Chapter 6
miRNA-Mediated RNA Activation
in Mammalian Cells
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Abstract MicroRNA (miRNA or miR) is a small noncoding RNA molecule ~22
nucleotides in size, which is found in plants, animals, and some viruses. miRNAs
are thought to primarily down regulate gene expression by binding to 3
untranslated regions of target transcripts, thereby triggering mRNA cleavage or
repression of translation. Recently, evidence has emerged that miRNAs can interact
with the promoter and activate gene expression. This mechanism, called RNA
activation (RNAa), is a process of transcriptional activation where the direct
interaction of miRNA on the promoter triggers the recruitment of transcription
factors and RNA-Polymerase-II on the promoter to activate gene transcription. To
date, very little is known about the mechanism by which miRNA regulates RNA
activation (RNAa) and their role in tumor progression. This is an emerging field in
RNA biology. In this chapter, we describe the mechanisms utilized by miRNAs to
activate transcription.

Keywords RNA activation (RNAa) * microRNA ¢ Duplex RNA ¢ Promoter and
RNA interference (RNAI)

6.1 Introduction

Current research in the microRNA (miRNA) field largely focuses on the actions of
miRNAs on the 3’ untranslated regions of genes that result in the suppression of
target expression either by degradation of mRNA or inhibition of translation
[1, 5]. Recently, several groups including ours have demonstrated that small
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noncoding RNAs can influence gene transcription by direct interaction of small
RNAs with the promoter [8, 16, 19]. This mechanism, also called RNA activation
(RNAa), is a process of transcriptional activation where microRNAs through their
direct interaction with the promoter sequence activate gene transcription. Most of
the studies reported on RNAa are on cancer models [17, 18, 25]; however, recent
studies have extended these findings to other conditions such as ischemia [28, 31]
and erectile dysfunction in diabetes [34]. Together, the current research provides
evidence that RNA can precisely target selective genes to activate signaling
pathways.

RNA interference caused by siRNA and/or miRNA leads to suppression of
transcription or degradation of mRNA and/or inhibition of translation within
hours after the transfection of small RNAs [9]. In contrast, transcriptional activation
induced by miRNAs requires several days to turn on, but can persist for several days
once it is activated [26]. This delay could be due to the epigenetic changes mediated
by miRNA as the promoter of target genes, which then facilitates long-term effects
on gene expression. Thus RNAa is potentially an important unexplored mechanism
employed by cells to activate gene expression for a persistent period of time. This
chapter will address the current state of RNAa research and the underlying mech-
anisms that are responsible for this process.

6.2 History

In 1998, Craig Mello and Andrew Fire reported the gene-silencing effects of
double-stranded small RNAs (dsRNAs) in C. elegans, where they demonstrated
that dsRNAs successfully silenced the targeted gene and coined the term RNA
interference (RNAi) [10]. This striking discovery in RNA biology was rewarded
with a Nobel Prize in Physiology or Medicine in 2006. In contrast to the term RNA,
RNA activation (RNAa) refers to the process of transcriptional activation mediated
by small RNAs. The new term RNAa was coined first by Long-Cheng Li and Rajvir
Dahiya [17] who designed and synthesized 21-nt dsRNAs targeting selected pro-
moter regions of human genes E-CADHERIN, p21"A/C"P1 (p2]), and vascular
endothelial growth factor (VEGF). Intriguingly, transfection of those dsRNAs into
human prostate cancer cell lines caused long-lasting and sequence-specific induc-
tion of all three genes [17]. Shortly thereafter, Janowski et al. identified the
induction of progesterone receptor (PR) and major vault protein by promoter-
targeting dsRNA [16]. Since then, similar observations have been made by several
other groups in different mammalian species including human [17], rat [11], and
mouse [12], suggesting that RNAa is a general mechanism of gene regulation
conserved across mammalian species. Although RNAa was proposed by Li et al.,
in 2006, the theory of gene activation by the action of RNAs was initially proposed
by Britten and Davidson in their article entitled “Gene regulation for higher cells:
This theory postulates the existence of gene regulation by small non-coding RNA”
published in Science [6]. In this theory, they proposed that RNA molecules form a
sequence-specific complex with the nontranscribed sequences that reside upstream
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of the sequences transcribed into RNA molecules [6]. To date, very little is known
about the precise mechanism of how RNAa occurs in normal cells and the impor-
tance of this process in physiology and disease. Because small RNAs can interact
with gene promoters, which influence various transcriptional processes, the current
hypothesis is that the RNAa mechanism includes changes in the occupancy of
transcription factors (TFs) or RNA polymerases on the promoter, and the epigenetic
changes associated with this occupancy process. We recently found some evidence
in support of this hypothesis. We identified that miR551b, an miRNA located in the
3q26.2 amplicon, a region that is frequently amplified in ovarian cancer patients,
interacts with complementary sequences on the promoter of STAT3 transcription
factor. This miR551b interaction with STAT3 promoter affects STAT3 transcrip-
tion by the recruitment of RNA Polymerase II (RNA Pol II) and the Twistl
transcription factor to the STAT3 promoter. To help understand the RNAa mech-
anism, we will outline next the various steps in the process of miRNA synthesis and
biology that are directly relevant to RNAa.

6.3 Maturation of miRNAs

In northern blot analyses for most miRNAs, two species of nucleotides (nt) are
often noticed: a larger (~70 nt) and a smaller (~22 nt) RNA. The smaller RNA
(~22 nt) is the mature form of miRNAs [1, 24]. It is known that more than two thirds
of all human miRNAs are encoded in the intervening regions (introns) of protein-
coding genes as well as in long noncoding transcripts. MiRNAs can also be encoded
in exons or introns, or can be located in intergenic region, and within the chromo-
somal regions encompassing two genes [2, 29]. During the biogenesis, the primary
precursor (pri-miRNA) is processed into an approximately 70-nt-long stem-loop
structure by nuclear RNase III Drosha present in the microprocessor complex, which
is the complex of proteins involved in the processing and maturation of miRNAs. The
two RNase domains of Drosha help cleave the 5’ and 3’ ends of the pri-miRNA,
which is then exported to the cytoplasm by Exportin-5 and Ran-GTP complexes.
Later the final maturation of miRNA occurs with Dicer, another RNase III nuclease
that processes the pre-miRNA into a 22-bp dsRNA in the cytoplasm. Subsequently,
Dicer-cleaved miRNAs are loaded with RNA-induced silencing complex (RISC) that
includes Argonaute (AGO) proteins, transactivating response RNA-binding protein
(TRBP), protein kinase R-activating protein (PACT), and Dicer.

6.3.1 Transport of Mature miRNA to the Nucleus for RNAa

Since the major process of miRNA maturation occurs in the cytoplasm, it is
expected that miRNAs are needed to translocate into the nucleus for RNAa.
However, the exact mechanism underlying the transport of miRNA from the
cytoplasm to the nucleus is not well understood. Argonaute (AGO) proteins that
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facilitate the transport of miRNAs from the cytoplasm to the nucleus are widely
considered to promote this process. AGO proteins are highly conserved proteins
and ubiquitously expressed in all higher eukaryotes. In humans, eight AGO genes
are known to exist, of which family members AGOI, 2, 3, and 4 have been
extensively studied [14]. AGO proteins encode four functional domains, namely,
N-terminal, PAZ, Mid, and C-terminal PIWI domains [14]. Using all of its func-
tional domains, AGO proteins bind to different classes of small RNAs including
miRNAs, siRNAs, and PIWI-interacting RNAs (piRNAs), which further bind with
their specific targets through sequence complementarity base pairing
[3, 15]. Among the domains in AGO protein, the PAZ domain binds to the 3’ end
of both siRNA and miRNA, which facilitates the binding of small RNAs on target
mRNA by base pair interaction [22]. The PIWI domain of AGO proteins contains
the catalytic residues which are essential for cleavage [22], and also mediates
protein-protein interaction with the RNase III domain of Dicer protein, suggesting
that PIWI is a critical domain that is responsible for miRNA maturation function.
Within the mid domain, AGO protein encodes for MC motif and is involved in
binding cap structures of RNA, thereby suggesting a role in controlling translation
of capped mRNA. Altogether, the AGO protein family with multiple domains and
multiple protein interactive motifs allows miRNA-guided AGO proteins to interact
with several proteins directly or indirectly. For example, AGOs recruit TFs and
RNA Pol II to the promoter of the target genes, and this complex recruitment leads
to conformational changes that enhance the occupancy of TFs and RNA Pol II to
STAT3 oncogene promoter to turn on transcription (Fig. 6.1) [8]. In addition to
AGO proteins, a second class of proteins, namely, importin8 (IPO8), a member of
the karyopherin family [35], has been identified for miRNA transport from the
cytoplasm to the nucleus. Therefore, both IPO8 and AGO proteins have an impor-
tant role in the transport of mature miRNA from the cytoplasm to the nucleus
[35]. AGO proteins have been more extensively studied in the context of miRNA
transport. When AGO1 or AGO2 proteins are depleted individually, the respective
member of its family (AGO2 for AGOL1 depleted and AGO1 for AGO2 depleted) is
preferentially retained in the nucleus [20]. Furthermore, Matsui et al. demonstrated
that silencing AGO1 reduces nuclear Dicer levels by 90% and nuclear TRBP levels
by >50% [20], suggesting that in addition to nuclear import of miRNAs, the AGO
protein family may also be involved in the maturation of miRNAs in the nucleus.

6.4 Target Specificity and Selection for miRNA-
Mediated RNAa

Once in the nucleus, the miRNA needs to interact with its target. The principles
governing the genomic target site recognition of small RNAs are thought to be
sequence dependent in the sense of antisense strand [27]. One of the first studies
reported on RNAa, were used duplex RNAs target promoter sequences designed based
on the rules of functional siRNAs, where the rules included low GC content, lack of
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Fig. 6.1 Proposed model of microRNA-mediated RNA activation

repeated or inverted sequences, and avoidance of targeting CpG-rich regions [17]. In
consequence, authors have identified that, four dsSRNAs that met these rules targeting
E-cadherin, p21, and VEGF promoters activated the expression of E-cadherin, p21, and
VEGF at the mRNA and protein levels [17]. The same group later identified miR-373
complementary target sites in the promoters of E-cadherin and cold shock domain
containing protein C2 (CSDC2), thereby inducing the expression of both E-Cadherin
and CSDC2 [25]. Of note, the site-specific mutations on the miR-373 sequences
abrogated any increase in the expression of both E-Cadherin and CSDC [25]. In a
recent study, Vera Huang and her team tested the effects of miR-774 and miR-1186
which have sequence complementarity to the sequences located in the CyclinB1
promoter [12]. Similarly, miRNA-589 has complementarity to adjacent sites in the
COX2 gene promoter where it binds to and activates COX2 transcription. Our recent
studies concur with these reports, and indeed, miR551b-3p interacts with the promoter
sequences on the STAT3 promoter and activates STAT3 transcription [8].

Although most studies report proximal targeting of the miRNA on the promoter
site, for example, overlapping the transcriptional start site (TSS) [11, 16, 33], there
are reports of miRNA targeting 200—1200 bps upstream of the TSS. This upstream
targeting region is considered optimal for RNAa. Altogether, the studies in the past
10 years on the transcriptional activation by small RNAs suggest that sequence
specificity is a critical factor and miRNA-mediated transcriptional activation
largely depends on the sequence complementarity between the miRNAs and the
promoter so as to engage the interaction between miRNAs and the promoter for
transcriptional activation.

6.4.1 Mechanism of Transcriptional Activation

The majority of studies report miRNASs’ role in gene inhibition, but only a handful of
reports have described their role in the RNAa mechanism. Exactly how RNAa is
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facilitated is not clear, but studies are beginning to show that the mechanism includes
binding of miRNA on the promoter and improve occupancy of transcription factor and
RNA Polymerase II (RNA Pol II). We hypothesize that AGO proteins that are
responsible for transporting miRNAs to the nucleus are also critical for facilitating
RNAa. This hypothesis is partly based on published studies where AGO1 has been
shown to interact with RNA Pol II [13, 20]. Similarly, we have also reported that
miRNA-551b-AGO1 complex interacts with RNA Pol II, which in turn facilitates the
recruitment of TWIST1 transcription factor to the STAT3 promoter to activate
STATS3 transcription [8]. Interestingly, the miR551b-3p-mediated STAT3 activation
occurs within 24 h but lasts for more than 10 days. Others have reported similar effects
with RNAa occurring within 24 h, and further elevated to the maximum levels by 72 h,
which persists for at least one and a half weeks in cells [26]. The persistent nature of
this activation is intriguing given that gene-silencing effects by siRNA last for 24 h,
and are turned off within 3—4 days [9]. One potential explanation is the alteration of
chromatin structures or epigenetic machineries by RNAa. The transcriptional state of
genes is dependent on the state of chromatin occupancy, which is modified via histone
protein and DNA modifications. Recent CHIP data for AGO1 protein identified
AGO1 peaks that mapped within 65 kb of transcription start sites (TSS), and
overlapped with H3K4me3 marks [13]. Trimethylation of lysine 4 on histone H3
protein subunit (H3K4me3) is an important histone marker in epigenetic studies, and
is indicative of the active gene promoters [4]. Similar increases in trimethylated H3K4
were also noticed in PR and CyclinB1 promoters that were facilitated by duplex short
RNAs [11, 16]. In addition to the H3K4 methylation, there is a second class of
methylation, H3K27 group, that is responsible for transcriptional silencing. In contrast
to the methylation of H3K4, trimethyation of H3K27 at the promoter is associated
with inactive gene promoters. H3K27 trimethylation is catalyzed by a class of proteins
that belongs to the family of Polycomb Group of proteins (PcG). The PcG proteins
form two distinct Polycomb-repressive multiprotein complexes: PRC1 and PRC2.
Trimethylation of H3K27 is mainly catalyzed by EZH2, which is the catalytic subunit
of the PRC2 core complex. It also contains two other PcG proteins, SUZ12 and EED,
which are critical proteins required for the process of transcriptional modulation by
PRC2 [7, 23]. The precise mechanisms that facilitate miRNA-induced trimethylation
of H3K4 or H3K27 on histone proteins located at the promoter sites are still unknown.
In light of the current research on histone methylation and analysis of multiple histone
marks by small RNAs, activating the active histone marks such as H3K4 is a dynamic
process when compared to the loss of methylation of H3K27. Apart from the histone
methylation, there is a paucity of data on the role of DNA methylation during the
process of RNAa. The AGO proteins discussed earlier for miRNA transport from the
cytoplasm to the nucleus also may play a role in DNA methylation. For example,
AGO4 is functionally distinct from AGO1-AGO3 and incompatible with splicing
abilities [30], and is not directly involved in the siRNA/miRNA-triggered RNA
degradation process. Based on AGO4’s structure and its interaction with other AGO
family proteins and methylase enzymes in particular, we hypothesize that AGO4 has
important roles in RNA-mediated DNA methylation or other epigenetic regulation
processes. Thus the RNAa mechanism is a fertile field rich with scientific questions
that need answers.
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6.5 Conclusion

Recent studies demonstrate that RNAa is an endogenous mechanism of gene
regulation, wherein small duplex RNAs including miRNAs activate the gene
expression through their interaction with the promoter. Evidence suggests that
promoter-guiding effects of small duplex RNAs are primarily regulated through
the Argonaute family proteins. It is currently accepted that once small RNAs get
bound to the AGO complex, they modify histones and recruit transcription factors
to form RNA polymerase Il complex on gene promoters. In the past 10 years, RNAa
has emerged as an important topic in miRNA research. However, our understanding
of RNAa is still limited with many questions still unanswered. These include
questions related to the sequence of events that occur during the process of RNAa
such as (1) whether the number of seed sequences on the promoters will have
different effects on transcription and (2) the number of mechanisms such as histone
modifications and recruitment of TFs and/or RNA Pol II that associate with the
miRNA binding on the promoter. We expect that the RNA immune precipitation
experiments followed by mass spectrometry as well as pulse chase experiments will
identify most of the critical proteins associated with conformational changes that
lead to the transcriptional activation. Most of the studies on RNAa are employing
overexpression methods to increase the levels in miRNA in cells to achieve RNAa.
Therefore, it still remains unexplored whether RNAa is an important operational
mechanism for transcriptional regulation under normal physiological conditions.
Thus more research in this area is required in order to unravel the complexities in
RNAa mechanisms, in particular those associated with AGO. Finally, whether this
mechanism is found in other cell types and plays a role in diseases other than cancer
needs further exploration.
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