressor genes) and may
serve as a surrogate tool for traditional vector-based
overexpression systems.

Potential Therapeutic Use of RNAa

RNAi-based therapies are in development for the
treatment of a variety of diseases (e.g., cancer). RNAi
offers high specificity and efficacy with generally min-
imal toxicity. RNAIi is ideal for the treatment of
disorders that are caused by the expression of mutant
genes encoding dominant-negative proteins, aberrant
splicing isoforms, or overexpressed genes leading to
gain-of-function effects.”® However, RNAi can only
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offer antagonism of a specific molecular target for dis-
ease treatment. Strategies that can lead to activation of
a molecular target (e.g., tumor suppressor genes) are
equally crucial for effective disease control. Although
traditional gene therapy has the capacity to correct
abnormal gene copies or augment the expression of
normal genes, it has inherent drawbacks, including
the tedious process of constructing expression vec-
tors and potential detrimental effects on host genome
integrity.

By utilizing saRNAs as therapeutic compounds,
RNAa offers similar benefits as RNAi, while facilitat-
ing the exact opposite response—gene activation. This
approach addresses a missing element in RNA-based
gene therapies and offers a novel solution to provide
greater efficacy in disease control. Several studies have
begun to explore the therapeutic use of RNAa in
suppressing tumor growth by activating tumor sup-
pressor genes. For instance, p21 and E-cadherin are
tumor suppressor genes readily susceptible to RNAa.
E-cadherin is a key functional component at adherens
junctions in all epithelial cells and serves as a potent
inhibitor of invasion and growth.”®8% p21 is a cyclin-
dependent kinase inhibitor that functions as a key
mediator of cell-cycle arrest.8! Restoration of p21
expression in different cancer cells, including prostate,
bladder, and lung cancer, has been shown to inhibit
proliferation”1*~2! and sensitizes lung cancer cells to
chemotherapeutic agents.?! Similarly, activation of
E-cadherin via RNAa inhibits growth of bladder can-
cer and prostate cancer cells in vitro.'®!” Recently,
Junxia et al. reported that transfection of E-cadherin
saRNA into breast cancer cells restores endogenous
E-cadherin expression, induces apoptosis, and inhibits
proliferation iz vitro and in vivo.'8

The VEGF gene plays an important role in
angiogenesis. Turunen et al. used lentivirus to deliver
a mouse Vegf saRNA in the form of shRNA into
ischemic mouse hindlimb and found that such treat-
ment improved vascularity and blood flow.!® This
study opens a potential new avenue for the treatment
of cardiovascular diseases. Similarly, activation of the
LDLR gene by RNAa may provide a new therapeutic
option for hypercholesterolemia because increased
LDLR expression can lead to reduced cholesterol
levels.?*
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Identifying chemical modifications is also neces-
sary to improve the medicinal properties of saRNAs.
For instance, blocking the 5-OH of the passen-
ger strand in synthetic saRNAs has been shown
to reduce its off-target potential.’> Furthermore,
incorporating intentional mismatches opposite to
the 5’-most nucleotide in the guide strand has
been shown to enhance target-gene induction in the
case of E-cadherin and p21.32 Modifications to the
2’ backbone (i.e., 2’-OMe and 2’-Fluoro), as well as
locked nucleic acid substitutions, are also tolerated by
saRNA/agRNA duplexes.?22*82 These modifications
may improve therapeutic application by increasing
endonuclease resistance and serum stability, much
as they are utilized to stabilize siRNAs. Exploiting
these chemical modifications alone or in combination,
as well as identifying new features of saRNAs, are
ultimately needed to improve the medicinal properties
of saRNAs for in vivo application.

CONCLUSION

Evidence suggests that RNAa is an endogenous mech-
anism of gene regulation guided by small RNA
molecules and mediated, in part, by Ago proteins. In
parallel to RNAi mechanisms, RNAa may serve as
a countervailing component in gene regulatory net-
works. As such, saRNAs, much like siRNAs, provide
a new approach for interrogating and modulating
endogenous gene function in living cells. Augment-
ing gene expression with saRNAs also has potential
for treating diseases (e.g., cancer) and application
in stem cell research. However, our understanding
of RNAa is still limited and many questions remain
unanswered. For example, how is transcriptional acti-
vation achieved? What are the molecular machines
involved? Is RNAa naturally exploited by cells for
physiological function? On a practical level, several
challenges with RNAa still remain. For instance,
multiple targets need to be screened in order to
activate a particular promoter. Regardless, RNAa
offers a new approach to enhance endogenous gene
expression, which may be manipulated to target
a variety of genes for therapeutics or functional
studies.
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