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Argonaute and the Nuclear RNAs: New Pathways
for RNA-Mediated Control of Gene Expression

Keith T. Gagnon and David R. Corey

Small RNAs are a commonly used tool for gene silencing and a promising platform for nucleic acid drug
development. They are almost exclusively used to silence gene expression post-transcriptionally through deg-
radation of mRNA. Small RNAs, however, can have a broader range of function by binding to Argonaute
proteins and associating with complementary RNA targets in the nucleus, including long noncoding RNAs
(IncRNAs) and pre-mRNA. Argonaute-RNA complexes can regulate nuclear events like transcription, genome
maintenance, and splicing. Thousands of IncRNAs and alternatively spliced pre-mRNA isoforms exist in hu-
mans, and these RNAs may serve as natural targets for regulation and therapeutic intervention. This review
describes nuclear mechanisms for Argonaute proteins and small RNAs, new pathways for sequence-specific
targeting, and the potential for therapeutic development of small RNAs with nuclear targets.

Introduction

VER 40,000 PUBLICATIONS related to small interfering

RNAs (siRNAs) have been published since the original
observation of mammalian RNA interference (RNAi) (Elba-
shir et al., 2001). Virtually all of these publications, especially
those regarding mammalian cells, describe gene silencing
through recognition of mRNA in the cytoplasm and post-
transcriptional RNAi. However, in nearly every system where
RNAI functions, evidence for nuclear RNAi pathways have
been uncovered (Malone and Hannon, 2009; Moazed, 2009;
Zhang and Rossi, 2011).

A number of papers have described small RNAs that regu-
late gene transcription in mammalian cells (Green and Wein-
berg, 2011). These reports have raised 3 outstanding questions:
1) Do small RNAs naturally regulate processes like transcrip-
tion and splicing in human cells, 2) what is the mechanism of
nuclear RNAi and transcriptional gene silencing in mammals,
and 3) can exogenous small RNAs be used to predictably
control nuclear events in human cells, potentially leading to
novel nucleic acid-based drugs? Answering these questions
requires understanding how the RNAi machinery functions in
the nucleus. This review discusses common features of char-
acterized nuclear RNAi pathways and focuses on two key
components — Argonaute (AGO) proteins and nuclear RNAs.

AGO Proteins: Effectors of Small RNA Activity

The AGO family

AGO proteins are a highly conserved family found in
nearly every life form, from humans to Archaea (Bohmert
et al., 1998; Fagard et al., 2000; Song et al., 2004; Tolia and
Joshua-Tor, 2007). In humans there are 8 AGO proteins, 4

from the AGO clade (AGO1-4) and 4 from the PIWI clade
(PIWIL1-4) (Fig. 1A) (Carmell et al., 2002; Sasaki et al., 2003).
Known AGO proteins range from 1 in the fission yeast Schi-
zosaccharomyces pombe to 27 in the worm Caenorhabditis elegans
(Tolia and Joshua-Tor, 2007).

AGO protein structure

AGO proteins contain the characteristic PAZ (Piwi-AGO-
Zwille) and PIWI domains. The overall structural fold of AGO
proteins from Archaea (crystal structures of full-length mam-
malian AGOs have not been reported) is that of a crescent
shape formed by the N-terminal, PAZ, and Mid domains
(Song et al., 2004). The PAZ domain recognizes and binds the 3’
end of small RNAs (Yan etal., 2003; Lingel et al., 2004; Ma et al.,
2004). The PIWI domain is an RNase H-like fold that harbors
“slicer” activity for cleavage of target RNA substrates (Song
et al., 2004; Wang et al., 2008). However, not all AGO proteins
are cleavage competent. For instance, in humans, slicer activity
has only been demonstrated for AGO2 even though AGO3
also possesses the characteristic aspartate-aspartate-histidine
catalytic triad (Meister et al., 2004; Hock and Meister, 2008).

The Mid domain specifically binds to the 5" phosphate of
the loaded siRNA guide strand (Parker et al., 2005; Ma et al.,
2005). A recent crystal structure of the human AGO2 MID
domain revealed a similar fold to that of archaeal and bacte-
rial homologues, as well as the structural basis for the 5" nu-
cleotide A /U preference observed for eukaryotic microRNAs
(miRNAs) (Frank et al., 2010). The siRNA strand stretches
along a positively charged groove formed by the N-terminal,
PAZ, and Mid domains, allowing base-pairing to a comple-
mentary RNA and access of the PIWI domain for cleavage
(Fig. 1B) (Wang et al., 2008).
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FIG.1. The structural and functional features of canonical RNA interference (RNAi) in animals. (A) The human Argonaute
(AGO) family consists of 8 proteins containing conserved PAZ, Mid, and PIWI domains essential for small RNA binding and
function in RNAi pathways. (B) Crystal structure of an Argonaute protein from Thermus thermophilus in complex with a
DNA-RNA duplex (Wang et al., 2008). Protein domains are color-coded and labeled. (C) The structural features of common
small RNAs in animals cells. A 5" phosphate is indicated by an encircled “P,” 2’-O-methylation by a star (“+” or “—" indicates
presence or absence), and 1AG indicates higher free energy at that end of the duplex. (D) Canonical RNAi pathways in the
cytoplasm. Small interfering RNAs (siRNAs) and microRNAs (miRNAs) are loaded into Argonaute and activated by ac-
cessory factors like the RISC-loading complex and C3PO in animal cells. The activated complexes then recognize and bind
complementary RNAs. Perfect target complementarity (siRNA) can result in cleavage and degradation, whereas imperfect

complementarity (miRNA) results in translational inhibition or mRNA destabilization.

Classes of small RNA partners for AGO

Small RNAs that bind AGO proteins fall into 3 main clas-
ses: siRNAs, miRNAs, and PIWI-interacting RNAs (piRNAs).
They function in different RNAi pathways and exhibit distinct
physical properties (Fig. 1C). All three have been reported to
function at both transcriptional and post-transcriptional lev-
els (Bartel, 2009; Moazed, 2009; Siomi et al., 2011).

Small interfering RNAs are ~21 nucleotides (nts) long
and are composed of perfectly complementary strands
with 2-nt overhangs at the 3" end and a terminal 5" phos-
phate (Elbashir et al., 2001). At the 3’ termini they may
have a 2’ hydroxyl, as in humans, or a 2’-O-methyl group,
as in fruit flies (Yu et al., 2005; Horwich et al., 2007). The
strand that directs cleavage is called the guide, while the
strand that is released during AGO loading is called
the passenger.

MicroRNAs are abundant, small RNAs derived from longer
primary transcripts (pri-miRNAs) which fold into hairpins.
Pri-miRNA hairpins are processed into shorter precursors (pre-
miRNAs) by the RNase III endonuclease Drosha before under-
going further cleavage by Dicer, another RNase III enzyme, and
final loading into AGO proteins (Bartel, 2004). miRNAs share
some traits with siRNAs. They possess 3" dinucleotide over-
hangs (Lee et al., 2003). The 5’ end is phosphorylated and the 3’
end can be a 2’ hydroxyl or, especially in plants, a 2"-O-methyl
(Denli et al., 2004; Gregory et al., 2004; Yu et al., 2005). During
loading, the strand that is removed is called miRNA* instead of
the passenger (Bartel, 2009). miRNAs are not perfectly comple-
mentary strands but instead contain bulges and mismatches
(Bartel, 2009). miRNAs can act to block translation or cause in-
stability of targeted mRNAs (Saxena et al., 2003; Guo et al., 2010).

PIWT-interacting RNAs are distinct from siRNAs or miRNAs.
They do not require Dicer for biogenesis, are 2"-O-methylated at
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the 3" termini, and often include uracil at the 5’ end (Aravin etal.,
2006; Gunawardane et al., 2007; Ghildiyal and Zamore, 2009). It
is not known exactly how piRNAs are produced or whether
they exert their function through cleavage of their target RNAs,
which are typically transposon-containing transcripts (Tolia
and Joshua-Tor, 2007; Malone and Hannon, 2009).

AGO function

AGO proteins are essential for RNAi in the cytoplasm (Fig.
1D) (Liu et al., 2004). When a guide RNA is perfectly com-
plementary to its RNA target, a slicer-competent AGO, such
as AGO2 in humans, will catalyze RNA cleavage (Zamore
et al., 2000; Liu et al., 2004; Meister et al., 2004). If imperfect
complementarity is encountered, cleavage typically does not
occur, because the mismatched bases disrupt catalytic inter-
actions at AGO's active site (Wang et al., 2008; Bartel, 2009).

While purified or recombinant human AGO2-siRNA
complexes are sufficient to carry out target RNA cleavage
(Rand et al., 2004), other proteins facilitate function inside the
cell. Loading of AGO with siRNA requires the RISC-loading
complex, composed of Dicer and TRBP (R2D2 in Drosophila),
and activation requires the C3PO complex for efficient pas-
senger strand removal (MacRae et al., 2008; Liu et al., 2009). In
humans C3PO may be the sole loader and activator of AGO2
(Ye et al., 2011).

Transcriptional silencing

by RNA-directed DNA
methylation (RADM)

; in plants

Transcriptional silencing
of transposons and repeats
by the piRNA pathway
in animal germlines
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Accessory proteins can also help localize RNA-AGO
complexes. When mRNAs are bound by miRNPs they are
transported to cytoplasmic p-bodies where mRNAs may be
degraded or isolated to suppress translation (Eulalio et al.,
2007; Kulkarni et al., 2010). This localization is mediated by
proteins like GW182, which bind AGO through GW-repeat
motifs known as AGO hook domains (Till et al., 2007; Taki-
moto et al., 2009). Other proteins have been copurified with
AGO and identified by mass spectrometry, but clear roles in
RNAIi have not yet been demonstrated (Hock et al., 2007;
Landthaler et al., 2008).

Natural Roles in the Nucleus for AGO
and the Small RNAs

Regulation of DNA methylation in plants

Plants use siRNAs to guide de novo methyltransferases to
homologous DNA and establish sequence-specific DNA
methylation (Wassenegger et al., 1994; Matzke et al., 2009). This
pathway is called RNA-directed DNA methylation (RADM).
To initiate silencing, AGO4 is loaded with siRNA and the ri-
bonucleoprotein (RNP) complex is directed to chromatin by
complementarity to nascent noncoding RNA (ncRNA) syn-
thesized by Pol V and sometimes Pol II (Zilberman et al., 2003;
Wierzbicki et al., 2008, 2009; He et al., 2009a) (Fig. 2A). AGO4 in

Transcriptional silencing
and heterochromatin
formation by the RITS

complex in yeast

DMNA elimination in
Tetrahymena thermophila

FIG. 2. Current models for the molecular mechanisms of transcriptional regulation and genome maintenance by endoge-
nous small RNAs in the nucleus. (A) RNA-directed DNA methylation (RdADM) in plants. AGO4 binds siRNAs and is
recruited to the chromatin by complementarity to nascent RNA produced by AGO4-associated Pol V or other polymerases.
The DNA methyltransferase DRM2 and a chromatin interacting and remodeling complex termed DDR are also recruited. (B)
Heterochromatin formation and silencing by the RNA-induced transcriptional silencing (RITS) complex in yeast. RITS is
comprised of Agol, Tas3, and Chpl, which binds H3K9me nucleosomes. This complex is targeted primarily to centromeric
repeats by Agol-bound siRNA, which interacts with nascent RNA. The CLRC complex is also recruited to deposit histone
H3-lysine 9 methyl (H3K9me) marks. (C) Transposon gene silencing in animal germlines. piRNAs target a silencing complex
to transposable and repeat sequences to block their expression. PIWI-bound piRNAs have been proposed to guide PIWI and
silencing factors to genomic targets by interaction with complementary chromatin-associated or nascent RNA. Factors
implicated include heterochromatin protein 1 (HP1) and de novo DNA methyltransferase (DNMT3b), as well as deposition of
DNA and nucleosome methylation marks. (D) DNA elimination in Tetrahymena uses scan RNAs (scnRNAs) to guide Twilp
to nascent RNA, leading to the elimination of the associated DNA at that site. This process involves H3K9 and H3K27
methylation and recruitment of chromatin modification and remodeling proteins.
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turn interacts with Pol V or Pol II through polymerase subunits
that contain AGO hook domains (He et al., 2009b).

In addition to AGO4 and Pol V, the de novo DNA methyl-
transferase DRM2 and the DDR complex are also recruited
(Law et al., 2010). The DDR complex is composed of DDR1,
DMS3, and RDM1 proteins. DDR1 and DMS3 are both chro-
matin remodelers (Kanno et al., 2004, 2008). RDM1 has single-
stranded methyl DNA binding properties and associates with
AGO4 and DRM2, leading to the suggestion that it bridges
AGO4-chromatin-DRM2 interactions (Gao et al., 2010).

Silencing of centromeric repeats in yeast

In the yeast S. pombe the RNA-induced transcriptional si-
lencing (RITS) complex guides transcriptional gene silencing
(Volpe et al., 2002; Verdel et al., 2004). Pericentromeric DNA
repeats are the main target of RITS and are silenced by the
establishment and maintenance of heterochromatin through
histone H3-lysine 9 methylation (H3K9me) (Nakayama et al.,
2001; Volpe et al., 2002).

Centromeric repeats require ncRNA transcription for si-
lencing to occur (Reinhart and Bartel, 2002). Silencing is trig-
gered by siRNAs generated from nascent ncRNAs, which are
subsequently loaded into AGO1 (Verdel et al., 2004). Nascent
ncRNAs in turn serve as platforms for binding and recruit-
ment of RITS by base-pairing interactions with the comple-
mentary AGO1-bound siRNAs (Motamedi et al., 2004; Buhler
et al., 2006; Iida et al., 2008) (Fig. 2B).

Tas3 and Chpl are also recruited to the chromatin (Verdel
etal., 2004). Tas3 has an Ago-hook domain that interacts with
AGOL1 directly, while Chpl is a chromodomain protein that
binds H3K9me marks (Sadaie et al., 2004; Till et al., 2007).
Thus, Tas3, and Chpl bridge interactions between AGO-
siRNA complexes and chromatin and contribute to specificity
by recognizing H3K9me. Chromatin and RNA-associated
RITS also recruits the CLRC complex. CLRC contains an H3K9
methyltransferase enzyme called Clr4, among other subunits,
to help establish and maintain silencing (Hong et al., 2005).

Heterochromatin and transposon silencing
in the animal germline

Small RNA-dependent transcriptional silencing pathways
are genome surveillance mechanisms in animal germline cells.
This pathway relies on the piRNAs, which direct Piwi pro-
teins to transposon and repeat-rich RNAs for degradation
(Malone and Hannon, 2009). While the piRNA pathway is
largely believed to function through post-transcriptional
RNAI, evidence suggests that it also silences transcription
(Fig. 2C) (Pal-Bhadra et al., 2004; Brower-Toland et al., 2007;
Grewal and Elgin, 2007; Watanabe et al., 2011).

In Drosophila, PIWI associates with chromatin in an RNA-
dependent manner and directly binds the chromodomain
protein Heterochromatin Protein 1 (HP1a) (Brower-Toland
et al.,, 2007). Both HP1 localization and heterochromatin
formation depend on the RNAi machinery, specifically the
piRNA pathway proteins Piwi, Aubergine, and Spindle-E
(Pal-Bhadra et al., 2004). HP1a binds to H3K9me nucleosomes
and directly to PIWI through an HP1-interacting PxVxL
motif (Brower-Toland et al., 2007). Recently, AGO2 and DCR2
were found on the chromatin interacting with transcriptional
machinery and implicated in regulation of RNA polymerase II
processivity in (Cernilogar et al., 2011).
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In mice, piRNAs have been implicated in transcriptional
silencing of the imprinted Rasgrf1 locus. This process requires
the Piwi family proteins Mili and Miwi2, the de novo DNA
methyltransferase Dnmt3b, and transcription of noncoding
RNAs at the Rasgrfl locus (Kuramochi-Miyagawa et al., 2008;
Watanabe et al., 2011).

DNA elimination in Tetrahymena

In the ciliated protozoan Tetrahymena thermophila there are 2
nuclei, a somatic macronucleus, and a germline micronucleus,
which performs reproductive functions (Ishuzi et al., 2011).
During reproduction the micronucleus produces a new
micronuclei and a new macronuclei. The developing new
macronucleus undergoes programmed DNA elimination. The
entire genome is restructured, losing ~6,000 repeat and
transposable elements (Ishuzi et al., 2011).

Elimination is mediated by ~28-nt-long scan RNAs
(scnRNAs), which bind the Piwi homolog Twilp (Mochizuki
et al., 2002). Scan RNAs are produced from the original
micronuclear genome, including all of the sequences to be
eliminated (Mochizuki and Gorovsky, 2005). Scan RNAs
loaded into Twilp are transported into the original macro-
nucleus for selection of scnRNAs that do not share homology
(Mochizuki et al., 2002; Noto et al., 2010). Scan RNAs which
remain and are therefore unique to the original micronucleus
enter into the developing macronucleus to direct deletion of
unwanted parental sequences, which are primarily transpo-
son repeat elements (Aronica et al., 2008).

Elimination involves docking of scnRNA-Twilp com-
plexes through recognition of nascent Pol II noncoding RNA
transcripts. The chromodomain protein Pdd1p, an HP1 ho-
molog, is recruited and may bind H3K9me and H3K27me
chromatin marks deposited by the Ezl1p methyltransferase
(Fig. 2D) (Madireddi et al., 1996; Mochizuki and Gorovsky,
2004; Liu et al., 2007; Kataoka and Machizuki, 2011). DNA
elimination is a unique example of small RNA-guided ge-
nome surveillance. However, at the mechanistic level it shares
striking similarities with the RADM and RITS pathways.

AGO and other RNAI factors in cell nuclei

Small guide RNAs and RNAi machinery have been re-
ported in the nucleus of a number of organisms (Katahira and
Yoneda, 2011). In the worm C. elegans, AGO protein NRDE-3
shuttles siRNAs into the nucleus and interacts with NRDE-2.
Both proteins are recruited to nascent transcripts by comple-
mentary siRNAs, resulting in silencing of gene transcription
(Guang et al., 2008, 2010).

piRNA-like RNAs have been found in human cancer cells
(Cheng et al,, 2011) and in a panel of samples from mouse,
monkey, and fruit fly (Yan et al., 2011). In human cell nuclei,
an abundance of mature miRNAs have been cataloged, with
numbers comparable to those in the cytoplasm (Liao et al.
2010; Jeffries et al., 2011).

In mammalian cells, the existence of nuclear RNAi path-
ways was first inferred from the observations that nuclear
miRNAs and siRNAs could cause cleavage of RNA targets,
such as 7SK small nuclear RNA (Meister et al., 2004; Robb et
al., 2005). Endogenous human AGO2 has been shown to be
nuclear with highly specific antibodies (Rudel et al., 2008;
Tan et al., 2009; Chu et al., 2010). Fluorescence correlation
and cross-correlation spectroscopy revealed AGO2 and
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AGO2-small RNA com-plexes in the nucleus (Ohrt et al., 2008)
and also suggested that AGO2-small RNA complexes are
predominantly loaded in the cytoplasm and imported into the
nucleus (Ohrt et al., 2008). In support of AGO2 nuclear lo-
calization, importin-8 was found to affect accumulation of
nuclear AGO2 (Weinmann et al., 2009).

In addition to AGO2, other RNAI factors have been re-
ported in the nucleus of mammalian cells. Recently, we re-
ported the presence of AGO]1, 2, 3, and 4 in the nuclei of
multiple human cell lines (Chu et al., 2010). In adult mouse
stem cells as well as other somatic cell lines from mouse,
monkey, and fruit flies, Piwi proteins have been detected at
significant levels (Wu et al., 2010; Yan et al., 2011). Finally,
RNAI factors like Dicer and GW182 have been observed in the
nucleus, suggesting that RNAi pathways have the necessary
components to function in the nucleus of various mammalian
cell types (Till et al., 2007; Sinkkonen et al., 2010; Liang and
Crooke, 2011).

Potential Targets for Small RNA-Bound AGO:
Nuclear RNAs

Less than 2% of the human genome encodes exonic mRNA
sequence, which is translated into protein, while ~25% en-
codes introns (Lander et al., 2001; Venter et al., 2001). How-
ever, up to 98% of the human genome is believed to be
transcribed at some point (Kapranov et al., 2002, 2007;
Carninci et al., 2005; Birney et al., 2007). Nearly half of all
transcripts in the human genome are unannotated, have un-
known functions, and are only found in the nucleus (Cheng
et al., 2005). Thus, the vast majority of RNA is noncoding and
provides a rich and unappreciated pool of potential targets for
nuclear RISC.

Long noncoding RNAs

Transcriptome studies have identified numerous RNAs
that are not protein coding, with many falling into an im-
portant class >200 nts known as long ncRNA (IncRNA)
(Kapranov et al., 2002, 2007; Bertone et al., 2004; Birney et al.,
2007). Long ncRNAs can share traits with coding genes, such
as defined promoters and chromatin marks at their genomic
loci and splicing (Guttman et al., 2009). Long ncRNAs are
autonomous sequence domains or elements driven by their
own promoters, which can be cryptic and difficult to define
(Guttman et al., 2009). They are produced from various
locations and may be sense or antisense with respect to coding
genes. The prominent types are intergenic, intragenic, or
gene-overlapping (Fig. 3) (Dinger et al., 2009; Faghihi and
Wahlestedt, 2009).

intergenic ncANA

intergenic region

antisense promoter ncANA

sensé promoter nchNA

Long ncRNA-mediated transcriptional regulation

The exact function of IncRN As has been debated, stemming
partly from technical concerns surrounding detection meth-
ods, RNA abundance, and artifacts from complementary
DNA library preparations (van Bakel et al., 2010; Clark et al.,
2011). A greater concern is that some transcripts, especially
low abundance or rapidly degraded ncRNAs, may be tran-
scriptional background or “noise” and have no significant
function (Dinger et al., 2009). Nonetheless, a number of
IncRNAs have been functionally defined and many more are
being actively investigated (Khalil et al., 2009; Ponting et al.,
2009; Guttman et al., 2011).

Regulatory IncRNAs might act in cis to regulate their local
environment or in trans at distant regions of the genome. Xist
and HOTAIR are two well-studied IncRNAs that serve as
models of function. Both associate with chromatin to silence
transcription of large genomic domains in a developmentally
regulated manner. Xist acts in cis to coat the entire X chro-
mosome. HOTAIR, by contrast, acts in trans; it is expressed
from chromosome 12 but associates with the HOXD locus on
chromosome 2 (Rinn et al., 2007; Lee, 2009).

The interactions of Xist and HOTAIR with chromatin are
mediated by RNA-protein interactions and binding of chro-
matin-modifying enzymes (Fig. 4). Both Xist and HOTAIR
recruit a histone methyltransferase complex called polycomb
repressive complex 2 (PRC2) to the chromatin (Rinn et al,,
2007). In addition, Xist has been found to bind a unique
adaptor protein called YY1, which has separate RNA and
DNA binding domains suggesting it is a key factor in teth-
ering Xist to the chromatin (Jeon and Lee, 2011). In addition to
PRC2, HOTAIR also binds a histone demethylase enzyme
called LSD1 (Tsai et al., 2010).

Other IncRNAs, like Kenqlotl and ANRIL, have been
found to interact with PRC2 as well as other chromatin
modifying complexes (Pandey et al., 2008; Yap et al., 2010). A
genome-wide study found that ~20% of human intergenic
IncRNAs are bound by PRC2 (Khalil et al., 2009). The detailed
mechanism of transcriptional control by XIST, HOTAIR, and
other functional IncRNAs is not known. It is likely, however,
that they regulate transcription at the chromatin level through
protein bridges to chromosomal DNA (Khalil et al., 2009).

Long non-coding RNA and disease

Some IncRNAs have been linked to disease. HOTAIR and
metastasis-associated lung adenocarcinoma transcript 1
(MALAT1) are overexpressed in various cancers (Gupta et al.,
2010; Kogo et al., 2011; Lai et al., 2011; Luo et al., 2006; Yang
etal., 2011). The IncRNA ANRIL is a factor in coronary artery

FIG. 3. Typical locations of long non-
coding RNA (IncRNA) expression. Various
sense and antisense ncRNA transcripts
(green) can arise from regions between
(intergenic; blue) or within (intragenic; or-
ange) the open reading frames of protein
coding genes in the genome, as well as
overlap gene promoters (yellow) or gene
termini.



FIG. 4. Transcriptional silencing A
mechanisms by long noncoding 3
RNAs Xist and HOTAIR. (A) Xist
RNA is expressed from the X
chromosome and functions in cis to
silence the X chromosome. Xist
coats the X chromosome locally,
interacts with the chromatin
through the adaptor complex YY1,
and recruits the repressive poly-
comb group complex PRC2 to de-
posit histone H3 lysine 27
trimethyl (H3K27me3) marks on
nucleosomes. (B) The HOTAIR B
IncRNA is expressed from the 5
HOXC locus and functions in trans
to silence expression from the
HOXD locus. HOTAIR binds
PRC2 at its 5" end and LSD1 near
its 3" end. PRC2 deposits the re-
pressive H3K27me3 mark, while
LSD1 can erase H3K4me2 marks,
both necessary for maintaining si-
lencing at the HOXD locus.

(+) H3K27me3 >

(+) H3K27me3

disease risk (Broadbent et al., 2008; Schaefer et al., 2009) and
the DGCR5 IncRNA has been implicated in the cause and
progression of DiGeorge Syndrome (Qureshi et al., 2010). The
correlation between IncRNAs and disease is expected to grow
significantly as IncRNA functions become better character-
ized (Wapinski and Chang, 2011).

Alternative splicing and disease

On average, pre-mRNA transcript is overwhelmingly in-
tronic by a factor of 25:1 and therefore largely noncoding
(Venter et al.,, 2001). Pre-mRNA is made as a continuous
transcript, and exons must be spliced together to produce a
mature mRNA. When alternate exons are used, products of
diverse function and expression are generated (Ben-Dov et al.,
2008; Keren et al., 2010). Approximately 95% of multi-exonic
genes are estimated to undergo alternative splicing in humans
(Pan et al., 2008).

Alternative splicing provides an opportunity for targeting
and regulation with small RNAs. In the diseases neurofibro-
matosis and ataxia-telangiecstasia, about 50% of the muta-
tions in the NF1 and ATM genes affect splicing, respectively
(Pagani and Baralle, 2004). The symptoms of spinal muscular
atrophy and Duchenne’s muscular dystrophy might be alle-
viated if splicing of the respective genes, SMN2 and dystro-
phin, can be redirected (Lorson et al., 2010; Lu et al., 2010).
Correlations between disease and alternative splicing exist
and will continue to be discovered with the increasing
application of high-throughput sequencing technologies
(Ben-Dov et al., 2008; Pan et al., 2008).

Controlling Transcription and Splicing with Small
RNAs Inside Mammalian Nuclei

Suppressing transcription with promoter targeted
small RNAs

In 2004, Morris and co-workers reported that siRNAs
complementary to the EF1A promoter could silence expres-

.; ii PRC2 i s

GAGNON AND COREY

Xist IncRNA

(+) H3K27me3

-
\ Wwﬂ F%) ﬁ{ﬂ X chromosome
PRC2
Yiill '

Xist IncRNA

HOTAIR IncRNA

{-) H3K4me2
HOXD locus
3

i

sion when introduced into human cells. Inhibition depended
on histone deacetylase and DNA methyltransferase activities
(Morris et al., 2004). Subsequently, other reports appeared
describing the silencing of various genes, including E-
cadherin, RASSF1, TGFp receptor II, progesterone receptor,
major vault protein, androgen receptor, cyclooxygenase-2,
CDHI, and c¢-myc (Castanotto et al., 2005; Janowski et al.,
2005; Ting et al., 2005; Kim et al., 2007; Napoli et al., 2009;
Green and Weinberg, 2011).

The mechanism of transcriptional regulation by small
RNAs is under investigation. The laboratories examining
mammalian small RNA-mediated modulation of transcrip-
tion employ different targets, some near the transcription start
site and some hundreds of bases distant (Morris, 2009a; Green
and Weinberg, 2011). Several studies implicate IncRNAs that
overlap gene promoters as critical recognition points for
promoter-targeted small RNAs (Han et al., 2007; Gonzalez
et al., 2008; Schwartz et al., 2008; Morris, 2009b). These
IncRNAs may be sense or antisense with respect to the
affected coding mRNA.

All reports indicate a role for either AGO1 or AGO2 (Ja-
nowski et al., 2006; Kim et al., 2006; Chu et al., 2010). In most
studies, chromatin binding or modifying proteins, like HP1 and
DNMTS3, or RNA-binding proteins, like heterogeneous nuclear
RNP K, are also implicated (Janowski et al., 2006; Kim et al.,
2006; Schwartz et al., 2008; Morris, 2009a; Green and Weinberg,
2011). Although reports differ on the extent and necessity of
chromatin modification (Corey, 2005; Green and Weinberg,
2011), the current model of small RNA-directed transcriptional
silencing in mammals has a number of similarities with natural
pathways like RADM and RITS (Fig. 5A).

Activating transcription with promoter targeted
small RNAs

In 2006 Li and colleagues reported that duplex RNAs
complementary to the promoter regions of E-cadherin, p21, or
VEGEF increased transcription of the respective gene (Li et al.,
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FIG. 5. Current models for the molecular mechanism of transcriptional control by small RNAs that target gene promoters
and regions past the 3’ end of genes in mammalian cells. (A, B) Promoter-targeted siRNAs guide AGO protein to promoter-
associated transcripts. A number of chromatin modification and remodeling enzymes have been implicated in this process
and are recruited to either silence or activate gene expression. (C, D) siRNAs targeted to regions past the 3’-ends of genes can
guide AGO to noncoding transcripts overlapping those regions. Gene looping, which brings the 3"-end into close proximity to
the promoter, enables recruitment of factors that can remodel or modify the promoter chromatin to modulate RNA poly-
merase II activity, either repressing or activating transcription.

2006). AGO2 protein was required for activation and H3K9me
was reduced. They have gone on to activate a number of other
genes in different mammalian cell types, including p53, PAR4,
WT1, NKX3-1, cyclin Bl, and CXCR4 (Huang et al., 2010).

Our laboratory observed that small RNAs targeting the
promoter of progesterone receptor can increase expression by
up to 10-fold in MCF7 breast cancer cells (Janowski et al.,
2007). Small RNAs complementary to the promoter of LDL
receptor were also shown to activate expression (Matsui et al.,
2010). The mechanism of transcriptional gene activation with
small RNAs in mammalian cells shares common features with
transcriptional silencing, such as involvement of AGO2 pro-
tein and promoter-associated IncRNAs (Fig. 5B) (Janowski
et al., 2007; Schwartz et al., 2008; Chu et al., 2010).

Targeting past the 3’ end of genes with small RNAs

Noncoding RNAs often overlap the 3" termini of mRNA.
Small RNAs targeting IncRNAs downstream from the 3" end of
progesterone receptor and BRCA1 can either activate or silence
transcription, depending on the basal level of expression in the
cell (Younger and Corey, 2011b; Yue et al., 2010). The mecha-
nism requires AGO2 and gene looping brings the 3’ ends into
close proximity with promoter regions, allowing transcrip-
tional control across tens of thousands of bases (Fig. 5C, D).

Are nuclear small RNAs natural regulators
of gene expression?

The observation of robust transcriptional silencing and
activation has led to searches for natural small RNAs and
pathways. Many miRNAs have strong complementarity

to promoter regions or sequences beyond 3’ gene termini
(Younger et al., 2009; Younger and Corey, 2011a, 2011b).
Synthetic miRNAs based on computationally predicted mat-
ches to promoter sequences have been shown to inhibit and
activate gene transcription (Klase et al., 2007; Kim et al., 2008;
Place et al., 2008; Tan et al., 2009; Majid et al., 2010; Younger
and Corey, 2011a). However, definitive characterization of
endogenous small RNA transcriptional activators or repres-
sors remains a primary goal for the field.

Designing and using promoter-targeted small RNAs

Accomplishing gene modulation and then demonstrating
that it is not an off-target effect can be time consuming. Thus,
it is important that the target gene be chosen for compelling
reasons, such as for an important research or therapeutic goal.

Preliminary work includes having a firm understanding of
the transcription start site. For well-characterized genes, a
database search may be sufficient, but poorly characterized
genes will require determination by 5-rapid amplification of
c¢DNA ends (RACE). Noncoding transcription across the tar-
geted promoter site is also critical and should be experimen-
tally validated by methods like reverse transcriptase-PCR and
RACE.

Once a promising target region is identified (upstream
from the +1 site of mRNA transcription and overlapped by
ncRNA), several small RNAs should be designed following
basic siRNA design rules. If gene activation is desired, a low
basal level of expression will make detection of increased
expression simpler. Once transcriptional activation or silenc-
ing is observed, multiple mismatched or scrambled siRNAs
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must be tested to help minimize the chance that modulation is
an of off-target effect. In support of specificity, RNA immu-
noprecipitation can be performed to test AGO recruitment to
the ncRNA (Schwartz and Corey, 2011). Finally, chromatin
immunoprecipitation of RNA Polymerase II or nuclear run-on
assays can provide evidence for gene modulation at the
transcriptional level.

Controlling alternative splicing with small RNAs

Alternative splicing allows cells to make different proteins
from one mRNA (Keren et al., 2010). In some cases, promoting
or inhibiting a particular splice event can lead to production of
a therapeutically valuable protein isoform.

Precedence for modulating splicing with small RNAs
comes from synthetic therapeutic approaches and natural
small RNAs. Antisense oligonucleotides that target pre-
mRNAs have successfully modulated splicing in cell lines,
animals, and clinical trials (Aartsma-Rus and van Ommen,
2007; Bauman et al., 2009). Small RNAs derived from pro-
cessed small nucleolar RNAs of the imprinted HBII-52 geno-
mic region have been shown to affect splicing of serotonin 5-
HT2C receptor and the Ul small nuclear RNP naturally
modulates splicing by binding to a 9-bp sequence at 5" splice
sites (Khanna and Stamm, 2010).

Kornblihtt and co-workers have reported small RNAs that
affect the splicing of fibronectin 1 (FN1) pre-mRNA (Allo
et al., 2009). They targeted siRNAs to intron 33 of FN1 and
found greater inclusion of the neighboring exon. This effect
was dependent on AGO1 and antisense transcription. It also
affected elongation by RNA polymerase, caused changes in
H3K9 and H3K27 methylation and involved HP1, suggesting
a coupling of transcription and splicing regulation.

Recently, our laboratory observed RNA-mediated alter-
ation of splicing by a different mechanism (Liu et al., 2011).
We targeted introns and exons of an engineered beta-globin
gene, dystrophin, and SMIN2 genes with fully complementary
and central mismatch-containing siRINAs and observed exon
exclusion (Fig. 6). AGO2 was required to redirect splicing
with small RNAs, but not AGO1. No changes in H3K9 or
H3K27 methylation were observed. Knockdown of HP1a or
inhibition of histone deacetylation or DNA methylation had
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no effect on splicing modulation. These studies show that
splice site alteration can be achieved with small RNAs, per-
haps using more than one mechanism.

Is AGO a slicer in the nucleus?

When fully complementary small RNAs guide slicer-
competent AGO proteins to target RNAs, the expected out-
come has traditionally been site-specific cleavage. However,
the siRNA-mediated alternative splicing that we have ob-
served could not occur if small RNAs are causing degradation
of the pre-mRNA target (Liu et al., 2011). AGO2 binding to
nuclear transcripts has been detected using primer sets that are
on either side of the predicted cleavage site, which would be
impossible if the noncoding transcript were cut (Chu et al,,
2010). In addition, when we modulate progesterone receptor
transcription with small RNAs, levels of promoter-associated
IncRNA are unchanged (Schwartz et al., 2008; Yue et al., 2010).

Hirose and colleagues have compared gene silencing of
nuclear targets by duplex RNAs and antisense oligonucleo-
tides that function through a mechanism involving RNAse H.
Consistent with our observations, they observe that antisense
oligonucleotides silence nuclear RNA targets, while duplex
RNAs are inactive (Ideue et al., 2009).

By contrast, other reports suggest that addition of small
RNAs can cause degradation of noncoding nuclear tran-
scripts. One early study reported siRNA-mediated reduction
of 7SK snRNA (Robb et al., 2005). A more recent study has
used short hairpin RNAs, which are processed into siRNAs
inside cells, to interrogate the function of 226 IncRNAs in
mouse embryonic stem cells (Guttman et al., 2011). Expres-
sion was successfully reduced by an average of 75% for
147 IncRNAs. Other examples of knocking down specific
IncRNAs with small RNAs have been reported (Huarte et al.,
2010; Lai et al., 2011). It is possible that AGO2 may be a slicer
in some contexts but not others, and this issue will need to be
resolved for future investigation of small RNA and AGO
mechanisms in mammalian nuclei. At a minimum, research-
ers who use duplex RNAs to reduce expression of noncoding
transcripts in the nucleus should ensure the experiments in-
clude proper controls before concluding that silencing is an
“on-target” effect.

AGO23

Mismatched Fully complementary
*N"d”p'exnm * small RNA # small RNA
. e

+ +

Splicing unchanged

Splicing redirected,

Splicing redirected and
exon-inclusion product degraded

More exon- excluded product

FIG. 6. Small RNAs of full or partial complementarity can redirect splicing in human cells. siRNAs loaded into AGO2 force
exon exclusion or inclusion by targeting intronic or exonic sequences involved in splicing. siRNAs containing central mis-
matches can target exons without causing degradation, thereby expanding the potential target sequence for redirecting
splicing. On the other hand, fully complementary siRNAs can redirect splicing and also help remove an unwanted mRNA
species that contains a specific exon by causing post-transcriptional degradation.
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Conclusions

Gene-specific control of transcription or splicing has
opened up new therapeutic opportunities. Oligonucleotides
have previously been shown to function in the nucleus by
targeting pre-mRNA or nuclear-localized RNAs. The pres-
ence and demonstrated function of AGO protein and other
RNAI factors in the nucleus of mammalian cells indicates a
new and exciting therapeutic option. Small RN As entering the
nucleus can, in complex with AGO, recognize ncRNAs or pre-
mRNAs and affect nuclear processes like transcription or
splicing.

Nuclear pathways that use AGO-RNA complexes to con-
trol gene expression in diverse organisms from plants to yeast
to man suggests an endogenous function in mammalian cells.
A surprising degree of similarity among these pathways, in-
cluding IncRNAs as targets and related protein factors like
chromatin modifiers and remodelers, indicates the conserva-
tion of nuclear RNAi mechanisms. The robustness with which
synthetic RNAs control gene expression or splicing in mam-
malian cells supports this conclusion. However, the signifi-
cance of nuclear AGO is largely unknown. As we learn more
about the function of ncRNAs and roles for nuclear AGO, it is
likely that we will better understand the potential for small
RNAs to act as natural regulators of gene expression in the
nucleus. This understanding will in turn lead to recognition of
novel intervention points for therapy.
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