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Abstract The use of RNA interference (RNAi) to evoke gene silencing in mam-
malian cells has almost become routine laboratory practice. Through refinement
of double-stranded RNA (dsRNA) triggers of RNAi and creation of genome-scale
libraries, the first genome-wide loss of function screens have been carried out in
mammals. This review discusses some of the key features of RNAi in mammalian
systems.

1 Introduction

Since the discovery that DNA was genetic material, a major theme in biological
sciences has been to remove or mutate genes to demonstrate their participation in
cellular processes and pathways. In model genetic systems, the ability to carry out
genetic manipulation has been an enabling feature of countless discoveries, ranging
from bacteriophage viral morphogenesis modules (Edgar and Wood 1966) to genes
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2 P.J. Paddison

required for coordinating the eukaryotic cell cycle (Hartwell et al. 1974; Hartwell
and Weinert 1989). Mammalian-based systems, however, have lagged behind,
being almost impervious to commonly used gene-targeting techniques and lacking
the ability to be “crossed” or “mated” to map genetic elements. As a result, many
basic questions regarding the underlying function of molecular pathways have gone
unanswered in mammals. This genetic intractability has hit cancer research particu-
larly hard. Until recently, researchers have lacked reliable tools with which to
reveal underlying vulnerabilities in cancer cells that, in turn, could be exploited in
the clinic. With the advent of RNA interference (RNAi) in mammals, however, this
may be about to change.

RNAI emerged out of the pioneering work of Fire, Mello, and colleagues (1998)
in the nematode Caenorhabditis elegans. Attempting to use antisense RNA to
knock down gene expression, they found synergistic effects on gene silencing when
antisense and sense RNA strands where delivered together. While at first RNAi
seemed a peculiarity of nematodes, double-stranded RNA (dsRNA)-dependent
gene silencing has since become one of the biggest surprises in the past decade of
research in eukaryotic cells. The core machinery that underlies RNAI is conserved
in virtually every experimental eukaryotic system (with the notable exception of
Saccharomyces cerevisiae) and has been co-opted in most of them to trigger gene
silencing (reviewed in Zamore and Haley 2005; Tolia and Joshua-Tor 2007).

With the advent of RNAi in mammals and the refinement of silencing triggers,
we have reached a point at which any gene in the human or mouse genome can
conceivably be targeted using small dsRNA gene silencing triggers—synthetic
small interfering RNAs (siRNAs) or expressed short hairpin RNAs (shRNAs). In
the next decade in the biomedical sciences, siRNAs and shRNAs will be employed
to: (1) validate disease models in vitro in cell-based systems and in vivo in rodent
and primate systems; (2) validate drug activities through the removal of suspected
targets; (3) identify new drug candidates in genome-wide, functional genomic
screens; and finally (4) combat disease directly, using siRNAs or shRNAs as thera-
peutic molecules in the clinic. This chapter provides an overview of the RNAi
pathway and the extent to which the RNAi pathway has been co-opted in mammals
to evoke gene silencing.

2 The RNAi Pathway in Mammals

From the start, RNAi experiments in C. elegans, plants, and Drosophila suggested
a homology-based silencing mechanism that somehow used dsRNA to seek and, in
most cases, destroy cognate targets. Uncovering and characterizing many of the
components and biochemical determinants of RNAi in invertebrate systems
(reviewed in Hannon 2002) has helped translate RNAi into a genetic tool in
mammals.

The RNAI pathway likely arose early during eukaryotic evolution as a cell-based
defense against viral and genetic parasites. Double-stranded RNA viruses and
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mobile genetic elements with the potential to form dsRNA structures are ubiquitous
in nature and can be subject to RNAi-dependent gene silencing in C. elegans, plants,
Drosophila, yeast, and mammals (reviewed in Zamore and Haley 2005). In addition,
elements of the RNAi pathway are also used for regulation of endogenous genes
(e.g., during metazoan development), where endogenous, non-coding RNAs are
processed and used to seek out targets (e.g., miRNAs). Endogenously expressed
small hairpin RNAs regulate gene expression through the RNAi pathway during
C. elegans development (Reinhart et al. 2000; Grishok et al. 2001; Hutvagner et al.
2001; Ketting et al. 2001; Knight and Bass 2001; reviewed in Hannon 2002). These
small hairpin RNAs (~70 nt) are processed into a 21- to 22-nt mature form by Dicer
and then used to seek out mRNA targets of similar sequence (generally via imperfect
base-pairing interactions). For the two prototypes of this family, C. elegans lin-4 and
let-7, silencing occurs at the level of protein synthesis (reviewed in Bernstein et al.
2001b). The first small hairpin RNAs were dubbed small temporal RNAs (stRNAs),
owing to their role in developmental timing (Lee et al. 1993; Wightman et al. 1993;
Ha et al. 1996; Slack et al. 2000). More recently, dozens of orphan hairpins have
been identified in C. elegans, Drosophila, mouse, and humans, which are collec-
tively referred to as microRNAs (miRNAs) (Pasquinelli et al. 2000; Lagos-Quintana
et al. 2001; Lau et al. 2001; Lee and Ambros 2001; Mourelatos et al. 2002).

At least three core components of the RNAi pathway appear to be generally
required for dsRNA-dependent silencing phenomena in higher eukaryotes: the
Drosha, Dicer, and Argonaute (Ago) gene family members. Drosha and Dicer pro-
teins sit atop the RNAi pathway in the first catalytic steps that convert various forms
of dsRNA into smaller, guide dsRNAs of 21-25 nt. Both Drosha and Dicer belong
to the RNase III family of proteins that cleave dsRNA, leaving a characteristic
dsRNA terminal consisting of a 5" phosphate group and a two-base overhang at the
3’ end (Bernstein et al. 2001a; Lee and Ambros 2001). Drosha- and Dicer-related
genes contain a single dSRNA-binding domain and two tandem RNAse III domains
(RIIDs). In addition, Dicers contain two other conserved sequence motifs: a
DExH/DEAH ATPase/RNA helicase domain and a PAZ domain (unique to RNAi
genes) (Bernstein et al. 2001a). Ago proteins, which are components of the RNA-
induced silencing complex (RISC), contain a PAZ domain and a carboxyl-terminal
PIWI domain, which shares a high degree of similarity to the catalytic core of
RNase H enzymes (reviewed in Tolia and Joshua-Tor 2007).

The current model for RNAI, with respect to miRNA biogenesis, begins with the
conversion of miRNAs into siRNAs by Drosha and Dicer (Bernstein et al. 2001a)
(Fig. 1). Drosha and Dicer trimming results in a defined dsRNA containing approx.
17-23 bp of dsRNA and 3’ 2-nt overhangs. These small RNAs (~18-25 nt in size)
become incorporated into a RISC that uses the sequence of the siRNAs as a guide
either to identify homologous mRNAs (Tuschl et al. 1999; Hammond et al. 2000;
Zamore et al. 2000; Nykanen et al. 2001) or, alternately, in some invertebrate sys-
tems to identify similar regions in euchromatin (Fig. 1). Depending on the organism
and the cellular context, different Ago-associated “effector” complexes either trig-
ger mRNA destruction (i.e., RISC), translational inhibition (Grishok et al. 2001), or
transcriptional gene silencing (Hall et al. 2002; Volpe et al. 2002; Zilberman et al.
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2003). Recent biochemical and structural determination experiments have revealed
several important aspects of how Drosha, Dicer, and Ago enzymes function in the
RNAI pathway.

2.1 Drosha

Drosha was first implicated in RNAi through its biochemical activity when it
became apparent that many primary miRNA (pri-miRNA) transcripts contain mul-
tiple miRNAs that were first trimmed in the nucleus into separate “pre-miRNA”
species before Dicer processing. Drosha was found to be responsible for this pri-
RNA cropping in human nuclear extracts (Lee et al. 2003b). Drosha is contained
within a large (500-650 kDa) nuclear complex dubbed the “microprocessor” (Denli
et al. 2004; Gregory et al. 2004; Han et al. 2004), where it interacts with a cofactor,
DGCR8/Pasha, which may initiate binding to the pri-miRNA and is essential for its
activity (Denli et al. 2004; Gregory et al. 2004; Han et al. 2004; Landthaler et al.
2004). The cleavage of the pri-miRNA is determined by the ssSRNA—dsRNA junc-
tion at the base of the miRNA hairpin, where Drosha cuts approx. 11 bp, or one
dsRNA helical turn, from the base (Han et al. 2006). The resulting “pre-miRNA”
is a hairpin containing a 3" 2-nt overhang. After Drosha cleavage the pre-miRNA
then exits the nucleus via transport by exportin-5, which binds the 3’ 2-nt overhang
of the pre-miRNA (Yi et al. 2003; Bohnsack et al. 2004; Lund et al. 2004). Drosha
is conserved only in animals (Filippov et al. 2000; Wu et al. 2000; Fortin et al.
2002). Although plants express a wide variety of miRNAs, they do not possess a
Drosha homolog. Instead this step is carried out by a Dicer homolog (Dicer-like 1)
(Kurihara and Watanabe 2004).

2.2 Dicer

Dicers process dsRNA into pieces ranging from 21 to 27 nt. Similar to Drosha,
Dicer is capable of cleaving dsRNA as a monomer, owing to tandem RIIIDs. Just
how Dicers specify cuts of precise lengths from pre-miRNAs came from the notion
that Dicer binds the end of the pre-miRNA and cuts a pre-determined length from
the end, which in high eukaryotes is approx. 22 nt, or the average length of a mature
miRNA. The end-recognition hypothesis was first presented in Carmell and Hannon
(2004). It originated from knowledge of the function of highly conserved (~130 aa)
PAZ domains that are found only in Dicer and Ago family members (reviewed in
Carmell et al. 2002). Crystal structures of Ago PAZ domains revealed a high degree
of similarity with an oligo-binding fold (Song et al. 2003). Additional experimenta-
tion demonstrated that PAZ domains would preferentially bind 3’-OH binding of
siRNAs (Song et al. 2003b). Thus, the presence of a PAZ domain in Dicer would
allow it to coordinate its own activity with that of Drosha’s during miRNA maturation.



6 P.J. Paddison

Consistent with this notion, recombinant human Dicer has been shown to preferen-
tially cut 22nt from the 3’ end of RNA hairpins specifically containing a 2nt 3’
overhang which mimics Drosha’s cleavage product (Siolas et al., 2005). Interestingly,
a crystal structure of a Dicer from the parasite Giardia revealed that the distance
between the PAZ and RIIIDs exactly matches the length spanned by the Giardia
Dicer cleavage product (25 bp of dsRNA) (MacRae et al. 2006). These results suggest
that Dicer itself is the molecular ruler that recognizes dsSRNA ends and cuts a
pre-determined distance from the end.

2.3 Argonaute

Ago family proteins participate in the effector step, where they utilize small RNAs
as guides to silence cognate gene targets. Ago family members have at least two
highly conserved domains important for their function: PAZ and PIWI domains.
The PAZ domain enables binding of the 3" end of the guide RNA (Song et al.
2003b). The importance of the PIWI domain was revealed by its structure from
Pyrococcus furiosus (Song et al. 2004). It showed a high degree of similarity to the
catalytic core domain of RNase H enzymes, containing a DDH motif. It was found
that the presence of these three amino acids determined whether Ago family mem-
bers possess inherent slicer activity. However, slicer activity is also determined by
guide RNA complementarily to an mRNA target. If the guide RNA and the target
match perfectly, RISC “slices” the mRNA 10 nt from where the 5" end of the RNA
hybridizes to the target mRNA (Elbashir et al. 2001). If the match is imperfect (as
is the case with most miRNAs in higher eukaryotes) several outcomes are possible:
inhibition of translational initiation or elongation, de-adenylation, transport to the
cytoplasmic “P-body” for nuclease degradation, or a combination of these the three
(reviewed in Valencia-Sanchez et al. 2006). In addition to miRNA and siRNA-
mediated post-transcriptional gene silencing (PTGS), Agos can also act as effectors
for transcriptional gene silencing, where RNAI feeds back to shut off transcription.
In these scenarios (best characterized in plants and Schizosaccharomyces pombe)
particular Ago complexes enter the nucleus and effect chromatin structure, repres-
sive histone modifications, or both (see Irvine et al. 2006).

2.4 Other Players

Drosha, Dicer, and Ago-related proteins are of course not the only participants in
the RNAI pathway. Some invertebrate systems contain pathways that amplify and/
or transport guide RNA sequences to other parts of the organism. In C. elegans and
plants, amplification of the dsRNA signal is thought to initially be mediated by
RNA-dependent RNA polymerases (RARP). An RNA degradation product (e.g., a
guide RNA) may prime RARPs along the mRNA template, resulting in the
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production of dsSRNA homologous to sequences 5’ (i.e., upstream) of the initially
targeted sequence (Sijen et al. 2001). When combined with transport, amplification
results in a self-propagating silencing effect throughout the organism. C. elegans
appears to stand alone among metazoans, however, in the conservation of RdRPs,
and thus amplification of RNAi. One possible explanation is that C. elegans acquired
RdRPs through horizontal gene transfer, for example, from RNA viruses (C. Mello,
personal communication). Mammalian and Drosophila cells lack any evidence of
an amplification step (Schwarz et al. 2002; Stein et al. 2003) and, at least in
cultured cells, any indication of transport of gene silencing triggers (P. Paddison,
personal observation).

3 Triggers of RNAi in Mammals

The first evidence that dsSRNA could evoke gene silencing in mammals came from
studies using long dsRNA in mouse oocytes, pre-implantation embryos (Svoboda
et al. 2000; Wianny and Zernicka-Goetz 2000), and embryonic cell lines (Billy
et al. 2001; Yang et al. 2001; Paddison et al. 2002a). In these contexts, cells lack the
prominent antiviral responses found in most somatic cells. Such responses include
protein kinase R (PKR) and RNase L pathways, which are triggered by dsRNA
exceeding 30 bp and result in nonspecific translational repression and apoptosis
(reviewed in Baglioni and Nilsen 1983; Williams 1997; Gil and Esteban 2000).
These initial glimpses of gene silencing combined with the strong conservation of
key players in the RNAi pathway such as Dicer and Ago (reviewed in Carmell
et al. 2002) suggested that silencing phenomena might be available in somatic cell
types if the nonspecific dsSRNA responses could be circumvented. However, even
where nonspecific dSRNA responses are removed from somatic cells, by either
viral inhibitors or targeted disruption, long dsRNA still triggers a residual nonspe-
cific repression of gene expression (Abraham et al. 1999; Paddison et al. 2002a).

Another way around these nonspecific dSRNA responses is to simply reduce the
size of the dsRNA trigger of RNAI to less than 30 nt to duck the size threshold of
PKR and RNase L. In the past 2 years, two short RNA structures have emerged,
which provoke sequence-specific gene silencing without activating antiviral
responses. These are the siRNA and the shRNA. Both are modeled after biologi-
cally active structures in the RNAi pathway: Dicer cleavage products and small
temporal RNAs or miRNAs, respectively (Fig. 1).

The first published indication that small dsRNA could trigger RNAi in mammals
came from Tuschl and colleagues (Elbashir et al. 2001), who demonstrated that
short RNA duplexes resembling the cleavage products of Dicer could trigger
sequence-specific silencing in mammalian cell lines (see also Caplen et al. 2001).
These siRNAs contain 21 nt of identity to a homologous mRNA target, 19 nt of
dsRNA, and a 2-nt 3" overhang. siRNAs presumably bypass the requirement for
Dicer and enter the silencing pathway by direct incorporation into Ago-containing
complexes. At the same time, as an alternative strategy, several groups developed
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in vivo expression constructs for small dsRNA triggers in mammalian cells, which
resemble endogenously expressed hairpin RNAs (Paddisonetal. 2002b; Brummelkamp
et al. 2002a; McManus et al. 2002; Paul et al. 2002; Sui et al. 2002; Yu et al. 2002;
Zeng et al. 2002). These have been dubbed short hairpin RNAs (shRNAs) since,
unlike siRNAs, they have an optimal RNA duplex of 23-29 nt, contain a loop
structure that joins both strands of the duplex, and require processing by Dicer to
gain admittance to the RNAi pathway.

shRNAs can be categorized by which RNA polymerase is used to drive their
expression. In the most popular strategy, simple hairpins containing 19-29 bp of
dsRNA are driven from RNA polymerase III promoters [either human or mouse
U6-snRNA or human RNase P (H1) RNA promoters] and result in short transcripts
of defined length containing 2-nt 3" overhangs. The latter feature, though unrecog-
nized at first, is likely critical for nuclear export and incorporation into the RNAi
pathway through interactions with exportin-5 and Dicer’s PAZ domain. In regard to
structural elements of the hairpins themselves, there is some in vitro biochemical
evidence that suggests that RNaselll enzymes (e.g., Dicer) might have loop struc-
ture or sequence preferences (e.g., Lamontagne et al. 2003). A second shRNA
expression strategy utilizes RNA POLII promoters. However, instead of a simple
hairpin, these shRNAs are modeled after endogenous miRNAs, which are also
expressed from RNA POLII promoters. These miRNA-based shRNAs enter the
pathway through Drosha rather than Dicer (Fig. 1). miRNA-based shRNAs have
several advantages over simple hairpins. First, they allow tremendous flexibility in
the shRNA expression platform, as they can be expressed from any number of well-
characterized POLII expression systems (e.g., tet-regulatable or tissue-specific
promoters) (Yu et al. 2002; Dickins et al. 2005; Stegmeier et al. 2005; Shin et al.
2006) Second, the exact 22-nt sequence which will be incorporated into RISC via
Drosha and Dicer processing is known beforehand. This feature enables the appli-
cation of rule-based designs using any number of algorithms predicting effective
target sequences (Silva et al. 2005).

In addition to expressed shRNAs, chemically and in vitro synthesized shRNAs
have been highly effective (Siolas et al. 2005). Chemically synthesized shRNAs
containing 25-29 dsRNA and 2-nt 3’ overhangs, in particular, have been more
effect than siRNAs containing the same target sequence, working at 5—-10x lower
concentrations (Siolas et al. 2004; P. Paddison, unpublished results). This added
bump in efficiency might be because these RNAI triggers enter the pathway via
Dicer processing rather than direct incorporation into RISC.

The main limitation of siRNAs, shRNAs, and transiently transfected shRNA vec-
tors is the inability to evoke stable or inducible gene silencing in mammals. In mam-
malian cell systems, transient transfection of RNAi triggers, e.g., long dsRNA,
siRNAs, or shRNAs, results in a transient effect, lasting 2—7 days due to lack of
prominent amplification steps available in other systems. Thus, siRNAs by definition
have half-lives and are diluted by cell division and turnover of the RISC complex.
However, a number of well-characterized stable expression technologies have now
been used in combination with shRNA expression to evoke stable gene silencing in
mammals both in vitro and in vivo. Among recent reports, stable RNAi has been



RNA Interference in Mammalian Cell Systems 9

demonstrated using random plasmid integration (Brummelkamp et al. 2002a; Paddison
et al. 2002b; Carmell et al. 2003), episomal plasmid maintenance (Miyagishi and
Taira 2002), and retroviral delivery (Paddison and Hannon 2002; Brummelkamp
et al. 2002b; Devroe and Silver 2002; Barton and Medzhitov 2002; Qin et al. 2003;
Tiscornia et al. 2003; Hemann et al. 2003). In particular, delivery strategies involving
retroviruses, adenovirus, or adeno-associated virus are attractive for exploring RNAi
in primary cells, which are particularly difficult to manipulate in vitro.

The ability to trigger RNAI in somatic cells using expressed shRNAs has raised
the possibility that these RNAi constructs could be used in animals as dominant
transgene suppressors of a target gene. To this end, several groups have demon-
strated shRNA-mediated gene silencing in transgenic mice (Carmell et al. 2003;
Rubinson et al. 2003), in transplanted mouse hematopoietic stem cells (Hemann et al.
2003; Qin et al. 2003), and in the adult mouse liver (McCaffrey et al. 2002; Song
et al. 2003a).

4 Genome-Wide Approaches Using RNAi

The first systematic use of RNAi was in C. elegans. Two groups initially used long
dsRNA libraries to target all of the predicted C. elegans open reading frames
(ORFs) on either chromosomes I or III (Fraser et al. 2000; Génczy et al. 2000).
Using time-lapse microscopy to view RNAi-treated embryos from fertilization to
the four cell stage, Gonczy and colleagues identified 133 genes from chromo-
some III that were required for meiosis, pronuclear appearance and migrations,
spindle assembly, mitosis, and cytokinesis. Fraser and colleagues found 339 genes
from chromosome I that gave rise to identifiable phenotypes such as lethality, visi-
ble changes (e.g., in behavior), and sterility. Both screens emphasize the power of
RNAI reverse genetics, where phenotypes could immediately be associated with
genomic sequences without the tedium of, in this case, positionally cloning muta-
tions. In the past few years, RNAI screens in C. elegans have probed phenotypes
ranging from genome instability (Pothof et al. 2003) to fat regulation (Ashrafi et al.
2003) to longevity (Lee et al. 2003a).

Cell-based RNAI screens in another invertebrate system, cultured Drosophila
S2 cells, have served as a counterpoint to whole-animal screens in C. elegans.
Largely through the efforts of Perrimon’s group, genome wide-screens have now
been carried out in this system for growth and viability (Boutros et al. 2004), pro-
tein secretion (Bard et al. 2006), and modifiers of several signaling pathways,
including Erk (Friedman and Perrimon 2006), Hedgehog (Lum et al. 2003;
Nybakken et al. 2005), Jak/Stat (Baeg et al. 2005), and Wnt-wingless (DasGupta
et al. 2005). Collectively, these studies in invertebrate systems have demonstrated
the utility of RNAI in probing gene function in unbiased, systematic ways in both
whole organisms and cultured cells.

In cultured human cells, there are now several examples of RNAIi screens using
either siRNAs or shRNAs. The results from these screens are summarized in
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Table1l Recent large gene-set RNAI screens in human cells

RNAi Genes Positive
Screen Cell type trigger targeted hits Reference
Apoptosis HeLa siRNA 510 >20 Aza-Blanc et al. 2003
Cell survival HeLa siRNA 872 73 MacKeigan et al. 2005
p53-Induced cell Fibroblast shRNA 7,914 5 Berns et al. 2004
cycle arrest
26s proteasome 293 shRNA 4,873 ~100 Paddison et al. 2004b
function
Cell division HeLa esiRNA 5,305 37 Kittler et al. 2004
Transformation HMEC shRNA ~9,000 8 Westbrook et al. 2005
Cisplatin HelLa siRNA ~20,000 53 Bartz et al. 2006
sensitization

esiRNA, endoribonuclease-prepared siRNAs; HMEC, human mammary epithelial cells

Table 1 and included screens probing genes involved in apoptosis (Aza-Blanc
et al. 2003), survival (MacKeigan et al. 2005), p53-induced cell cycle arrest (Berns et al.
2004), 26s proteasome function (Paddison et al. 2004), cell division (Kittler et al. 2004),
transformation of human mammary epithelial cells (Westbrook et al. 2005), and
chemotherapeutic sensitization (Bartz et al. 2006).

In general these screens have demonstrated that RNAi can work in mammalian
cell systems. However, one important question is why more genome-scale RNAi
screens have not been published since 2001-2002 when siRNAs and shRNAs became
widely accessible? There are several contributing factors that are worthwhile to
consider. These include: (1) the construction/synthesis of affordable genome-wide
libraries; (2) the development of RNAi compatible biological assays; and (3) the cost
and man-hours involved in infrastructure development for screening.

Several genome-wide siRNAs and shRNAs are currently available from compa-
nies such as Dharmacon (siRNAs), Sigma (siRNAs), and Open Biosystems [who
distributes shRNAs libraries generated by Cold Spring Harbor Laboratory (CSHL)
and the Broad Institute]. However, costs loom large. For example, the arrayed
siRNA library used by Linsley and colleagues (Bartz et al. 2006) costs at least US
$6,000,000 in today’s market (assuming a discounted price of $100 per siRNA).
Expressed shRNAs may be a cheaper, renewable alternative (~$200,000-$1,000,000
per genome-wide library) but require additional handling steps (e.g., DNA preps,
virus production) that add costs, man-hours, and additional quality-control meas-
ures. Additionally, for an RNAI screen to be successful several screen variables
must first be explored, including the dynamic range of the biological response,
RNAI efficacy, and assay variability. Understanding each of these variables is nec-
essary to define the frequency of false positives and negatives. The most successful
RNAI screens to date in mammals were modeled using RNAi-positive controls
before moving to the genome-wide scale.

In the near future, one novel RNAi screening strategy will likely supercede other
approaches: shRNA barcoding. DNA barcoding strategies have been used with suc-
cess in S. cerevisiae deletion collections to follow individual mutants in complex
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populations via microarray analysis (Winzeler et al. 1999; Birrell et al. 2001;
Giaever et al. 2002). Following this pioneering work in yeast, the CSHL shRNA
retroviral libraries have been constructed such that shRNAs are linked to a unique
60-nt DNA barcode so that the fate of shRNAs can be followed during the
outgrowth of virally transduced cells (Paddison et al. 2004; Silva et al. 2005). Using
microarray analysis to track the shRNA barcodes has already proved to be a
powerful approach to follow the biological effects of RNAi in in vitro cell
populations (Berns et al. 2004; Paddison et al. 2004; Westbrook et al. 2005).

With respect to the future of RNAi in mammalian systems, applications of
genome-wide RNAI libraries in mammals will likely be as varied as those seen in
invertebrate systems. Much of the initial work in mammals will likely explore
concepts derived from model systems—for example, cell cycle progression,
programmed cell death, synthetic lethality (reviewed in Paddison and Hannon
2002). However, the ultimate triumph of RNAi in mammals may be the identifica-
tion and validation of putative therapeutic targets in cell culture and in vivo rodent
models.

S5 Off-Target Effects

One issue complicating the use of the RNAi pathway for gene silencing is the pro-
duction of “off-target” effects. Off-target effects occur when mismatches between
the guide RNA and target sequences are tolerated such that both cognate and non-
cognate mRNA targets are silenced. These effects arise as a direct result of guide
RNA/Ago binding properties, which are determined by the identity of only the first
2-8 nt of the 5" end of the guide strand (Jackson et al. 2003; Haley and Zamore
2004; Birmingham et al. 2006). Thus, this so-called “seed” sequence by its nature
allows miRNAs to promiscuously target multiple mRNAs through partial sequence
complementarily (Doench et al. 2003). Just so, it also allows siRNAs and shRNAs
multiple mRNA targets and creates off-target effects. The strongest evidence for
off-target effects comes from genome-wide transcript array analysis of RNAI trig-
gers with different sequences targeting the same gene. Each trigger gives rise to a
unique “finger print” of expression patterns that strongly correlate with the
sequence of nucleotides 2-8 on the 5" end of the guide strand of an siRNA (Jackson
et al. 2003). Thus, any particular RNAI trigger can produce unintended interactions
that give rise to desirable or undesirable phenotypes.

If true, does this mean that RNAI screens by their nature will give uninterpreta-
ble results? And how are we able to prove specificity for a particular target? From
a biological standpoint, while guide RNA “targeting” may be promiscuous, Ago-
dependent slicing activity, which will give the most penetrant knockdown, is not.
In fact, to achieve efficient target cleavage, complementarily must extend through
nucleotide 13 in the guide RNA, if not further (Haley and Zamore 2004). Thus, the
higher degree of identity, the more productive the gene silencing. An additional
consideration is that miRNAs generally require multiple target sites in a single
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target to be effective. This could further decrease the possible pool of off-targets in
cells. However, from a practical standpoint the easiest way to avoid off-target
effects and ensure specificity is to simply demonstrate that multiple RNAI triggers
targeting the same gene give rise to the same phenotype. This removes the possibil-
ity of off-target effects since the seed sequences of each RNAI trigger will likely be
heterologous. Thus, although off-target risks are inherent to using RNAI as a func-
tional genetic tool, they can be dispensed by simply demonstrating that two or more
RNAI triggers are effective at both silencing their intended target and eliciting the
desired phenotype.

6 RNAI in the Clinic?

RNAI also holds promise for the clinic. Since siRNAs and shRNAs result in
sequence-specific gene silencing, in theory they could function as small mole-
cule inhibitors for use in the treatment of human disease. Although delivery is a
key issue in general, certain organs such as the liver appear to be readily trans-
fectable by noninvasive techniques in mouse models (see McCaffrey et al. 2002;
Song et al. 2003). Moreover, it is conceivable that they could be used in thera-
pies requiring allele-specific or exon-specific targeting events (for example see
Brummelkamp et al. 2002b). Intriguingly, the first clinical trials using RNAi-
based therapies are currently underway for age-related macular degeneration
(Check 2005; McFarland et al. 2004) and respiratory syncytial virus infection
(Bitko et al. 2005). In addition, many groups are attempting preclinical
development of RNAi-based therapies for other viral diseases (Rossi 2006;
Dykxhoorn and Lieberman 2006), neurodegenerative disorders (Raoul et al.
2006), and cancers (Pai et al. 2006).

In vitro, RNAI has proved effective at inhibiting replication of many infection
viruses including human immunodeficiency virus (HIV) (Jacque et al. 2002; Lee
et al. 2002; Novina et al. 2002), hepatitis C (Kapadia et al. 2003; Randall et al. 2003),
rotavirus (Dector et al. 2002), y-herpesvirus (Jia and Sun 2003), and influenza (Ge
et al. 2003). Thus, efficient delivery of siRNAs or shRNA could be used to target
viral transcripts directly to reduce viral loads in patients.

Yet another medical application would make use of stably expressed shRNAs.
It has been suggested from the study of HIV-resistant populations that removal of
the CCRS5 and CXCR4 co-receptors may confer resistance to HIV infection
(reviewed in Doms and Trono 2000). The use of self-inactivating retroviruses
expressing shRNAs targeting these receptors could in theory cure this disease, at
least during the early to middle stages when stromal support cells are not ravaged,
if shRNAs were incorporated into hematopoietic stem cells ex vivo and then
reintroduced into patients.

Given the tremendous potential, it is likely that RNAi will find its way into the
clinic in some capacity. Only time will tell whether RNAI represents a “miracle”
tool for disease research or merely a step beyond existing antisense technologies.
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7 Concluding Remarks

In the last few years the major effect that RNAi has had in invertebrate systems such
as C. elegans and Drosophila is beginning to take hold in mammalian systems
through both single gene knockdown experiments and genome-scale screens. In the
next decade there will no doubt be both notable successes and failures as we
attempt to apply this genetic tool to various biological problems for the first time
in academia and industry. Through the introduction of RNAi, mammalian systems
have finally gained admittance to the pantheon of model genetic systems.
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Abstract Since Dr. Sidney Brenner first used it as an animal model system, the round
worm Caenorhabditis elegans has significantly contributed to our understanding of
important biological processes. Among them, the discovery in the 1990s of new gene
silencing pathways orchestrated by tiny non-coding RNAs created a new field of
research in biology. In this review, we will discuss the key players of the RNAI path-
ways in C. elegans and particularly the Argonaute genes, an impressive gene family of
27 members important in many aspects of these pathways.

1 A Tiny Worm Shed Light on New Gene
Regulation Mechanisms

At 1 mm long, transparent, and eating bacteria, the roundworm Caenorhabditis
elegans had always lived in the underworld until the animal was brought to the
laboratory bench by Dr. Sydney Brenner in 1974. Now that we have a complete
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sequenced genome and the knowledge of the lineage of every single cell of its
body, the nematode C. elegans is definitely a powerful animal model. Using this
animal, the seminal discoveries made in the 1990s created a new field of research
in biology: gene silencing mediated by small non-coding RNAs.

Using genetic screens to identify essential genes important for the precise develop-
mental timing of the nematode, Dr. Victor Ambros’s lab had stumbled on a unique locus
that does not encoded for any protein; it was the first microRNA, /in-4 (Lee et al. 1993).
A few years later, Dr. Gary Ruvkun’s group identified the second microRNA, lez-7, that
also regulated the developmental cues of C. elegans (Reinhart et al. 2000). Once they
realized that the let-7 microRNA is conserved throughout evolution (Pasquinelli et al.
2000), many groups hunted for microRNAs in various species and identified many of
these small RNA species in worm, fly, and human (Lee and Ambros 2001; Lagos-
Quintana et al. 2001; Lau et al. 2001). It was then clear that microRNAs are extremely
important for cell homeostasis in many species (see Chap. 12, this volume).

Originally, worm geneticists used the RNA interference or RNAI as a magic tool
to efficiently knock down gene expression (Guo and Kemphues 1995; Rocheleau
etal. 1997). In 1998, collaborative work from the groups led by Drs. Fire and Mello
elucidated how RNAIi actually worked; they discovered that the double-stranded
RNA molecule triggers specific gene silencing in C. elegans (Fire et al. 1998). The
double-stranded RNA trigger can be applied to worms in different ways: by (1) injecting
them into the body cavities; (2) endogenously expressing in cells; (3) soaking the
worm in liquid containing double-stranded RNA (dsRNA) molecules; and (4) feeding
the animals with bacteria expressing dsRNA (Fig. 1).

Internal expression

Spatio-specific production of
dsRNA trigger can also be
performed by generating
transgenic animals strains.These
animals are carrying a plasmid
that produced dsRNA under the
control of a tissue-specific
promoter TSP)Therefore, RNAi
i only occur in these tissues.

Ingction

The initial ay to perform RNAi in
C. elegans ws by inpcting a
solution of dsRNA molecules into
the body cavities of the animal.
Once ingcted, the RNAI response
is spread throughout the animal.

Soaking Feeding
M Celegans are able to ingest dsRNA RNAI can be achieved by feeding C.elegans
-—% molecules into solution.After in ith bacteria producing double-stranded
vitro production of specific dsRNA, RNA molecules.Plasmidic DNA containing a
/@ arm are soaked in a concentrated portion of the cDNA from the targeted gene
P dsRNA solution for several hours in embedded in betaen T/RNA promoters is
R order to initiate an RNAi response. introduced into the Ecoli strain expressing T7
RNA polymerase.Induction of the production
% of the TRNA polymerase ith IPTGdsRNA
) ~ molecules are generated.Once ingested,
bacteria are degraded and dsRNA molecules

(

are intaken into the wrm cells.

Fig. 1 The various methods to exogenously initiate RNAi in Caenorhabditis elegans
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Besides the extremely important contribution of RNAI as a tool to study gene
function in C. elegans and in many other species, it has been recently discovered
that the RNAi pathway is also important in animals in nature. In a molecular
process called endogenous RNAi, dsRNA molecules produced in C. elegans lead
to the formation of two classes of small non-coding RNAs: endogenous siRNAs
and tiny non-coding RNAs or tncRNAs (Ambros et al. 2003).

The extensive study of these various small non-coding RNA-mediated gene-
silencing pathways has uncovered many cellular factors playing important roles in
these processes. In this chapter we will discuss the key players of the RNAi
pathways (Table 1) and particularly the Argonaute genes, an impressive gene
family in C. elegans that is important in many aspects of these pathways.

2 The Argonautes: The Heroes of RNAi Pathways

Originally, their quest was to find the Golden Fleece. About 50 ancient Greek
heroes, sailing on their ship the Argo, were heading to Colchis. Today, we find in
the human and fruit fly genome 5 gene analogs that are the namesakes of these
ancient warriors; there are 10 in Arabidopsis thaliana, only 1 in Schizosaccharomyces
pombe, and not less than 27 in Caenorhabditis elegans (see Fig. 3 in Yigit et al.
2006). The association of Argonaute proteins with small non-coding RNAs generates
the core of the RNA-induced silencing complex (RISC), the central element of all
RNA silencing pathways (reviewed in Carmell et al. 2002). The Argonaute proteins
contain two signature domains, PAZ (PIWI/Argonaute/Zwille) and Piwi. These
RNA binding domains interact with the 3" and 5 overhangs of the small single-
stranded RNA guides and leave internal nucleotides available for base-pairing (Ma
et al. 2005; Parker et al. 2005). The PIWI domain contains a catalytic region called
“DDH” (two aspartate residues and one histidine residue), a motif analogous to
the catalytic motif of the RNase H family (Song et al. 2004). A mutation of any of
these residues in human Ago2 abolished slicer activity (Liu et al. 2004; Rivas et al.
2005). Thus, the Argonaute binds to both ends of the small non-coding RNA which
then pairs with the target mRNA. Finally, the Argonaute is presumed to “slice” the
poor mRNA (nicely reviewed in Song and Joshua-Tor 2006).

We found Argonaute genes in all organisms that are able to specifically silence
genes using the small RNA-guided strategy. It is quite intriguing that the C. elegans
genome contains 27 members of this gene family. Why is there as many distinct
Argonaute proteins in C. elegans, and less than 10 in the other species?

2.1 The “First-Line” Argonautes

The Argonaute protein RDE-1 (for RNA interference-deficient) was the first
Argonaute implicated in the RNAi pathway (Tabara et al. 1999). Early genetic
studies have shown that RDE-1 is required for the initial steps of the RNAi pathway
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in C. elegans (Grishok et al. 2000). Since several structural and functional studies
from different systems suggested that members of the Argonaute protein family
are key components of the RISC (Liu et al. 2004; Meister et al. 2004; Song et al.
2004), biochemical tools have been developed to address whether or not RDE-1
is the key component of the RISC complex in worms. By feeding animals with a
dsRNA trigger that targets a very small region on the mRNA and using a 2’-O-
methylated RNA affinity matrix that retains the small non-coding RNA-protein
complex (Hutvagner et al. 2004), it has been shown that the RDE-1 proteins
interact with both sense and antisense small RNA strands generated by the clea-
vage of the dsRNA trigger by the RNase III enzyme Dicer (Yigit et al. 2006).
These observations then suggested that (1) RDE-1 takes up duty downstream of
the systemic transport of the dsRNA trigger into animal tissues and (2) dsRNA
trigger processing into a single strand forms the RISC complex. It has also been
shown in a mutant strain unable to produce secondary small interfering RNAs
(siRNASs) (described below) that the interaction of RDE-1 with small RNA is not
altered, suggesting that the downstream steps of the RNAi pathway in C. elegans
are not important for the binding of RDE-1 and for the production of siRNAs
generated by the dSRNA processing (called primary siRNAs). Other experiments
confirmed that RDE-1 interacts only with the primary siRNAs, and not with the
secondary siRNAs, thus characterizing RDE-1 as a primary Argonaute (Yigit
et al. 2006). When a dsRNA trigger is introduced into C. elegans, it is transformed
in a primary siRNA by the endonuclease Dicer (DCR-1 in worm) and then inter-
acts with RDE-1 to form the RISC complex (Fig. 2). To date, it is not yet known
if the RDE-1 Argonaute protein is able to cleave directly the mRNA target, as
reported for the Argonaute found in the RISC complex of Drosophila and human
(Hammond et al. 2001; Liu et al. 2004; Meister et al. 2004). Sequence alignments
of PIWI domains of Argonaute proteins from many species demonstrated that
RDE-1 possesses the catalytic residues essential for the RISC activity (Tolia and
Joshua-Tor 2007), suggesting that RDE-1 may have the molecular capacity to
induce endonucleolytic cleavage of targeted mRNA. Future exhaustive biochemi-
cal studies on RDE-1 and other Argonaute proteins of C. elegans will certainly
shed light on their molecular activities.

In parallel, the endo-RNAi pathway in C. elegans also requires a primary
Argonaute protein. The study of Argonaute genes has revealed that the RO9A1.1
gene is most likely the alter ego of rde-1 for the RNA silencing pathway induced
by endogenously produced dsRNA molecules (Yigit et al. 2006). The R09A1.1
mutant strain displayed (1) an enhanced sensitivity to exogenously induced RNAi
as previously observed in animals defective in endo-RNAi components (Duchaine
et al. 2006; Kennedy et al. 2004; Lee et al. 2006; Simmer et al. 2002) and (2) a level
of endogenous siRNAs that was significantly increased, as also observed for other
components of the endo-RNAI pathway (Duchaine et al. 2006; Lee et al. 2006). For
these reasons, the RO9A1.1 gene (renamed ergo-1 for endogenous RNAi-deficient
Argonaute mutant) is considered to play a similar role as RDE-1 protein, and thus
for the endo-RNAIi pathway in C. elegans.
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Fig. 2 Models for the RNAi pathways in C. elegans. The double-stranded RNA molecule intro-
duced artificially into the animal enters the exo-RNAi pathway and will be processed by Dicer
(DCR-1) to generate primary siRNAs. The endo-RNAi pathway is initiated by double-stranded
RNA (dsRNA) duplexes produced by either bi-directional transcription of a specific part of the
genome (i.e., centromeric regions) or by the hairpin dsRNA structures formed by the transcription
of the X chromosome cluster and tiny non-coding RNA precursors. In each pathway, specific
DCR-1 complexes will recognize dsRNA triggers. Once primary siRNAs are produced, they
associate with the primary Argonaute (1st AGO): RDE-1 for the exo-RNAi pathway and poten-
tially ERGO-1 and CSR-1 for the endo-RNAIi pathway. After the endonucleolytic cleavage of the
messenger RNA, RDE-3 will stabilize the 5" end cleavage products to favor the polymerization of
the antisense strand by the RNA-dependent RNA polymerases (RdRPs). The nascent dsRNA will
be then cleaved by an RNase (most likely DCR-1) to generate the secondary siRNAs. These small
RNA species will be bound by secondary Argonautes (2nd AGO), and thus downstream biochemical
steps will lead to complete gene silencing. The recycling of the RDE-1 complex (not illustrated)
may be required to maintain the RNAi response (for further details see Yigit et al. 2006). The
dashed arrows indicate speculative elements of the model



28 M.-E.L. Boisvert, M.J. Simard

2.2 The Secondary Argonautes: Merging both RNAi Pathways

Since RDE-1 is only associated with primary siRNAs, it became possible that other
members of the family of Argonaute genes could bind the secondary siRNAs and
be important for the RNAi pathways. Once the exogenous- or endogenous-supplied
dsRNA molecules have initiated their respective RNAi pathway, RDE-1/small
RNA and ERGO-1/small RNA complexes bind their mRNA targets and start the
production of another class of small RNAs; the secondary siRNAs (Fig. 2). The
exhaustive analysis of the Argonaute gene family has uncovered a new group of
Argonaute genes important for RNAi pathways in C. elegans. Among them, the
ppw-1 gene is important for the germline RNAi; sago-1 and sago-2 are required for
proper somatic RNAi; and the F58G1.1 gene contributes to both germline and
somatic exo-RNAi (Yigit et al. 2006). A mutant strain carrying loss-of-function
alleles of all the previous genes (called MAGO strain) is completely resistant to
both germline and somatic exo-RNAi and is also defective in the production of
endogenous siRNAs. Rescue experiments have demonstrated that RDE-1, as well
as SAGO-1, SAGO-2, and PPW-1, have qualitatively distinct activities in the exo-
RNAIi pathway and that the expression of either SAGO-1 or SAGO-2 can rescue the
RNAI deficiency as well as reestablish the level of endogenous siRNAs in the
MAGO strain (Yigit et al. 2006). Therefore, SAGO-1, SAGO-2, and PPW-1
became excellent candidates to bind secondary siRNAs in both RNAi pathways.
Using immunoprecipitation assays it has been observed that both SAGO-1 and
SAGO-2 Argonaute proteins bind secondary siRNAs and endogenous siRNAs, sug-
gesting that this subgroup of Argonaute proteins (called secondary Argonautes)
may lead to a competition between the exo-RNAi and the endo-RNAi pathways. In
contrast to RDE-1 and ERGO-1, SAGO-1, SAGO-2, and PPW-1 PIWI domains
lack the three amino acids residues important for endonuclease activity. Thus, it is
proposed that these secondary siRNAs would require other cellular factors to
control the fate of targeted mRNAs.

2.3 Implication of Argonaute Genes in C. elegans Development
and Viability

Among the small RNA-mediated silencing pathways found in metazoans, the
microRNA pathway clearly plays a crucial role in the control of developmental
cues and cell differentiation (Bartel 2004). As observed for the RNAi pathways, the
microRNA pathway also requires Argonaute to abrogate protein synthesis.

In mammals, all four members of the Argonaute gene family are able to bind
microRNAs (Meister et al. 2004). In contrast, Agol is the only Argonaute protein
implicated in the microRNA pathway in Drosophila melanogaster (Okamura et al.
2004). Similarly, among the 27 members of the Argonaute gene family found in
C. elegans, only alg-1 and alg-2 have been strictly associated with the microRNA
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pathway so far. The alteration of alg-1 and alg-2 gene expression leads to severe
developmental phenotypes (Grishok et al. 2001). In fact, phenotypes observed are
identical to the ones generated by the loss-of-function of the let-7 microRNA, a
small RNA essential for the larvae-to-adult transition (Reinhart et al. 2000). In
addition, the knockdown of both alg-1 and alg-2 generated diminution of let-7 and
lin-4 microRNA levels and an accumulation of their respective microRNA precur-
sors (Grishok et al. 2001). Biochemical approaches have demonstrated that ALG-1
and ALG-2 are associated with the let-7 microRNA in vivo (Hutvagner et al. 2004),
and our recent observations indicate they are interacting with many, if not all,
C. elegans microRNAs (E.L. Rondeau, E. A. Miska and M.J. Simard., unpublished
data). For the microRNA pathway, ALG-1 and ALG-2 therefore play a similar role
to RDE-1 and ERGO-1 in the exo- and endo-RNAi pathways respectively.

We also found members essential for animal viability within the C. elegans
Argonaute gene family. A knockdown of c¢sr-I demonstrated its role in chromo-
some segregation; the csr-1 loss-of function allele showed partially resistance to
germline RNAi, and most of the animals were sterile (Yigit et al. 2006). The
Argonaute csr-1 thus belongs to a new gene class whose members exhibit loss-of-
function phenotypes with defects in both chromosome segregation and RNA..
Another member of the Argonaute gene family, prg-1, when disrupted displayed a
reduced brood size and a temperature-sensitive sterile phenotype (Yigit et al. 2006).
It is suggested that the Argonaute PRG-1 is essential for germline proliferation and
maintenance, and even for the proper gonadogenesis (Cox et al. 1998).

3 The Argonautes Are Not Alone

The C. elegans Argonaute proteins are clearly key players in the RNA silencing
pathways. However, the RNAi pathway also necessitates other cellular factors for
many biochemical aspects such as generating primary siRNAs from dsRNA
molecules and maintaining the silencing response.

3.1 RDE-4: A Partner of RDE-1

In the initial genetic screen performed to identify genes essential for the RNA inter-
ference pathway in C. elegans, along with rde-1 mutant alleles, two other strains
carrying lesions on the right arm of chromosome III have been isolated in an
unknown gene that they named rde-4 (Tabara et al. 1999). Clever genetic studies
demonstrated that rde-4 along with rde-1 is required at the initial steps of the RNAi
pathway (Grishok et al. 2000), and biochemical studies showed that rde-4 mutant
has a reduced level of siRNAs (Parrish and Fire 2001; Tabara et al. 2002). Because
of its dsSRNA binding motif, RDE-4 binds preferentially to long dsSRNA molecules
but not siRNAs (Tabara et al. 2002). RDE-4 interacts with RDE-1 as well as DCR-1,
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DRH-1, and DRH-2 (Dicer related helicase), cellular factors all required for RNAi
(Tabara et al. 2002). These observations led to suggestions that the role for RDE-4
is to recognize the entering dsRNA trigger and to present it to DCR-1 for process-
ing (Tabara et al. 2002).

3.2 Dicer and Friends

The RNaselll enzyme Dicer was first associated with the production of siRNAs
from studies performed in cultured Drosophila cells (Hammond et al. 2000). In
C. elegans, dcr-1 has been shown to be required for lin-4 and let-7 microRNA pro-
duction (Grishok et al. 2001), for exo-RNAi (Grishok et al. 2001; Knight and Bass
2001), and for germline development (Knight and Bass 2001). The requirement of
Dicer in the initiation of RNAi was initially suggested in fly (Bernstein et al. 2001)
and in C. elegans by its interaction with RDE-4 (Tabara et al. 2002). It has been
also reported that DCR-1 enzyme activity is essential for the endo-RNAi pathway
(Ambros et al. 2003).

The Dicer-related helicase genes drh-1, drh-2, and drh-3 are found in complex
with the DCR-1 complex (Duchaine et al. 2006). This C. elegans gene family shares
a helicase domain that is similar to the one found in DCR-1 (Tabara et al. 2002). In
contrast with drh-1 and drh-2, both essential for exo-RNAi (Tabara et al. 2002),
drh-3 is an essential gene for animal viability and appears to be important for the
endo-RNAI pathway (Duchaine et al. 2006). The interaction of DRH-1 and DRH-2
proteins with RDE-4 (Tabara et al. 2002) and the nature of their conserved domain
suggest that they may contribute to make the dsSRNA trigger molecule accessible to
the DCR-1 complex.

A particular class of genes, the enhancer of RNAI or eri genes, has also been
found as DCR-1 interactors (Duchaine et al. 2006). The first member of this gene
family eri-1 was identified in a genetic screen designed to isolate mutants able to
increase the sensitivity to dsSRNA molecules (Kennedy et al. 2004). The animal
carrying a mutation in eri-/ accumulates more siRNAs than wildtype animals and
is hypersensitive to exo-RNAi (Kennedy et al. 2004). Biochemical assays demon-
strated that C. elegans ERI-1 protein and its human ortholog degrade siRNAs in
vitro (Kennedy et al. 2004). From these studies, it has been suggested that ERI-1
siRNase activity attenuates the RNAi response. The two other members of these
gene family, eri-3 and eri-5, that have been identified in the DCR-1 complex also
display hypersensitivity to exo-RNAi when their gene products are inactive
(Duchaine et al. 2006). It also been observed that the presence of ERI-3 and ERI-5
is required for the interaction between ERI-1 and DCR-1 (Duchaine et al. 2006).
The accumulation of endo-siRNAs and tncRNAs requires the ERI proteins, suggesting
an important role for the eri gene family in the endo-RNAi pathway in C. elegans
(Duchaine et al. 2006). Consistent with this idea, a study has recently demonstrated
that eri-/ mutant animals displayed a low amount of endo-siRNAs and an increased
level of exo-siRNAs (Lee et al. 2006). These observations suggest that the exo- and



RNAI Pathway in C. elegans: The Argonautes and Collaborators 31

endo-RNAI silencing pathways compete for specific groups of proteins important
to both RNAIi pathways in C. elegans, and in the absence of ERI-1, these proteins
are only associated with the exo-RNAi pathway that thus lead to a hypersensitivity
to exogenously provided dsRNA. Further studies need to be accomplished to eluci-
date the exact role of the eri gene family.

Among the DCR-1 interactors, pir-1, an RNA phosphatase, is an essential gene
required for exo-RNAi. The pir-1 mutant displays developmental defect as observed
in the drh-3 mutant (Duchaine et al. 2006). When pir-1 mutant animals are exposed
to dsRNA, 120-nucleotide-long dsRNA species that bear the sequence of the trigger
dsRNA as well as sequences upstream of the trigger accumulate in the animals
(Duchaine et al. 2006). These dsSRNA molecules are produced by the RNA-dependent
RNA polymerase (see the following section) and are the precursors of the second-
ary siRNAs. Thus, DCR-1 (or the effector protein) seems unable to process the
secondary siRNAs without PIR-1 activity. PIR-1 is a member of the RNA phosphatase
family highly conserved throughout evolution (Duchaine et al. 2006). The verte-
brate PIR-1 homolog is able to remove the 5" y- and B-phosphates from RNA
triphosphate substrates (Deshpande et al. 1999; Yuan et al. 1998). Recent evidence
supports that RNA-dependent polymerases could produce dsRNA substrates with
5’ triphosphates (Pak and Fire 2007; Sijen et al. 2007), and then PIR-1 could generate
the 5" monophosphate products that would be recognized by a DCR-1 complex
and/or an Argonaute (Duchaine et al. 2006).

3.3 RNA-Dependent RNA Polymerases and Secondary siRNAs

One of the amazing features of the exo-RNAi in C. elegans is that a unique delivery
of dsRNA trigger can induce gene silencing in all cells of the animal’s body-with
the exception of neurons-even in subsequent generations of the injected animal
(Fire et al. 1998; Grishok et al. 2000). This phenomenon has led to speculation that
it should have some kind of amplification of the interfering agent. The amplifica-
tion process has been rapidly supported with the discovery of a new set of genes,
the RNA-dependent RNA polymerases (RdRPs), essential for the RNAi-mediated
silencing in fungi, nematodes, and plants (Cogoni and Macino 1999; Dalmay et al.
2000; Mourrain et al. 2000; Smardon et al. 2000). Four members of the RARP gene
family are found in the C. elegans genome: ego-1, rrf-1, rrf-2, and rrf-3. The EGO-
1 gene is essential for germline development, and the loss-of-function mutant is
highly resistant to RNAI targeting germline-specific genes (Smardon et al. 2000).
On the other hand, it has been shown that the RdRP protein RRF-1 is essential only
for RNALI targeting somatic genes (Sijen et al. 2001). They also observed that RRF-
1 (and most likely EGO-1 in germline tissues) is important to the production of
secondary siRNAs (Sijen et al. 2001). Thus, EGO-1 is required for germline-specific
exo-RNAi while RRF-1 is essential for the somatic exo-RNAi pathway. In contrast
to ego-1 and rrf-1 mutants, a deletion of rrf-3 does not reduce the sensitivity to
exo-RNALI in germline and soma tissues, but instead leads to a hypersensitivity for
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exo-RNALI (Sijen et al. 2001; Simmer et al. 2002). It has also been observed that
RRF-3 interacts with the DCR-1 complex (Duchaine et al. 2006) and rrf-3 mutant
animals have a decreased level of endo-siRNAs and an increased level of exo-
siRNAs, as observed in the eri-1 mutant strain (Lee et al. 2006). Therefore, these
observations suggest that RRF-3 and ERI-1 are both associated with the endo-
RNAI pathway in C. elegans.

The production of the secondary siRNAs by RARPs required for RNAi pathways
in C. elegans is still not well understood. The discovery of RDE-3, a member of the
polymerase B-nucleotidyltransferase superfamily, has suggested that the stabiliza-
tion of the targeted mRNA by the polyadenylation of the 3" end of cleavage product
may favor the recruitment of RARP to produce secondary siRNAs (Chen et al.
2005). Recently, it has been reported that secondary siRNA production does not
necessitate the use of primary siRNAs as a primer for specific amplification (Pak
and Fire 2007; Sijen et al. 2007). In addition, the authors also observed in these
studies that the secondary siRNAs carry di- or triphosphates at their 5" end (Pak and
Fire 2007; Sijen et al. 2007). This distinctive mark may explain how secondary
siRNAs can be recognized by the secondary Argonautes, with the help of the
phosphatase PIR-1 (described in the previous section).

4 RNAIi Important to Maintain Genome Integrity:
A Primitive Immune System in C. elegans?

In most C. elegans strains, transposition of the Tc1 transposon happens in somatic
cells, but transposon shuffling is completely silenced in the germline. Many genes
essential for transposon silencing, called the mutators, are also important for the
RNAIi pathway (Ketting et al. 1999; Ketting and Plasterk 2000; Tabara et al. 1999;
Tijsterman et al. 2002; Vastenhouw et al. 2003). The common requirement of these
specific genes in both silencing processes strongly points to the important role
played by the exo-RNAi pathway in maintaining the genome integrity of future
generations (for review see Vastenhouw and Plasterk 2004).

The exo-RNAI system in worms may also be important to protect against exter-
nal intruders. The nematode C. elegans shares with plants the capacity of spreading
the exogenously dsRNA-mediated RNAi response from cell to cell and to subse-
quent generations. It has even been observed recently that the RNAi response can
still be detected after 80 generations (Vastenhouw et al. 2006). The transmembrane
protein systemic RNA interference defective (SID)-1 is essential for the systemic
transmission in C. elegans (Winston et al. 2002). It is suggest that SID-1 is likely
to form a channel for the passive transport of dsSRNA into cells, while having an
active retention of the dsSRNA (Feinberg and Hunter 2003). There is no homolog of
the SID-1 gene in Drosophila, consistent with the absence of systemic RNAi in this
organism. However, there are homologous proteins in mammals, where systematic
RNAI has not been yet demonstrated.
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In plants, the RNAi pathway serves as an antiviral mechanism. Spreading of the
silencing signal throughout the plant ensures that, when the plant is later exposed
to same virus, it will be resistant to further infection. Although it has yet not been
clearly demonstrated, the exo-RNAi pathway in worms may represent a primitive
immune system for the animal. Recent studies have shown that the Argonaute
RDE-1 is required for a potential antiviral silencing triggered by viral replication
(Lu et al. 2005), and in vitro studies demonstrate the importance of the exo-RNAi
components for antiviral defense in C. elegans (Wilkins et al. 2005).

5 Closing Remarks

If the origin of the RNAI system in C. elegans is not totally clear, one thing never-
theless is sure: the worm has become a simple and powerful tool for understanding
a new role of small non-coding RNAs. Future biochemical studies and new innova-
tive genetic screens made with the tiny worm will contribute to our unraveling of
the whole truth about the small RNA phenomenon.
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NelieBEN Be Y N O N S

Abstract RNA interference (RNAi) is the technique employing double-
stranded RNA to target the destruction of homologous messenger RNAs. It has
gained wide usage in genetics. While having the potential for many practical
applications, it is a reflection of a much broader spectrum of small RNA-
mediated processes in the cell. The RNAi machinery was originally perceived
as a defense mechanism against viruses and transposons. While this is certainly
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true, small RNAs have now been implicated in many other aspects of cell
biology. Here we review the current knowledge of the biochemistry of RNAi in
Drosophila and the involvement of small RNAs in RNAI, transposon silencing,
virus defense, transgene silencing, pairing-sensitive silencing, telomere func-
tion, chromatin insulator activity, nucleolar stability, and heterochromatin
formation.

The discovery of the role of RNA molecules in the degradation of mRNA
transcripts leading to decreased gene expression resulted in a paradigm shift in
the field of molecular biology. Transgene silencing was first discovered in plant
cells (Matzke et al. 1989; van der Krol et al. 1990; Napoli et al. 1990) and can
occur on both the transcriptional and posttranscriptional levels, but both involve
short RNA moieties in their mechanism. RNA interference (RNAI) is a type of
gene silencing mechanism in which a double-stranded RNA (dsRNA) molecule
directs the specific degradation of the corresponding mRNA (target RNA). The
technique of RNAI was first discovered in Caenorhabditis elegans in 1994 (Guo
and Kemphues 1994). Later the active component was found to be a dsRNA (Fire
et al. 1998). In subsequent years, it has been found to occur in diverse eukaryotes
such as Drosophila, Schizosaccharomyces pombe, Dictyostelium, Neurospora,
plants, mice, humans, and many other organisms (Baulcombe 2004; Hall et al.
2003; Kennerdell and Carthew 2000; Paddison et al. 2002). It is possible that
RNAI is a reflection of a much broader spectrum of small RNA functions in the
cell as described below.

It is believed that RNAi evolved as a means of protection against viruses and
against aberrant transposition by transposable elements in the genome
(Kalmykova et al. 2005; Sijen and Plasterk 2003). However recent discoveries
of the involvement of small RNAs in many other processes might suggest that
these defense mechanisms, while obviously important, might actually be deriva-
tive processes rather than evolutionarily basal in origin. The RNAi genes also
play an important role in the maintenance of centromeric heterochromatin
(Volpe et al. 2002; Pal-Bhadra et al. 2004b) and germline stem cell division
(Kennerdell et al. 2002). As a technique, RNAi can also be used as a tool for
gene silencing studies and for developing (potentially) therapeutic agents
(Jacque et al. 2002).

The trigger for all RNAi-related mechanisms known to date is a dSRNA mol-
ecule. This molecule can be introduced artificially or synthesized endogenously,
for example, from heterochromatic repeats. The most potent source of artificial
dsRNA is a sequence of about 500-700 bp cloned as inverted repeats, which is
transcribed to give hairpin-loop dsRNA (Hannon and Conklin 2004). This
dsRNA is then cleaved by specialized enzymes and assembled into a multipro-
tein complex. This results in specific cleavage of the target mRNA by virtue of
complementarity between the small RNA (from the trigger) and the target
mRNA. A series of genetic, biochemical, and structural studies have identified
the different components of the RNAi machinery in Drosophila and also
elucidated many mechanistic steps as described below (Fig. 1).
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Cleavage of dsRNA substrate by RNAse |lI
domains of Dicer

21-23 nt siRNA

Degradation of passenger strand

Unwinding of siRNA duplex

Active RISC complex loaded with guide strand
executing target mRNA degradation

Fig. 1 Overview of the RNAi mechanism. The trigger for RNAI is the presence of a dsRNA
molecule, which is cleaved by the ribonuclease enzyme Dicer. The cleavage is carried out by the
two ribonuclease domains (RIIIla/RIIIb). The resulting duplex of 21- to 23-nt small interfering
RNA (siRNA) is then loaded onto a multiprotein complex, RNAi-induced silencing complex
(RISC). The RISC (80S) consists of Ago2, vasa intronic gene (VIG), dFXR1, and potentially other
associated proteins and is loaded with the guide strand bearing complementarity with the target
mRNA

1 Dicer: RNAI Initiation

Dicer is a ribonuclease III type of enzyme bearing characteristic structural features,
which serves a crucial role in the RNAi mechanism (Bernstein et al. 2001). It acts
upon the trigger dsSRNA molecule to cleave it into small RNA molecules. The
molecular weight of Dicer is predicted to be about 200 kDa. The structure of the
human and Drosophila Dicer has been relatively well studied. Dicer orthologs and
paralogs have been found in all organisms capable of performing RNAi; for exam-
ple, Drosophila has two paralogs of Dicer, dcr-1 and dcr-2; plants typically have
four Dicer paralogs (dcl-1, -2, -3, and -4) while humans have only one Dicer gene
(Zhang et al. 2002).

The common structural characteristics of all Dicer proteins studied to date
includes a C-terminal dsSRNA binding domain, two RNase III domains, a PAZ
domain, a domain of unknown function (DUF-283), and an N-terminal DEXH-box
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helicase domain (Zhang et al. 2004). Dicer acts on dsRNA or aberrant RNAs arising
from at least some of the highly repetitive regions of the genome, cleaves them into
short RNAs of about 21-23 nucleotides (nt) in length, which then enter the RNAi
pathway. Recent studies have implicated Dicer in the downstream steps after small
interfering RNA (siRNA) production such as the RNAi-induced silencing complex
(RISC) assembly, as discussed later.

X-ray structure studies of the human Dicer revealed some clues about the different
structural domains present. It is proposed, based on these studies, that Dicer forms an
intramolecular dimer such that the longer RIlla domain and the smaller RIIIb domain
come together to form a single catalytically active dSRNA processing center (Zhang
et al. 2004). The RNase III domains in addition to being the catalytically active center
also participate in various protein—protein interactions that are important for the over-
all efficiency of the RNAi process. The RNase III domains interact with the PIWI
domains of the Argonaute (Ago) proteins (Tahbaz et al. 2004). The PAZ domain is
involved in the recognition of 3’ overhang ends of the dSRNA substrate and, together
with the RIIIa domain, is believed to be involved in determining the distance between
the substrate terminus and the cleavage site. This in turn might be responsible for
generating the characteristic length of 21-23 nt of siRNA. In a mutant with an
absence of a dsRNA binding domain, Dicer is more dependant on dsRNA substrate
molecules with overhangs at the terminal position. The wildtype enzyme cleaves both
blunt and terminal overhang substrates with more or less equal efficiency. A study
performed using human Dicer demonstrated that certain structural features of the
dsRNA substrate significantly affects the catalytic efficiency (Vermeulen et al. 2005).
The composition of nucleotide sequences at the 3" overhang of substrate termini is
important for the efficiency of Dicer action with certain combinations of nucle-
otides in the terminal positions being favored over the other. The length of the
nucleotides at the 3" end of the dSRNA substrate when increased beyond 3 nt significantly
compromised the cleavage of the substrate by Dicer.

The Drosophila genome encodes two Dicer paralogs (Lee et al. 2004): (1) dicer-1
is primarily involved in the biogenesis of microRNA (miRNA) (a class of regula-
tory small RNA molecules with important roles in development). dcr-1 lacks the
helicase domain and does not affect siRNA generation. (2) dicer-2 is primarily
involved in the generation of siRNA and lacks the PAZ domain. The Drosophila
Dicer cleaves the dsSRNA substrate from the termini in an ATP-dependent manner.
Deletion of dcr-2 does not affect miRNA biogenesis. It has been shown recently
that dcr-2 has an important role in RISC assembly and selection of bona fide
siRNA. It is believed that the PAZ domain might have a potential role in miRNA
biogenesis based on the fact that PAZ-less Dicers (for example, dcr-2 and Dicer
orthologs in S. pombe) cannot process miRNA.

In the case of flies, a second distinct type of ribonuclease III also exists known
as Drosha, which is involved in the generation of precursor miRNA molecules (Han
et al. 2004). R2D2 has been identified as a binding partner of Dicer-2 as discussed
in Sect. 13. Dicer-1 has also been shown to bind to the dsRNA binding protein
known as loquacious (logs), which plays a role in germline stem cell development
(Forstemann et al. 2005).
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In addition to playing a vital role in the RNAi mechanism, Dicer has been
involved in other important biological processes. For example, Dicer knockouts in
vertebrate and mouse embryonic stem cells have a defective heterochromatin struc-
ture near the centromeres, in addition to the accumulation of aberrant transcripts
from this region (Kanellopoulou et al. 2005). Dicer has also been shown to be
involved in the intergenic transcription from the human beta-globin gene region
(Haussecker and Proudfoot 2005).

2 siRNA: Structure and Its Impact on RNAi

Dicer acts on a dsSRNA structure to produce siRNA, which is the hallmark of RNA-
based silencing mechanisms. The structural integrity of the siRNA molecule is
important for the efficiency of the RNAi process. The two strands of the siRNA
duplex have different thermodynamic stabilities at their ends, a property that is
exploited to identify the bona fide single strand of the siRNA. The unwinding of
siRNA generates the “guide strand,” which is incorporated into the RISC, and binds
to the specific target mRNA by virtue of its sequence complementarity. The other
strand of the duplex generated during unwinding is called the “passenger strand,”
which is eventually destroyed. Thus, the siRNA has to interact with a number of
proteins involved in the RNAi machinery from its stage of generation to the final
step of target mRNA recognition. It is therefore crucial that the siRNA has the
favorable helical structure and functional groups not only to promote its incorpora-
tion into RISC but also enhance the entire RNAi mechanism.

The siRNAs generated in Drosophila are about 21-23 nt in length with a charac-
teristic 5’-PO, group and a 3’-OH group with 2-nt overhangs at the 3’ ends (Elbashir
et al. 2001a, b). These functional groups are indicative of the ribonuclease III catalytic
activity to which Dicer belongs. The sense strand of the siRNA duplex is relatively
more tolerant to chemical modifications than the antisense strand. In addition, muta-
tions in the central part of the sense strand and toward the 3" end (in an siRNA duplex)
have a relatively severe effect on the RNALI efficiency compared to those mutations
toward the 5" end of the sense strand (Amarzguioui et al. 2003).

This finding is in agreement with the antisense strand playing an important part
in sense-target RNA degradation. The length of the overhangs at the 3" end also has
a significant impact on the RNAIi process, with an increase or decrease in the number
of nucleotides at the 3" end decreasing the efficiency of the mechanism. Attempts to
replace the 5’-PO, with bulky groups such as 2"-O-methyl groups result in a severely
compromised ability of the siRNA duplex to initiate RNAI in vivo. This and several
other observations have highlighted the importance of the 5’-PO, group.

The presence of the 5’-PO, group stabilizes the RISC and is important for RISC
fidelity in determining the correct cleavage site on the target RNA. In the absence
of the 5’-PO, group, the siRNA slides along the RISC, providing alternative scissile
phosphate groups on the target for cleavage (Rivas et al. 2005). An siRNA duplex
lacking both or one 5’-PO, group cannot initiate RNAI in vivo. This reflects the
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importance of the 5-PO, group in the various protein—protein interactions taking
place during RNAi machinery assembly. The presence of the 3’-OH group is
important but not absolutely essential as mutations in this end are relatively well
tolerated. In order to increase the effectiveness of siRNAs as a therapeutic tool,
several attempts have been made to modify the sugar backbone to increase the in
vivo stability of siRNA. These experiments revealed that the presence of the 2’-OH
group of the sugar backbone can be replaced by 2’-fluoro phosphorothioate and
2’-0 methyl groups to give nuclease resistant siRNA without drastically affecting
their target RNA cleavage capability. However, complete substitution of the anti-
sense strand or along the entire duplex with 2’-O-methyl groups entirely abolished
the RNAi mechanism. In a recent study it was shown that substitution of the entire
sense strand of a 20-bp blunt-ended siRNA duplex resulted in efficient target RNA
cleavage (Kraynack and Baker 2005). These types of substitutions result in selec-
tive incorporation of the antisense strand in the RISC, thus curtailing off-target side
effects arising while using siRNA. Similarly, replacement of the sugar backbone of
the 5" terminal nucleotide with 2’-deoxyribose sugar results in selective reduction
of the entry of its cognate strand into RISC. These modifications of the functional
groups are economical and should be addressed while using synthetic siRNAs for
in vivo studies. It has also been shown that chemical modifications that distort the
A-form of the helical structure between the siRNA and target RNA severely affect
RNAIi (Chiu and Rana 2003).

miRNAs are a unique type of small RNAs that perform a vital role during the
development of an organism. Unlike siRNA, miRNAs are partially complementary
to their message. They do not cleave their target molecules but rather suppress
translation from the target mRNA. However, experiments have shown that an
siRNA can function as a miRNA by translational repression if its sequence is par-
tially complementary to the target mRNA (Doench et al. 2003). Thus, the degree of
complementarity between the small RNA and its target mRNA decides whether the
target is silenced by the miRNA or siRNA pathway.

3 Argonaute Proteins: Structure and Function

The Ago gene family is a conserved class of highly basic proteins found in all
organisms with a functional RNA silencing machinery. Besides playing a role in
RNA silencing they perform other vital biological functions such as germline stem
cell development, nuclear division, and centromeric heterochromatin formation
during early embryogenesis in Drosophila (Deshpande et al. 2005). Ago2-null mice
are embryonic lethal, highlighting their biological role in development. Structural
studies of Ago proteins, especially Ago2, have contributed to the unraveling of
mechanistic steps involved in RNA silencing and a greater understanding of its
biological role (Parker et al. 2005). The Ago proteins have a characteristic PAZ
domain of about 130 amino acids and a C-terminal PIWI domain of about 300
amino acids. The PAZ domain is a RNA binding motif and plays a role in binding
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the 2-nt overhangs at the 3" end of the single-stranded siRNA, while the C-terminal
PIWI domain is involved in the interaction with the ribonuclease domain of the
Dicer protein as well as in the binding of the 5’-PO, end of the single-stranded
siRNA as revealed by the crystal structure of AGO2 from Pyrococcus furiosus.
A major challenge in studying the crystal structure of Ago proteins from higher
metazoan cells that exhibit RNA silencing is the availability and expression of large
quantities of AGO proteins. Hence, structural biologists have resorted to the
purification and characterization of AGO crystal structure from prokaryotes in
which related proteins exist.

The role of Ago2 as the “catalytic engine” has been demonstrated by interpret-
ing the crystal structure data from the human T-293 cell line (Liu et al. 2004). The
important observation from this study was that the PAZ domain has conserved
aromatic residues, which form the oligonucleotide binding fold, helping in binding
the 3’ end of the siRNA. The PIWI domain has a structure similar to RNase H and
binds the 5’-PO, group of the guide strand of the siRNA. The mutations of the
residues in the PIWI domain (which are similar in the RNase H catalytic center)
abolish the target cleavage ability, thus increasingly pointing toward Ago?2 as
the “slicer” in human cells. RNase H produces cleavage products with 5’-PO, and
3’-OH and also requires metal ions for its activity; these properties are shared by
the RISC enzyme. The crystal structure of Aquifex aeolicus Ago2 identifies a
highly basic pocket adjacent to the PFTWI domain called the mid-domain (Ma et al.
2005). It was shown that the 5’-PO, end of guide siRNA is embedded in this
pocket containing basic amino acids. An interesting feature of AGO proteins
from prokaryotes is their affinity for single-stranded DNA (ssDNA) unlike their
homologs in higher metazoan cells, which preferentially bind ssSRNA. The crystal
structure studies from these two prokaryotes further revealed a catalytic triad of the
three amino acids Asp-Asp-His (DDH motif), which is involved in the cleavage of
the target mRNA. In addition, human Ago2 (hAgo2) structure revealed the pres-
ence of a QH (Arg-His) catalytic motif. The amino acid replacements in either of
these two domains to their corresponding residues found in hAgol or hAgo3 abol-
ished the catalytic activity of the mutant Ago2. It is postulated that the characteris-
tic “slicer” activity is not conditioned by hAgol or hAgo3 because they lack these
DDH and QH domains.

4 Drosophila AGO Proteins: Unique Features
and Crucial Role in RNAi

Biochemical and genetic studies performed in Drosophila have strongly implicated
DmAgo2 to be involved in target mRNA degradation by the siRNA pathway
(Okamura et al. 2004). The deletion of DmAgo2 had no effect on the miRNA-mediated
gene-silencing pathway. The results also showed that deletion of DmAgo! severely
compromises the ability to perform translational repression of target genes via
miRNA. The defects in the RNAi pathway exhibited by the DmAgo2 mutants were
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recapitulated by the dcr-2 mutants, thus pointing toward the cooperation between
DmAgo2 and dcr-2.

A series of biochemical experiments performed with Drosophila embryo lysates
has generated a wealth of information about the RNAi mechanism in Drosophila
and the crucial role played by DmAGO proteins (Matranga et al. 2005; Miyoshi
et al. 2005). Peptide and nucleotide sequence analysis revealed that DmAgol closely
resembles hAgo2. This comparison was further validated by biochemical experi-
ments showing that DmAgol has the “slicer” activity by virtue of its association
with the guide strand siRNA, thereby mediating cleavage of the target mRNA. In
vitro studies using recombinant full-length DmAgol and its various truncated
forms showed that the PAZ domain is dispensable for target cleavage, while the
PIWI domain and the amino acids in the adjacent domain are the chief determinants
of the “slicer” activity. It is entirely possible that, in vivo, the PAZ domain might
be enhancing the RNAi mechanism by virtue of different protein—protein interac-
tions. Thus, in Drosophila both AGO1 and AGO2 have the catalytic activity to
cleave the target mRNA. It may be speculated that certain miRNA crucial to devel-
opment are perfectly complementary to their targets. This in turn further explains
the presence of the catalytic PIWI domain, which can cleave the target via the spe-
cific miRNA instead of translational suppression (as observed with imperfectly
base paired miRNA).

These experiments unraveled a heretofore unknown step in the RNAi pathway,
namely, the degradation of the “passenger strand” in the siRNA duplex. The study
revealed that AGO2, by virtue of its catalytic activity, cleaves the passenger strand
while still part of the siRNA duplex; this observation implicates AGO2 in the
unwinding of the siRNA duplex. The passenger strand modified with 2’-O-methyl
modifications (which makes it resistant to nucleases) abolished the RISC assembly. Thus,
cleavage of the passenger strand by AGO?2 is important for RISC assembly.
This experiment also showed the presence of a new species of siRNA in the AGO2-
RISC assembly: a double-stranded siRNA with a nick present on the passenger
strand. Ago2 mutants did not cleave the passenger strand, which further explains the
importance of the passenger strand cleavage. In the case of miRNAs, which are not
perfectly base-paired in the miRNA duplex, substitution of the passenger strand with
nuclease-resistant functional groups (thus, the passenger strand is resistant to cleav-
age) did not have any significant effect on the RISC assembly. It is thus postulated
that in the case of the miRNA passenger strand, which imperfectly binds to its natu-
ral guide strand because of the presence of imperfect complementarity between
them, cleavage of the former does not take place. As a result, a “bypass mechanism”
is accelerated that obviates the need for AGO2-mediated cleavage/unwinding of the
miRNA duplex. Thus, unlike in plants and humans, in the case of Drosophila, both
AGOI1 and AGO?2 have the catalytic centers to mediate target RNA cleavage via
siRNA. The inability to cleave the passenger strand in the siRNA duplex might be
another possible explanation for the lack of catalytic ability in hAgol and hAgo3,
which can bind siRNA/miRNA, but cannot cleave the target RNA.

In the case of Arabidopsis, the “slicer” activity resides in AGO1, whose PIWI
domain shows conserved acidic residues similar to the hAgo2 and RNase H
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catalytic fold (Baumberger and Baulcombe 2005). It seems from these biochemical
data that distinct types of small RNAs associate with a unique Ago protein to be
assembled in a distinct effector complex. These small RNAs in turn are processed
by different Dicers. For example, in the case of plants, AGO4 associates with 24-nt
siRNAs to bring about chromatin modifications. These 24-nt siRNA are processed
by DCR4. On the other hand, AGO1 associates with miRNA and trans-acting
siRNA (synthesized by dcrl). The “Dicer channeling hypothesis” is a possible
explanation for these diversifications (Baumberger and Baulcombe 2005). This
hypothesis is further bolstered by the involvement of Dicer in the RISC assembly
and the interactions between the PAZ domain of AGO and the ribonuclease domain
of Dicer.

The Drosophila genome encodes three additional Ago gene family members
involved in RNAI. piwi and aubergine are important for oogenesis and germline
stem cell differentiation (Kennerdell et al. 2002). Mutations in these two genes
affect heterochromatin structure and certain aspects of the cosuppression mecha-
nism in flies (Pal-Bhadra et al. 2002, 2004). aubergine affects siRNA-mediated
homology-dependent gene silencing of the Stellate locus, which is important for
maintenance of male fertility (Aravin et al. 2001). The aub mutants are also defec-
tive for RISC assembly, and hence its gene product is required for the formation of
the active RISC as discussed in the following section. The role of DmAgo3 is
involved with repeat-associated short interfering RNAs (rasiRNA) (Gunawardane
et al. 2007) as are other family members in the RNA silencing mechanisms, which
are as yet not fully understood.

5 RISC Assembly

RISC is a multiprotein complex reported to be in the range of 200 to 500 kDa.
Several in vitro experiments have been performed using minimal RISC containing
only the AGO “slicer” and the guide strand of siRNA; these complexes are in the
range of 150 to 200 kDa. It is postulated that the various protein components found
in vivo in the RISC might play an important role in assembly, target cleavage, for-
mation of a distinct effector complex, or all of the above. Biochemical purification
of the Drosophila embryonic lysate has led to the identification of the following
components: (1) Ago2, (2) dFXR (Drosophila ortholog of fragile X mental retarda-
tion protein), (3) VIG (vasa intronic gene), (4) Tudor-SN (a nuclease with a tudor
domain and bearing five nuclease domains homologous to the Staphylococcus
nuclease domain), (5) R2D2 (a dsRNA binding protein with two dsRNA binding
domains), (6) Aubergine (an Ago family protein), (7) Armitage—RNA helicase, and
potentially other unidentified factors. RISC is an endonuclease as revealed by the
biochemical characterization of its 5’-PO, and 3’-OH cleavage products, which are
of equal length. Thus, RISC is a 5’-phosphomonoester producing RNA endonucle-
ase (Meister et al. 2004). RISC can cleave a target as small as 15 nt in length.
Mutations or mismatches in the central part of the substrate that pairs with the 13-nt
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central part of the guide siRNA significantly compromises the target cleavage.
RISC containing the 5’-PO, guide siRNA cleaves the target RNA at the 10th and
11th nucleotide across the guide siRNA measured from its 5’-PO, end. In other
words, the cleavage site on the target RNA lies between the 11th and 12th nucle-
otide, where the 1st nucleotide on the target base pairs with the 21st nucleotide on
the siRNA guide strand. RISC requires Mg?* for its catalytic activity; addition of
ethylenediaminetetraacetate (EDTA) reduces the target RNA cleavage (Schwarz
et al. 2004).

It is believed that the two nonbridging oxygens of the scissile phosphodiester
bond between the 11th and 12th nucleotide on the target RNA may be a ligand for
Mg?*. The substitution of the ribose sugar of the target (substrate) with bulky moie-
ties such as 2’-O-methyl groups severely decreased the target cleavage; however,
substitution of the ribose with 2’-deoxy modification did not affect target cleavage
significantly. This result highlights the fact that the limiting step in the case of RISC
is not the rate of chemical cleavage but rather steric hindrance, conformational
transitions associated with active site residues, or both.

6 RISC Assembly Pathway and Target mRNA Cleavage

Recent biochemical experiments performed using Drosophila embryo extracts has
indicated that the assembly of active siRNA loaded RISC takes place in a step-wise
manner (Fig.2). During these steps many different proteins together with the
thermodynamic properties of the siRNA duplex play a crucial role in the selection
of bona fide siRNA “guide strand,” which enters the RISC. The siRNA duplex,
which has been synthesized chemically, has different thermodynamic stabilities at
either end. The concerted action of Dcr2-R2D2 ensures that the strand whose 5
end is near the relatively thermodynamically unstable end of the siRNA duplex
enters the RISC (Tomari et al. 2004b). R2D2 binds to the 5’ end of the strand, which
lies near the more thermodynamically stable end; this strand is referred to as the
“passenger strand.” As discussed previously, this strand is then cleaved by Ago2
and finally discarded. Dcr-2 by virtue of its PAZ domain and dsRNA binding
domain remains associated with the stable end at its 3" end. This strand is known as
the “passenger strand.”

This experiment revealed a dual role for Dicer wherein it generates siRNA as
well as delivers it to the RISC, thus stabilizing the siRNA bound to RISC. This
action is consistent with the view that dcr-2-null embryos do not show significant
RNAIi when injected with siRNA duplex, suggesting a downstream role for Dicer
in effective channeling of an siRNA to the RISC. Similarly, 72d2 mutant embryos
show defective RNAI and fail to develop normally (Liu et al. 2003). In the case of
siRNA generated in vivo the rules of thermodynamic asymmetry might conflict
with the direction of dsSRNA processing by Dicer, i.e., the thermodynamically sta-
ble end might be nearest to the dSRNA binding domain of Dicer (3’-end of this stable
end is bound to the PAZ domain of Dicer); hence it should enter RISC. However,
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Fig. 2 RISC loading complex. The asymmetric siRNA molecule is bound by Dcr2 and R2D2,
which sense the thermodynamic stability at both ends of the siRNA duplex (see text for details).
This initial complex is known as R2D2-Dcr?2 initiator complex (RDI)/R1 complex. Der2 is even-
tually exchanged with Ago2, which by virtue of its PIWI domain cleaves the passenger strand.
This results in the formation of an active RISC loading complex (RLC)/complex A. The RLC
bears the guide strand and cleaves the complementary target mRNA presumably due to the
endonucleolytic property of the Ago2 PIWI domain (see text for details)

if it does, then it violates the rule of thermodynamic asymmetry, which favors the
entry of the unstable end.

The first step in the RISC assembly is the binding of the R2D2-Dicer-2 het-
erodimer to the siRNA duplex. This complex is now known as RDI (R2D2-Dicer-
2 initiator) complex (also known as R1). Both proteins are required for loading
siRNA into RISC and both dsRNA binding domains of R2D2 are required (Liu
et al. 2006). Recent in vitro experiments with Drosophila embryo extracts showed
that when the recombinant RDI complex is subjected to pulse-chase with wildtype
extract, it alone can initiate the formation of holo-RISC (active RISC) (Pham and
Sontheimer 2005). The formation of this complex is ATP independent. It has been
shown that two transient complexes, i.e., complex B and the R2 complex, also
exist as a precursors to the holo-RISC formation (Pham et al. 2004; Sontheimer
2005; Sontheimer and Carthew 2004). Recent evidence indicates that the R2
complex is similar to another complex known as the RLC (RISC loading com-
plex). In the RLC, siRNA is unwound with the help of AGO2, which cleaves the
passenger strand bound by R2D2 and is thus discarded. ago2 mutants are defective
in RISC assembly and cannot initiate transition from R2/RLC to the holo-RISC
complex similar to aubergine and armitage mutants (Tomari et al. 2004a). This
paves the way for the guide strand entry into the holo-RISC. This holo-RISC, in
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addition to the siRNA, contains other additional proteins such as Tudor-SN,
dFXR, etc., which presumably aid in the formation of holo-RISC (Ishizuka et al.
2002). The catalytic activity of the RNAi machinery resides in this 80S holo-
RISC. This study further revealed the importance of the 5’-PO, group, which
needs to be present on both strands of the siRNA duplex. Absence of both 5’-PO,
results in failure of the duplex to initiate RNAi, while presence of one of the
groups can initiate the formation of early complexes such as RDI and R2 but not
holo-RISC. It is believed that 5’-PO, groups are recognized at multiple steps in
the RISC assembly. The siRNA duplex containing only one 5’-PO, is required for
the recognition by R2D2; this explains the formation of the RDI complex with
the use of these duplexes. However, the second 5’-PO, might be required for the
recognition by AGO2 based upon its role in unwinding the siRNA duplex and
crystal structure data, indicating that the PIWI domain of AGO2 binds 5’-PO,. As
discussed earlier, mutations in the PIWI domain residues abolish the catalytic
activity of AGO2. The 2’-hydroxyl group (of the ribose sugar) of the 5’-terminal
nucleotide, when substituted with a 2’-deoxyribose, results in selective entry of
this modified strand into RISC. It is possible that this modified strand has less
affinity for R2D2 or more affinity for some other downstream components, which
result in its selective incorporation into the RISC, resulting in degradation of the
cognate strand in the siRNA duplex.

This modification can be used to reduce off-target silencing effects for gene
silencing studies using artificial siRNA. The active RISC is directed to its target
RNA via the guide strand, which then results in selective degradation of the target
mediated by Ago2. The specificity is conferred by the guide siRNA, which is com-
plementary to the target. The accessibility of the target is important for efficient
cleavage because target RNA adopting a complex secondary/hairpin structure hin-
ders cleavage by RISC.

The site of target mRNA is believed generally to be in the cytoplasm. However,
there are some reports that RNAi can occur in the nucleus. Studies performed with
mammalian and HeLa cell lines indicate that P bodies/GW bodies are the sites of
target mRNA degradation (Coller and Parker 2004). This observation fits well
with earlier reports showing that P bodies (GW bodies) are enriched with
decapping enzymes, proteins involved with degradation of mRNA and translation
inhibitory proteins. Green fluorescent protein (GFP)-labeled Ago2 proteins were
shown to be colocalized with GW182 (RNA binding protein in P/GW bodies).
Disruption of GW182 protein resulted in ablation of GW bodies and inhibition of
RNAI. It was also shown that transfected siRNA also localized to the GW bodies
(Jakymiw et al. 2005). Similarly, mutations that affect only the translocation of Ago2
to the GW bodies resulted in inhibition of RNAi. It has been proposed that
Ago2/RISC shuttles between cytoplasm and P bodies (Liu et al. 2005a; Liu et al.
2005b). At the same time there exists an equilibrium between proteins that pro-
mote translation and those that prevent it. Both these pools compete for binding to
the mRNA. When the Ago2-RISC binds to their target mRNA, this equilibrium is
shifted, and possibly this complex is now exported into the P bodies for degradation
of the target mRNA.



Genetics and Biochemistry of RNAi in Drosophila 49

7 Kinetics of RISC: Consolidating the Structural
and Biochemical Data

The Drosophila RISC behaves as a classical Michaelis—Menten enzyme in the
presence of ATP (Haley and Zamore 2004); ATP enhances multiple rounds of
cleavage of the target substrate (multiple turnover reaction where target RNA was
in excess). In conditions of excessive RISC enzyme (single turnover reaction), ATP
does not have any significant impact on the rate of target cleavage. The nucleotides
at the 5" end of the guide siRNA contribute to the K of the RISC, i.e., affinity for
binding to the target RNA and mutations in this region are tolerated to a lesser
extent when compared to those in the 3’ end. The nucleotides in the center and the
3’ end determine the K (catalytic efficiency) of the RISC and have a negligible
role in binding to the target RNA molecule. The 3" end is bound to the PAZ domain
of AGO?2 to prevent its binding to the target mRNA. The amount of energy required
to bind this end of the siRNA to the target will be offset by the amount of energy
spent in releasing the 3" end of the siRNA from the PAZ domain. These energetics
will naturally affect the catalytic efficiency more than the K of the enzyme. Thus,
nucleotides at the 3" end are important for target cleavage but not for binding of the
target. It was also shown in these kinetic studies that the identity of the scissile
phosphodiester bond, i.e., 11th and 12th nucleotides on the target mRNA, is
possibly identified by a protein loaded on the siRNA during the RISC assembly.

In the case of Drosophila, unlike plants and worms, there is an absence of transi-
tive silencing, namely, the extension of siRNA production beyond the targeted
region. Also there is no evidence for systemic silencing, the spreading of silencing
from cell to cell, in Drosophila. Zamore and co-workers note that siRNAs act as
guides and not “primers,” thus arguing against the prevalence of systemic silencing
in Drosophila (Schwarz et al. 2002). Their argument is bolstered by the fact that the
genome of Drosophila contains no ortholog of RNA-dependent RNA polymerase
(RARP). They also note that the 3’-OH group of the siRNA guide strand is not
essential for RNAI, an observation that goes against the “primer” model, which
would be required for systemic silencing. On the other hand, Patterson and his col-
leagues propose that siRNAs function as primers and not “guides,” thus arguing in
favor of the presence of systemic silencing in Drosophila (Lipardi et al. 2001). This
group claims that the 3’-OH is essential for RNAi; RdRp uses this end for amplifi-
cation of the siRNA strand thus amplifying the trigger. It may be possible that there
can be some other molecule than RdRp that fosters systemic silencing.

Yet another interesting avenue that needs to be explored in more detail is the
connection between different RNAi components and their possible role in chroma-
tin modifications. A relationship between transgene silencing and poly(A) tail
maintenance has been proposed (Siomi et al. 2005). It was observed that depletion
of AGO2 but not AGO1 leads to stabilization of transgenes and shortening of
poly(A) tails (Siomi et al. 2005). In the case of Arabidopsis, mutations in the xrn4
gene resulted in enhanced RNAi. XRN4 is a decapping enzyme (5’-3" exonuclease
activity) whose depletion might be causing aberrant decapped transcripts to get
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accumulated, thus exposing them to the RNAi machinery for degradation (Gazzani
et al. 2004). The relationship between RNAi and other cellular processes involved
in transcription such as mRNA stability, poly(A) tail maintenance, and probably
nonsense-mediated decay (NMD) pathways need to be explored in more detail.

8 Transcriptional Gene Silencing in Relation
to the Polycomb Complex and RNAi

The origins of the study of RNA silencing trace to studies of transgene silencing in
plant species (Matzke et al. 1989; Napoli et al. 1990; van der Krol et al. 1990).
Multiple transgenes introduced into an individual would silence each other and the
endogenous homologous locus. A related phenomenon was recognized in Drosophila
during the study of white-Alcohol dehydrogenase (w-Adh) promoter—reporter con-
structs (Pal-Bhadra et al. 1997). This construct was produced to examine frans-act-
ing modifiers of the white eye color gene (Rabinow et al. 1991). When present as a
single copy, expression was good; but it decreased dramatically when each inser-
tion was homozygous, exhibiting the phenomenon of pairing-sensitive silencing.
The observation of note, however, was that as the copy number was increased in the
genome, whether paired or not, the total expression of Adh messenger RNA was
reduced with increasing dosage of the encoding transgene. Several lines of evi-
dence indicated that the endogenous Adh gene was also included in the silencing
pool. Numerous genetic modifier systems were tested for an effect on this phenom-
enon with the finding that Polycomb group (PcG) mutations would ameliorate the
silencing. Indeed antibodies to PcG proteins were found to colocalize with the
silenced transgenes, but not with single insertions with high expression.

Interestingly, when the w-Adh transgenes were crossed to the exact reciprocal
transgene carrying the regulatory portion of the Adh gene and the structural part of
the white (Adh-w), the latter was silenced despite the lack of direct homology
between the two transgenes (Pal-Bhadra et al. 1999). This enigma was resolved
when it was realized that the w-Adh transgene silenced the endogenous Adh gene,
which must in turn transfer the silencing signal to Adh-w via the homologous regu-
latory regions. This scenario was shown to occur by deleting the endogenous Adh
gene from the genome with the result that the silencing interaction was eliminated.
However, the silencing could be re-established by introducing a full-length Adh
transgene in the absence of the endogenous copy. When deletion constructs were then
reintroduced into the genome, the 5 enhancer sequences were found to be those
that are required for the transfer of silencing to Adh-w. The target Adh-w transgene
also accumulates the PC complex when silenced.

The involvement of the Polycomb complex implicated a transcriptional level
silencing, which was confirmed by run-on transcription assays (Pal-Bhadra et al.
2002). In contrast, a dosage series from 1 to 10 copies of full-length Adh transgenes
departs from linearity after 5 copies, and this silencing is posttranscriptional. The
flies with the silenced copies accumulate siRNAs homologous to the Adh gene.
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The reason why the two types of transgenes exhibit a difference in terms of tran-
scriptional versus posttranscriptional silencing is unknown. Despite this difference,
both types of silencing are reversed by mutations in the Ago family genes piwi (Pal-
Bhadra et al. 2002) and aubergine (Birchler et al. 2003a). This finding indicated
that the RNAi machinery was involved with both posttranscriptional and transcrip-
tional silencing.

As noted above, the w-Adh transgene exhibits pairing-sensitive silencing. This
phenomenon refers to the situation in which paired transgenes in Drosophila, which
exhibits somatic pairing of homologs, have less expression than a single unpaired
copy (Kassis et al. 1991). The first example involved an engrailed-white transgene.
The engrailed sequences that mediate the pairing-sensitive silencing surround the
Polycomb response element (PRE). To test for an involvement of the “RNAi” genes
in pairing sensitive silencing, various mutations in the pathway were tested for an
impact on engrailed-white pairing-sensitive silencing (Pal-Bhadra et al. 2004a).
The piwi and homeless mutations caused an increase in the silencing of engrailed-
white when two copies were paired, but had no impact on the expression of an
unpaired copy. These results indicate that the RNAi genes affect the pairing-sensitive
silencing process itself.

Indeed, it appears that the RNA silencing genes are involved in various aspects
of pairing-sensitive silencing and long-range contacts exhibited by PREs. Bantignies
et al. (2003) found that the Fab-7 PRE from the bithorax complex (BX-C), which
regulates expression of the homeotic gene Abdominal-B (Abd-B), affected inter-
chromosomal interactions. Interestingly, these interactions were heritable from one
generation to the next. Transgenes with a 3.6-kb Fab-7 fragment inserted upstream
of lacZ or mini-white reporters were used in their experiments. One insertion (Fab-X)
was adjacent to and upstream of the scalloped (sd) wing morphology gene, which
was silenced. This silencing was temperature sensitive and pairing sensitive, being
present in almost all homozygous female flies grown at 29°C, while absent in
heterozygous females or hemizygous males. Mutations in any one of the Polycomb
group genes attenuated this silencing.

The repression of sd requires the endogenous Fab-7 element. A transgenic line
with a deletion of the endogenous Fab-7 resulted in a restoration of eye color and a
greatly suppressed sd mutant wing phenotype. The repression of sd expression was
also shown to be present at all stages of development, exhibiting an increased effect
as development progressed. Using FISH analysis of embryos, it was found that the
chromosomal region with the transgenic Fab-7 element displayed associations
across the genome with the endogenous Fab-7. This association was dependent on
the presence of both the transgene and the endogenous locus and was also dependent
on the presence of a functional copy of the Polycomb-like gene (Pc/). Transcription
of the transgene had no effect on this pairing, but the frequency of pairing increased
as development proceeded. The associations of the endogenous Fab-7 with different
copies of the transgene occurred independently of location of the latter. The pairing
of Fab-7 elements was analyzed to determine which characteristics of the BX-C
were necessary by deleting the endogenous element, which relieved the sd silencing.
Its replacement with a second transgenic element re-establishes this silencing.
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Previous work had demonstrated that Fab-7 elements were epigenetically
marked for both the silenced as well as the de-repressed states when transmitted
through female meiosis. The de-repression of mini-white expression resulting from
deletion of endogenous Fab-7 (as noted above) was transmitted through meiosis for
at least five generations when flies were maintained at 18°C. This de-repression
was demonstrated to be reversible by transferring the flies to 29°C to lay eggs,
which was done to boost PcG levels. This silencing was retained in subsequent
generations upon return to 18°C. The same observations were reported when sd
expression was analyzed. This meiotic inheritance of sd de-repression was con-
comitant with loss of long-range pairing of Fab-7 elements, indicating that these
interactions involving the PcG proteins are heritable through cell division.

In subsequent work, the role of the RNA silencing genes was investigated
(Grimaud et al. 2006). The mutations dcr-2, aub, and piwi reverse silencing of the
mini-white reporter gene in Fab-7 homozygous flies, suggesting an involvement of
RNA silencing processes. Indeed, the multiple transgene copies of Fab-7 generate
homologous 21- to 23-nt siRNAs. These small RNAs were reduced in quantity in
the piwi and dcr-2 mutants. Similarly, fluorescent in situ hybridization (FISH)
experiments revealed that associations of Polycomb proteins with the transgenes
was also diminished. However, loss of Polycomb proteins at the Fab-7 transgene
did not correlate with global loss of Polycomb binding at other endogenous loci.
The experiments also revealed that RNA silencing participates in the maintenance
of long-distance interactions between Fab-7 sequences during development and
that this role can be uncoupled from its function of PcG protein recruitment to Fab-7.
The RNAi components, mainly dcr-2 and piwi, colocalize with PcG nuclear bodies.
The RNA silencing gene products are responsible for the contacts between the
PREs of endogenous loci of homeobox genes such as the Antennapedia and
Bithorax-C loci. The contacts between these loci were compromised in the piwi and
dcr-2 mutant backgrounds.

The collective studies indicate a role for the RNAi machinery in at least some
aspects of Polycomb complex establishment on silenced elements. Their function
for endogenous PC accumulation is less clear, but the nuclear interactions of endog-
enous genes are in fact affected by their mutation. Further work will be required to
understand the role of small RNAs in Polycomb functions and intranuclear
interactions.

9 RNAIi and Transposable Element Expression

It has been recognized for some time that transposable elements (TEs) had to be
silenced in order to prevent destruction of the host organism. However, the mecha-
nism by which the repression of the elements is achieved by the host was largely
unclear until the RNAi mechanism was recognized as a defense against parasitic
sequences such as viruses and TEs. Evidence is accumulating that RNAI is gener-
ally involved in TE silencing in the Drosophila genome. First, elements with multiple
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copies existing in the genome, e.g., the non-long-term terminal repeat (non-LTR)
retrotransposon I, are silenced by homology-dependent cosuppression. Second,
mutations of the components of the RNA silencing pathway, namely piwi, auber-
gine, homeless, and others, have been shown to increase the transposition activity
of many elements in the germline. Third, certain transposons are evidently involved
in antisense RNA transcription, which consequently induces dsRNA and triggers
small RNA generation and gene silencing. Lastly, comprehensive investigation of small
RNAs in Drosophila cells detected siRNA or rasiRNA (repeat associated siRNA,
24-26 nt) corresponding to many known transposons, thus suggesting RNA-based
mechanisms are commonly used for repressing transposition.

10 Cosuppression and I Factor Repression

The I factor was identified as the element responsible for one type of hybrid
dysgenesis in Drosophila melanogaster (Picard 1976). Hybrid dysgenesis is a
syndrome composed of high mutation rate, chromosomal abnormalities, and ste-
rility in the offspring following hybridization between different strains. When the
males of an I inducer strain, which contain potential active I factors, is crossed to
females of a sensitive strain that is devoid of the element (the reactive strain), a
burst of transposition of the element occurs in the daughters’ ovaries, resulting in
multiple new insertions of the I element and female sterility. However, in the
reciprocal cross, sterility is usually not observed. Because the I factor in the
inducer strain is inactivated, the inactive state was thought be able to pass from
the eggs to the next generation but not through the sperm. In fact, this maternal
effect can persist for generations, but will gradually decrease in the absence of
the I factor in the genome. The element can also remain active in the dysgenic
germline for a few generations until the number in a genome reaches 10-15
copies. This copy number threshold may trigger the inactivation of the element
(reviewed by Bucheton et al. 2002).

Northern blot analysis detected full-length I transcription in the dysgenic female
germline but not in other tissues, correlating to the tissue-specific high rate of trans-
position (Chaboissier et al. 1990). The 186-nt 5’-untranslated region (UTR)
sequence is characterized as containing an internal RNA polymerase II (polll)
promoter (McLean et al. 1993). When the sequence was fused to a chloramphenicol
acetyltransferase (CAT) reporter, the reporter gene showed higher expression lim-
ited to the ovaries of the reactive strain, confirming the tissue-specific promoter
function. The expression of this fusion was inhibited in an Istrain (inducer),
suggesting the promoter region could also mediate silencing of the I factor (McLean
et al. 1993). Continued work demonstrated that increasing the copy number of the
5’-UTR—of which two or three tandem copies were fused to CAT and transformed
into the I reactive strains—decreased CAT activity in the ovaries. Additionally,
dysgenesis was decreased when the strains were crossed to an inducer male con-
taining one copy of functional I factor. These data suggested the repression of the
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element is dependent on the copy number of the short 5’-UTR in the genome
(Chaboissier et al. 1998).

Later it was found, however, that the copy number of a homologous sequence is
responsible for the suppression effect and the 5-UTR region is not particularly
needed (Jensen et al. 1999a, b; Malinsky et al. 2000; Robin et al. 2003). When the
heat shock promoter is used, the fragments of coding region can introduce repres-
sion of the element even with only one copy; the increased dosage strengthens the
effect. The effect depends on the transcription of the transgenes, but not on the
translated proteins because transgenes with frame-shifted or prematurely termi-
nated reading frames were still effective (Jensen et al. 1999b). Different sequences
from the I element are effective and the combinations were additive. Intriguingly,
expression of the sense or the antisense fragments is equally efficient (Jensen et al.
1999a; Malinsky et al. 2000). Therefore, it is strongly implicated that a dsSRNA and
cosuppression-like mechanism are involved with the silencing of the I element.

A distinction between cosuppression and I element silencing is that the latter is
maternal and long-term. Interestingly, the I repression caused by homologous trans-
genes driven by the heat shock promoter showed both effects (Jensen et al. 1999a).
The repression effect is only transmitted maternally but lost upon one generation of
paternal transmission. The long-term effect is also observed in this case. First, the
repression is positively correlated with the generation number for which the trans-
gene is present. With higher copy number of the transgenes, fewer generations are
needed to reach a saturated repression. Second, the repression is observed after at
least one generation of maternal transmission without the transgenes being present
in the genome. A simple RNAi-based explanation for maternal effect would be the
existence of siRNAs for the I factor, which would be transferred from the egg cyto-
plasm to the offspring but absent in the sperm. In this scenario, however, supporting
evidence is needed to understand how the siRNA survives through generations
without the source DNA. The involvement of RNAI is supported by the observation
that aubergine and homeless were shown to be required, but siRNA of I has yet to
be identified (Vagin et al. 2004).

11 Heterochromatin and P Element Control

The P element is a DNA transposon responsible for another type of hybrid dysgene-
sis (Bingham et al. 1981, 1982; Rubin et al. 1982). A regular P inducer strain (or
P strain) contains 50-60 copies of the element, among which about one-third are
functional (O’Hare et al. 1992). The proteins derived from the element-encoded
transposases originating from alternative splicing or truncated copies are thought to
inhibit transposition in somatic tissue (Rio et al. 1986; Black et al. 1987). In the
germline, the P element can transpose in both sexes. Nevertheless, investigating how
repression is established, maintained, and transmitted in a P strain appears more dif-
ficult than in an I strain in which a smaller copy number of transposons is involved.
Fortunately, simplified P strains were isolated in which only one or two copies
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present in telomeric regions exhibited suppression of dysgenesis comparable to 20-30
copies scattered in euchromatin (Ronsseray et al. 1991; Simmons et al. 2004).

In the telomeric P strains, the elements are inserted to telomere associated
sequences (TAS) repeats of the X chromosome (Ronsseray et al. 1996; Stuart et al.
2002). The white transgene inserted at the same region shows variegation, indicat-
ing these chromosomal domains are heterochromatic and the P elements tend to be
silenced (Karpen and Spradling 1992). Expression analysis confirmed this expecta-
tion (Roche et al. 1995). HP1 is an essential component of heterochromatin and is
required for variegation effects. Mutation of this gene impairs the silencing effect
of the telomeric P strain (Ronsseray et al. 1996; Haley et al. 2005). This observation
suggests the heterochromatic state is integral for the silencing.

The P element is also the most commonly used transgene vector in Drosophila.
Transgenes carrying a reporter gene such as lacZ, driven by various promoters, can
be silenced by regular or telomeric P strains (Lemaitre et al. 1993; Ronsseray et al.
2003). This phenomenon is referred to as the trans-silencing effect (TSE). When a
transgene was inserted in the telomeric TAS repeats, TSE is observed for a euchro-
matic transgene with the same length of the 5” P sequence and the same reporter
gene despite different promoters and distances from the P sequences. TSE was
demonstrated to be dependent on homology, with a minimal requirement either
from the vector or the reporter gene itself, and characterized by a maternal effect
(Ronsseray et al. 2003). The data imply that an RNA-mediated cosuppression is
involved similar to the I factor silencing. Accordingly, expression of sense or anti-
sense RNAs can lead to partial P repression (Simmons et al. 1996). The transgenes
do not repress dysgenic sterility, but interestingly, combined with a natural regula-
tory P element, show the repression effect (Ronsseray et al. 1998). This observation
might be explained by cosuppression in which two genes sharing no homology can
be silenced via an intermediate that shares homology with both genes as described
above (Pal-Bhadra et al. 1999). TSE can only be initiated by P itself or a P transgene
in a telomeric or other heterochromatin-like region, implying its requirement of a
heterochromatic state (Ronsseray et al. 2003).

The evidence that the germline RNAi component gene aubergine is essential for
telomeric P repression (Reiss et al. 2004) suggests that RNA silencing is involved.
The siRNA might be used for establishing the silenced state in frans to homologous
euchromatic P element or transgenes; thus, silencing might occur transcriptionally
via chromatin modifications. Nevertheless, how the heterochromatin state facilitates
the production of homologous siRNA as well as the relationship of TSE to standard
P element silencing under nondysgenic circumstances remains to be understood.

12 Hybrid Dysgenesis in D. virilis

In D. virilis an unusual form of hybrid dysgenesis occurs in that many types
of transposable elements are mobilized in crosses between certain strains
(Lozovskaya et al. 1990). The types of elements mobilized are both DNA and
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retroelements. One type of retroelement, Penelope, appears to play a critical
role in the process. Blumenstiel and Hartl (2005) discovered siRNAs homolo-
gous to Penelope in the strain carrying this element, but not in the other strain
involved with dysgenic crosses. During the process of dysgenesis, these
siRNAs were diminished. Thus, it was postulated that the presence of the siRNAs
could serve to repress the expression of Penelope in nondysgenic circumstances
and that the maternal effect for repression of elements typical of dysgenesis might
be mediated by siRNAs transmitted through the female germline. The role of
the other mobilized elements and how specifically Penelope can trigger
dysgenesis remain unknown. Recent studies in mice have identified a novel
class of small RNAs known as piwi interacting RNAs (piRNAs), which are
about 26-31 nt in length. The piRNAs interact with MIWI protein (mouse
homolog of PIWI) and are believed to play an important role in spermatogenesis
(Girard et al. 2006).

13 siRNAs Homologous to Transposable Elements and Viruses

Aravin et al. (2003) isolated and cloned small RNAs from Drosophila at different
developmental stages and from testes. About one-third of the clones with sequences
that were likely RNase III (for example, Dicer-1 and Dicer-2) cleavage products
were homologous to repeat sequences including TEs, satellite and microsatellite
DNA, and others. The cloned rasiRNAs from 38 different elements cover 40% of
all known TEs in the genome. Among those, the most frequently present rasiRNAs
were for roo, an LTR retrotransposon with the highest abundance in the genome
(Kaminker et al. 2002). The data imply a general role for siRNA-based silencing in
controlling expression and hence transposition. The rasiRNAs were largely 24—
26 nt in length, implying that they may be used for transcriptional silencing rather
than posttranscriptional silencing, which typically use RNAs 21-23 bp in length
(Hamilton et al. 2002; Llave et al. 2002; Mette et al. 2002). P or I siRNAs were not
found in the collection because the laboratory strain used did not contain these
elements.

This study also identified likely siRNAs to a virus—Drosophila C virus
(DCV)—that commonly infects flies in nature and the laboratory. It causes no
obvious symptoms but reduces lifespan (Aravin et al. 2003). Antiviral siRNAs
were shown previously in S2 cultured cells challenged with flock house virus
(FHV) (Li et al. 2002). FHV encodes a virulence gene, B2, that counteracts
RNAi by binding dsRNA and blocking Dicer-mediated cleavage (Galiana-
Arnoux et al. 2006). The production of the viral siRNA requires AGO2 (Li et al.
2002) as well as Dicer-2 (Galiana-Arnoux et al. 2006) function. B2 was shown
to decrease the siRNA level. B2 can also suppress RNAi silencing in plants,
indicating conserved RNAi mechanisms from plants to insects. Wang et al.
(2006) and Galiana-Arnoux et al. (2006) demonstrated a role for RNAI in viral
immunity in adult flies.
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14 Germinal Versus Somatic Silencing

RNAi mutations will alter the expression of TE. For retrotransposons mdgl, 1731,
and the F element, the expression in the testes and ovaries was shown to be increased
in the homeless mutants (Aravin et al. 2001). Subsequently, the results were
confirmed by in situ hybridization—homeless and piwi caused accumulation of the
LTR elements mdgl, 1731, and copia transcripts in nurse cells of the ovaries but
not in the oocyte (Kalmykova et al. 2005). On the other hand, in the developing
oocyte, mutants of aubergine, homeless, armitage, and vasa increase the expression
of the non-LTR HeT-A and I elements (Vagin et al. 2004). This study was the first
to show that vasa is involved in controlling transposon expression. The vasa gene
encodes an RNA helicase as do homeless and armitage. It is not known if this heli-
case could be an RNAi component, but its intron-encoded VIG (vasa intronic gene)
has been demonstrated biochemically to be part of the RISC (Caudy et al. 2002,
2003). The vasa mutant remains intact for VIG.

Interestingly, in the conditions mentioned above, copia is only activated in the
germline but not in somatic cells. It was shown that the copia LTR-driven marker
gene lacZ was usually repressed in germinal cells but activated when piwi and
homeless functions were missing (Vagin et al. 2004; Kalmykova et al. 2005).

The rasiRNAs are primarily antisense to various transposons (Vagin et al. 2006).
Their structure is such that they are unlikely to be formed by Dicer in that they lack
2’ 3’ hydroxyl termini, which are characteristic of siRNA and miRNAs. Also, they
are 24-30 bp in length, which also is not characteristic of Dicer action. The germ-
line appears to use this system for the regulation of transposons. The piwi and aub
mutations eliminate the rasiRNA formation of the Suppressor of Stellate, whereas
Ago2, which is primarily involved with siRNA formation, has no effect. Various
transposons are upregulated in the germline in mutant backgrounds for armi, aub,
piwi, and hls, but not in log, dcr-2, R2D2, or Ago2. Interestingly, dicer-1 mutations
caused a downregulation of many transposon families in the germline. Because
dicer-1 is generally thought to be involved with miRNA formation, this finding
raises the possibility of interactions among small RNA processing mechanisms.

In further studies, homeless, armi, dfmr, and piwi were examined in germline
tissue for their effects on transposons (Klenow et al. 2007). Major effects were not
found in somatic cells. In hls ovaries rasiRNAs were reduced. The rasiRNAs
homologous to transposons were found to be mainly antisense for the roo transpo-
son, but other sense and antisense small RNAs were present for copia and I elements.
Only sense rasiRNAs were found for the telomeric Het-A. The mutations Als and
armi changed the histone H3 methylation signature of the transposons to one that
is more typical of actively transcribed genes.

The finding of these germline processes sparked an interest in the small RNAs
that bind to the PIWI family proteins. PIWI-associated RNAs were cloned and
sequenced (Saito et al. 2006). There were no miRNAs—but mainly rasiRNAs
homologous to transposons—present. The PIWI protein was also demonstrated to
have Slicer activity in this study with both rasiRNAs and siRNAs. Further studies
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of small RNAs bound to PIWI and AUB found that they were mostly antisense to
transposons (Brennecke et al. 2007) whereas the otherwise less-characterized pro-
tein, AGO3, contains sense small RNAs homologous to transposons. Of the thou-
sands of PIWI-associated small RNAs cloned and sequenced, most were found only
once, indicating their diversity. A cluster of them is coincident with the flamenco
locus, which had previously been shown to control the gypsy, Idefix, and ZAM
transposons. The flamenco locus appears to consist of an array of transposons
sequences that might be transcribed into a continuous RNA. Another cluster corre-
sponded to the telomere-associated sequences on the X chromosome. When the
flamenco mutation was present, there was a reduction in the PIWI-associated
RNAs. Of the flamenco originating RNAs, 94% of them associated with PIWI.
Apparently, the transcript of the flamenco locus is cleaved to small RNAs that can
then act to target homologous transposon transcripts originating from any location
in the genome. Disruption of the flamenco “locus” eliminates this control.

The PIWI, AUB, and AGO3 proteins form one clade of the AGO proteins, while
AGO1 and AGO?2 constitute the other. The PIWI protein is mainly nuclear and
found in the germline, but also in the somatic cells of the ovary (Gunawardane
et al. 2007; Brennecke et al. 2007). AUB and AGO3 are mainly cytoplasmic in their
cellular localization (Gunawardane et al. 2007; Brennecke et al. 2007). The small
RNAs found associated with AGO3 were mainly sense strands of transposons
(Gunawardane et al. 2007; Brennecke et al. 2007). The small RNAs found with the
PIWI clade proteins have complements with partners whose 5" end is 10 nt away
(Gunawardane et al. 2007; Brennecke et al. 2007). AGO3- and AUB-associated RNAs
have the best complementarity, with lesser amounts found between those
RNAs associated with AGO3 and PIWI. These authors (Brennecke et al. 2007)
thus propose that the AGO3 sense strands and AUB/PIWI antisense strands seek
each other and cleave transcripts from active transposons. Transcripts from clusters
of transposon sequences such as flamenco and RNA from transposons feed off of
each other in the generation of small RNAs, presumably via a posttranscriptional
mechanism, although this does not easily explain the chromatin changes found on
transposons in germline tissue of piwi and hls mutants (Klenov et al. 2007).

Another gene found to affect transposon activity in the germline is cutoff (cuff)
(Chen et al. 2007). The cuff mutation was first recognized as a female sterile that
produced embryos with ventralization. The mutant germline deregulates the telom-
eric Het-A element 800-fold and the TART element 20-fold. The cuff mutants do
not affect the rasiRNAs from the roo elements, so it is thought that cuff acts in later
stages of silencing than the production of small RNAs.

Two other mutations found to upregulate HeT-A and TART, as well as the
Suppressor of Stellate repeats, are the zucchini (zuc) and squash (squ) loci (Pane
et al. 2007). The zuc mutants have a 1,000-fold upregulation of HeT-A and a 15-fold
upregulation of TART. The squ mutants only upregulate HeT-A. The zuc gene encodes
a phospholipase-D/nuclease family member and squ encodes a predicted RNase
HII, whose family members degrade RNA in RNA-DNA hybrids. The products of
both zuc and squ physically interact with Aub and are required for rasiRNA forma-
tion in the germline. An examination of the rasiRNAs for roo and Su(Stellate) in
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zuc, aub, and hls demonstrated their elimination. The squ mutation, however,
reduced their quantities but did not eliminate them. Thus, Zuc might be a candidate
nuclease for rasiRNA 3’ end formation and Aub might be responsible for producing
rasiRNA 5" ends. Because Squ does not eliminate rasiRNAs, it might act later in the
silencing process.

In addition to transposons, satellite repeat clusters were examined for the impact
of the RNAI genes on their expression in the germline (Usakin et al. 2007). A 359-
bp tandem array of the 1.688 satellite is present on the X chromosome in the
centromeric region. Other versions with a unit length of 260 and 361 bp are present
in the heterochromatin of chromosome arm 2L. These repeats are transcribed in
ovaries and testes. In mutant hls testes there was no effect, but an upregulation was
found in mutant ovaries. For the satellite sequences, both sense and antisense
siRNAs are found in contrast to the rasiRNAs for transposons described above.
A greater occupancy of the transcription factor, TAF1, was found on the satellites
in the mutant background, suggesting transcriptional level control.

The above studies of germline transposon control raise the question of how these
elements are repressed in somatic tissues. It is known that many alleles of the white
(w) eye-color gene have a variety of phenotypes due to transposable element inser-
tions. By attempting to understand how the inserted TEs regulate the w phenotype,
many modifier loci were found to affect this regulation. Some of the modifiers
appear to regulate a wide range of the TE insertion alleles (Rabinow et al. 1993;
Csink et al. 1994; Frolov and Birchler 1998). One of these genes, Lip (Rm62), is
required for RNAIi in S2 cells (Ishizuka et al. 2002). Further investigation of these
genes may provide evidence that RNAI is also used for somatic TE silencing. Given
that aubergine and piwi are predominantly expressed in the germline and the early
embryo (Williams and Rubin 2002), different RNAi components for somatic tissues
may be expected, although both aubergine and piwi exhibit mutant effects in
somatic cells (Pal-Bhadra et al. 2002, 2004b; Birchler et al. 2003a; Haynes et al.
2006). It is currently unknown whether these effects are established in embryos and
epigenetically maintained during development or whether an active somatic func-
tion is provided by these genes.

15 Length Maintenance of the Telomeres

HeT-A and TART are the non-LTR retrotransposons that comprise the Drosophila
telomeres and are used for maintaining telomere length. By in situ hybridization,
RNAI mutants were shown to increase the expression of both elements in the ova-
ries with different patterns: HeT-A is activated in oocyte and nurse cells, but TART
transcription occurs substantially in the nurse cells at late stages (Savitsky et al.
2006). Northern analysis of siRNAs confirmed that those homologous to the ele-
ments are eliminated in the ovaries of flies in heteroallelic homeless mutants.
Interestingly, dosage effects of the RNAi mutants (heterozygotes vs homozygotes)
were detected and distinguish TART from HeT-A. To characterize the transposition
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of elements, attachment of the elements to a truncated X chromosome, which then
stabilizes it, was significantly increased in the RNAi mutants. In the heterozygous
mutants of ils and aub, TART is predominantly attached to the broken ends. On the
other hand, in the homozygotes of hls, attachment of HeT-A is predominant over
that of TART. Accordingly, TART transcripts and siRNA were shown to be at an
intermediate level with one mutant allele of hls. HeT-A is only affected in the
homozygous mutants.

16 Transposons Regulate Neighboring Genes by RNAi

Transcription originating from TE promoters may extend to a neighboring gene and
cause RNAI silencing of this gene. This type of regulation was shown for the
Stellate (Ste)-Suppressor of Stellate [Su(Ste)] interaction (Aravin et al. 2001).
Su(Ste) is a male-specific gene located on the Y chromosome and comprises tan-
dem repeats. Each Su(Ste) repeat is homologous to Ste with regions sharing 90%
identity. Ste is located on the X chromosomes and is silenced in males by Su(Ste).
This downregulation is essential for male fertility (reviewed in Tulin et al. 1997).
Sense and antisense RNA for Su(Ste) were shown to exist in the testes. The tran-
scriptional initiation site of the antisense RNA was identified in a nearby copy of
the transposon hoppel (also called 1360). siRNA was detected matching the over-
lapping region of the sense and antisense RNAs. A reporter transgene Ste-lacZ with
a Ste sequence as short as 134 bp was silenced in the testes by Su(Ste). The home-
less and aubergine mutations relieved the silencing of the transgene and Ste itself
(Aravin et al. 2001). A recently identified gene, loquacious (logs), has also been
implicated in this regulation. The logs protein binds to Dicer-1 and has three
dsRNA binding domains. It plays an important role in miRNA biogenesis (Forstemann
et al. 2005).

17 RNAI Interactions with Heterochromatin,
RNA Editing, and DNA Repair

The importance of RNAI to the formation and maintenance of heterochromatin was
first discovered in fission yeast (Volpe et al. 2002). The deletion of the RNAi genes
argonaute, dicer, and RNA-dependent RNA polymerase caused the de-repression of
transgenes located at centromeres, which were otherwise silenced by the heterochromatic
environment. Histone methylation patterns were also affected; methylation of
histone 3 at lysine 9 (H3-mK9) is a heterochromatic marker, while H3-mK4 is
preferentially associated with expressed genes. Both of these modifications were
altered in the mutants. Wildtype cells have both modifications located at centro-
meric repeats; however, the mutants had an increase in H3-mK4 and a decrease in
H3-mK9. This link between RNAi and heterochromatin was further validated by
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the report of isolation of siRNAs derived from centromeric repeats (Reinhart and
Bartel 2002), including a specific repeat—the dh repeat—that Volpe et al. (2002)
had shown to display increased transcription in the RNAi mutants. The mecha-
nisms involving the interactions between the RNAi machinery and heterochromatin
were further dissected with the discovery of a complex termed RNA-induced initia-
tion of transcriptional gene silencing (RITS), which was shown to be required for
heterochromatin formation (Verdel et al. 2004). RITS contained three proteins
including Agol, as well as siRNAs generated by Dicer, which were responsible for
the localization of the complex to heterochromatic domains. It was later shown that
Agol interacts with RNA polymerase II, and that mutation of this polymerase leads
to loss of pericentric siRNAs, heterochromatic histone modifications, and tran-
scriptional silencing (Kato et al. 2005; Schramke et al. 2005). These results illus-
trated the importance of transcription to heterochromatin modification.

The roles of the RNA silencing machinery in heterochromatin formation in
Drosophila have not yet been elucidated to the same extent as fission yeast;
however, some progress has been made (Fig. 3). Three genes involved in RNAi
in Drosophila: aubergine (aub), piwi, and homeless (hls), and their effects on
heterochromatin have been reported (Pal-Bhadra et al. 2004b). The expression of a
transgene in pericentric heterochromatin on the fourth chromosome, which caused
a variegated phenotype, was de-repressed in the mutants for these three genes.
Similarly, tandem repeats of a white transgene causing variegated expression
showed a suppression of silencing when mutants of piwi and hls were introduced.

Su(var) 4-20

Su(var) 3-9

HETEROCHROMATIN
REPEATS

Fig. 3 RNAi-mediated heterochromatin assembly. The heterochromatin structure, such as that
found near the centromeres, is composed of a large number of repeated sequences. It is postulated
that transcription through these repeats results in production of aberrant RNAs that enter the RNAi
machinery to produce siRNAs. The siRNAs might possibly recruit Su(var)3-9 (histone methyl
transferase), which brings about H3-mK9 modification at the repeats. This particular histone
modification then serves as a docking site for heterochromatin protein 1(HP1). This modification
is followed by the activity of Su(var)4-20, which methylates H4 at K20. These modifications in
turn maintain the compact structure at the heterochromatic repeats
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In order to examine the effects of these RNAi mutations on heterochromatin struc-
ture, the staining of polytene chromosomes for heterochromatin protein 1 (HP1),
and the chromatin modification with which it interacts, H3-mK9, were carried out.
It was found that hls mutants had a partial redistribution of HP1, concurrent with a
reduction in H3-mK®9. There was also a partial loss of H3-mK9 in the piwi and aub
mutants, although not as pronounced as in the Als mutant. These results suggested
that the RNAi machinery is involved in the targeting of histone modifications and
the associated gene silencing.

The RNAI gene Ago2 was examined for its role in centromeric heterochromatin
assembly and chromosome function (Deshpande et al. 2005) to determine whether
its mutation has a detrimental effect on these processes as has been found in fission
yeast (Volpe et al. 2002, 2003). Centromeric heterochromatin in Drosophila con-
tains a centromere-specific histone called centromeric identifier (CID).
Immunostaining for this protein was used to show that mutants of Ago2 had weak
staining for CID compared to wildtype and defective migration of chromosomes
during anaphase, illustrating the importance of this RNAi protein in centromeric
heterochromatin assembly and function. In the centric heterochromatin flanking the
centromeres, there was abnormal staining of HP1 in the Ago2 mutants compared to
wildtype, as well as differences in H3-mK9 staining. It was also demonstrated that
there was some suppression of variegated expression of transgenes inserted into the
pericentric heterochromatin in the Ago2 mutants.

The product of the Lighten up (Lip) gene is another example of a possible link
between the RNAi apparatus and heterochromatin formation (Csink et al. 1994).
When the Lip gene was mutated, there was an increase in the number of retrotrans-
poson transcripts, as well as a suppression of position-effect variegation (PEV). The
Lip gene (which is also called Rm62 or Dmp68) was later shown to encode a
dsRNA helicase that is present in a complex containing the Drosophila homolog of
fragile X protein as well as AGO2 (Ishizuka et al. 2002). When the function of Lip/
Dmp68 gene was knocked down, there was an inhibition of RNAi of a GFP reporter.
Furthermore, the complex containing Lip/Dmp68 was also shown to interact with
Dicer.

A study of the formation and spreading of heterochromatin domains on the
fourth chromosome of Drosophila implicated the transposable element /360 as a
determinant in this process (Sun et al. 2004). The white eye color gene was used as
a reporter, and was inserted at many sites on the fourth chromosome, which con-
tains interspersed heterochromatic and euchromatic regions. Through deletion
mapping, it was deduced that proximity to the /360 element determined whether
there was silencing of the reporter, and that mutation of HP1 de-repressed this
silencing. The /360 element initiated the heterochromatic domains; they spread for
approximately 10 kb. It was suggested that targeting of the heterochromatic regions
was carried out by the RNAIi apparatus.

In further studies of the impact of the /360 element, Haynes et al. (2006) found
siRNAs of both sense and antisense in the size range of 23 bp in length. Using
Dicer-1 and Dicer-2 knockdowns in Kc tissue culture cells, /1360 is upregulated.
A miniwhite reporter transgene was produced that contained a /360 element that
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could be conditionally removed. Transgenes near heterochromatin exhibited silencing
that was relieved by mutations in piwi, aub, and hls. Removal of the /1360 ele-
ment from the transgene resulted in less silencing. However, the RNAi mutations
still had an impact on the silencing mechanism even in the absence of the 71360
element.

Another protein that has been shown to have a role in heterochromatin function,
which could involve the RNAi apparatus, is the multi-KH-domain protein DDP1
(Drosophila dodeca-satellite binding protein 1). The KH domain is a motif that
allows single-stranded nucleic acid binding. DDP1 has been shown to bind single
stranded nucleic acids, as well as colocalizing with HP1 to pericentric heterochro-
matin (Cortes et al. 1999). These authors proposed that the DNA binding activity
of DDP1 combined with its association with HP1 might indicate its involvement in
heterochromatin formation through binding at specific sites and recruiting addi-
tional proteins. Subsequent work by this group further characterized the functions
of DDP1 by examining the effects of mutation of the ddpl gene (Huertas et al.
2004). Mutations in ddp1 were suppressors of PEV, indicating a role in heterochro-
matin function, which was additionally supported by the observations that the
mutants also had a strong reduction in H3-mK9 and HP1 deposition at the chromo-
center of polytene chromosomes. These results, combined with the numerous roles
that multi-KH-domain containing proteins have been shown to have in RNA-related
processes (Kruse et al. 1998; Kruse et al. 2000; Li et al. 2003), were suggested by
the authors as evidence for a role of DDP1 in mediating the RNA-directed forma-
tion of heterochromatin.

The proposal that DDP1 had a role in heterochromatin function in association
with the RNAi machinery was supported by subsequent work conducted using the
mammalian homolog of DDP1, vigilin (Wang et al. 2005). These authors found that
the vigilin protein associated with proteins that bound to promiscuously edited
dsRNA molecules catalyzed by adenosine deaminases (ADARs). ADARs convert
adenosines to inosines through hydrolytic deamination (DeCerbo and Carmichael
2005). Since inosine is recognized by ribosomes as guanosine, only missense rather
than nonsense codons are introduced. Site-specific editing by ADARSs therefore
results in alternate transcripts being generated that have functions in different meta-
bolic processes (DeCerbo and Carmichael 2005). Another type of editing carried
out by ADARSs called hyper- or promiscuous editing involves perfect dsSRNA
duplexes of at least 25-30 bp, but preferably more than 100 bp in length, and of
which up to 50% of the adenosines are edited. Their previous study had identified
proteins binding to promiscuously edited RNA (I-RNA) (Zhang and Carmichael
2001); however, one protein was not identified, which was subsequently found to
be vigilin (Wang et al. 2005). Once vigilin was discovered, they determined whether
it acted similarly to DDP1 and showed that it also bound to heterochromatin simi-
larly to DDP1. This binding of vigilin to both promiscuously edited RNA molecules
as well as being involved in heterochromatin function highlights the interaction
between the two processes of RNAi and RNA editing.

It had previously been shown that RNAI is affected by promiscuous editing in
vitro (Scadden and Smith 2001), which is understandable considering the requirement
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for complementarity between the target and the “effector” RNA molecules. These
authors used Drosophila cell extracts to demonstrate this antagonism between the
two processes. These results were subsequently supported in vivo by Tonkin and
colleagues studying C. elegans (Tonkin et al. 2002). They generated mutations for
the two ADAR genes, adr-1 and adr-2, that are present in this species, and showed
that transgene expression was silenced in these animals, in contrast to wildtype. In
the wildtype animals, formation of putative dsSRNA, which would cause silencing,
would be targeted for deamination by the ADARSs, inhibiting this process; however,
in the ADAR mutants this reaction would not occur. Tonkin and Bass later showed
that an aberrant phenotype induced by mutation of the two ADAR genes was
corrected by concomitant mutation of a gene involved in RNAI, illustrating the
possibility that ADARs could regulate dSRNA molecules entering the RNAi path-
way (Tonkin and Bass 2003). It was also shown that mammalian ADARI1 and -2
bind to siRNAs in vitro without editing them, and affect the ability of exogenously
introduced siRNAs to reduce expression of target genes in cells through RNAi (Yang
et al. 2005). While these studies illustrate the concept that each process can nega-
tively regulate the other, the recent report that the RISC subunit Tudor can bind to
hyper-edited dsRNA and facilitate its cleavage clouds this picture (Scadden 2005).
It does, however, reinforce the idea that the two processes are linked.

To garner further information on how vigilin might work, Wang et al. (2005)
sought to identify other proteins that might interact with it. One of the proteins that
co-purified with vigilin from [-RNA affinity chromatography was found to be
Ku86, which is a subunit of the DNA repair protein DNA-dependent protein kinase
(DNA-PK). This finding was another example showing that DNA repair proteins
are involved in heterochromatin function, and provides a link between RNAi and
DNA repair. The DNA-PK protein is crucial for repair of DNA double strand
breaks (Thacker and Zdzienicka 2004), and human Ku70, another subunit of DNA-
PK, has been shown to interact with HP1 (Song et al. 2001).

Another example of a protein with dual functions in both DNA repair and hete-
rochromatin formation is ataxia-telangiectasia mutated (ATM), a DNA damage
sensor, which in mammalian cells is one of the kinases responsible for the phospho-
rylation-dependent activation of p53, a tumor suppressor central to the DNA dam-
age response. The Drosophila ortholog dATM has also been shown to be involved
in responding to DNA damage (Song et al. 2004). Furthermore, it has been demon-
strated to be required for the correct localization of HP1 to telomeres (Oikemus
et al. 2004). The silencing of a white reporter gene after placement near telomeric
heterochromatin was partially alleviated in afm mutants. A protein complex called
MRN (consisting of Mrel1, Rad50, and Nbs1) has been shown to be required for
ATM activation by DNA damage in mammalian cells (Uziel et al. 2003). When
polytene chromosomes were immunostained for HP1 and heterochromatin pro-
tein 1/ORC-associated protein (HOAP) in mrell and rad50 mutants, there was a
large reduction in their localization to telomeres (Ciapponi et al. 2004).

The Parp [poly(ADP-ribose) polymerase] proteins 1 and 2 are both involved in the
immediate response to DNA damage in mammalian cells (Ame et al. 2004). There is
one Parp gene in Drosophila, which in addition to its role in DNA repair has been
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found to be necessary for the organization of heterochromatin structure, among other
functions, during development (Tulin et al. 2002). The Drosophila ribosomal protein
PO, which is an apurinic/apyrimidinic endonuclease with possible roles in DNA
repair, was reported also to be a suppressor of PEV (Frolov and Birchler 1998). There
are numerous other genes providing links between DNA repair and heterochromatin
function, including (1) BRU! in Arabidopsis (Takeda et al. 2004) (2) chromatin
assembly factor (CAF-1), of which the protein product acts in concert with proliferat-
ing cell nuclear antigen (PCNA) in DNA repair (Green and Almouzni 2003) but also
interacts with HP1 (Quivy et al. 2004) and (3) the Mut-9 and Mut-11 genes in
Chlamydomonas reinhardtii, which are involved in transcriptional silencing but when
mutated lead to increased DNA damage sensitivity (Jeong Br et al. 2002).

18 Role of RNAi Genes with Chromatin Insulators

Chromatin insulators act to separate euchromatin and heterochromatin as well as to
block enhancer activity. The gypsy insulator is typically associated with proteins
encoded by three genes, Suppressor of Hairy wing, mod(mdg4), and CP190. Lei and
Corces (2006) studied the association of proteins with the chromatin insulator com-
ponent, CP190. An interacting protein was found to be Lip, whose association was
RNA dependent. This finding initiated a study of RNAi genes on insulator function.
Lip causes an improvement of insulator activity, while piwi and aub reduce insulator
function. In multiple mutant combinations, piwi and aub were found to be epistatic
to Lip for their impact on insulators. These findings suggest a role of small RNAs in
insulator activity, although the nature of such RNAs has yet to be studied.

19 Stability of the Nucleolus

The nucleolus (NOR) is the site of ribosomal RNA (rDNA) synthesis in the nucleus.
Several RNAi mutations (dcr-2, Ago-2, aub, piwi, spn-E) were found to cause
multiple nucleoli (Peng and Karpen 2007) thus implicating the normal function as
necessary for the proper organization of the NOR. The dicer-2 mutation was found
to reduce the H3-mK9 methyl marks in the rDNA. These initial results suggest a
role of the RNAI genes in the normal establishment of the nucleolus.

20 Silencing Interactions with the MSL Complex

The male-specific lethal (MSL) complex is composed of a group of proteins and
nontranslated RNAs that associate with many sites on the X-chromosome in male
Drosophila. Among the proteins in this complex is a histone acetylase, MOF (males
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absent on the first), which has been shown to be able to target acetylation to a
reporter gene in yeast causing increased expression (Akhtar and Becker 2000). The
increased presence of MOF on the male X has therefore led to the proposal that the
consequent increased acetylation on the X-chromosome causes dosage compensa-
tion. However, mutation of mof does not eliminate dosage compensation for the
majority of genes tested (Bhadra et al. 1999; Pal-Bhadra et al. 2005). In addition,
mutation studies on different components of the MSL complex demonstrated that
the abnormal acetylation of autosomal genes by MOF due to a release from the X
causes a concomitant increase in expression (Bhadra et al. 1999, 2000; Pal-Bhadra
et al. 2005). These results, as well as the greater than twofold increase in expression
of the MOF-targeted reporter in yeast (Akhtar and Becker 2000), suggest that the
MSL complex has a counteractive effect on the hyperacetylation of the male X chro-
mosome, so as to allow a twofold increase in expression to occur rather than an
overexpression (Bhadra et al. 1999; Birchler et al. 2003b; Pal-Bhadra et al. 2005).

The genes for the two noncoding RNAs in the complex, roXI (RNA on the X
chromosome) and roX2 have been shown to attract the binding of the MSL com-
plex, which then appears to spread into adjacent chromatin (Kelley et al. 1999).
A roX1I transgene with the mini-white gene was inserted into different autosomal
locations and a number of transgenic lines showed sex-specific expression patterns
of the reporter (Kelley and Kuroda 2003). In these lines whife expression was
absent in females; however, males showed expression patterns very similar to PEV,
suggesting a spreading of the MSL complex in this sex to affect the silencing. This
result suggests that in males the MSL complex is able to suppress the silencing,
presumably itself a result of histone methylation that was conferred upon the
reporter in females. The suppression of the silencing in males could be analogous
to the proposed counteractive effect of histone acetylation of the complex on the
male X chromosome. The mechanisms involved in this suppression of the effects
of histone modifications are as yet unknown; however, it has recently been shown
that the X chromosome of male flies is enriched for HP1, suggesting a possible
interaction with the MSL complex (de Wit et al. 2005). A conditional depletion of
HP1 levels results in a global increase in the histone modifications associated with
active chromatin, illustrating the repressive effects of HP1 (Liu et al. 2005).
Furthermore, the bloated X chromosome phenotype in mutants for Su(var)3-7,
encoding a binding partner of HP1, was rescued in mutants for maleless (mle, a
component of the MSL complex), suggesting an interaction of this repressive com-
plex with the MSL complex (Spierer et al. 2005).

Another study by Zhang et al. (2006) also supports the possible interaction of
the MSL complex with heterochromatin by examining the effects of the reduction
of the levels of JIL-1 kinase, which has various roles in chromosome structure
(Deng et al. 2005; Wang et al. 2001) as well as being enriched on the male X by
the MSL complex. It was shown that jil-/ mutants had an increased spreading of
the heterochromatic markers HP1 and H3-mK9 (without a change in their overall
levels), which provides further evidence for the proposition that the MSL complex
is repressing the effects of the silent chromatin reported by Kelley and Kuroda
(2003). These collective observations introduce the interesting scenario that HP1



Genetics and Biochemistry of RNAIi in Drosophila 67

Role of small RNAs in Drosophila genome regulation

siRNA (21-23 nt) miRNA (21-23 nt) piRNAs (21-23 nt)
piwi interacting
RNAs l
Location  Cytoplasm Predominantly Germline cells
and nucleus in cytoplasm
Functions l l l
heterochromatin formation regulation of male fertility,
and maintenance, Hox genes and hybrid dysgenesis,
viral Immunity, telomere other genes transposon activity
maintenance, regulation involved
of transposons and insulator in embryonic
function development

Fig.4 Summary of RNAI functions in genome regulation

and its other binding partners might play a role in the proposed histone modifica-
tion-associated repressive functions of the MSL complex; however, the precise
mechanisms will require further study.

21 Concluding Remarks

The RNAi machinery likely plays a natural role as a defense mechanism against
transposable element mobilization and virus infection. However, emerging data
provide growing evidence that the RNAi genes are also involved in establishing
chromosomal domains such as centric heterochromatin, telomeric heterochromatin,
chromatin insulators, nucleolar stability, and long-range interactions among inter-
stitial silenced loci (Fig. 4). The full spectrum of the roles of small RNAs and the
RNA silencing machinery in the cell continues to unfold.
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Abstract Dicer, an RNase III type endonuclease, is the key enzyme involved in
RNA interference (RNAi) and microRNA (miRNA) pathways. It is required for
biogenesis of miRNAs and small interfering RNAs (siRNAs), and also plays an
important role in an effector step of RNA silencing, the RNA-induced silencing
complex (RISC) assembly. In this article we describe different functions of Dicer
in posttranscriptional regulation. We review the current knowledge about Dicers in
different organisms and the functions of individual domains of the enzyme. We also
discuss information about Dicer-associated proteins and their role in the biogenesis
of small RNAs and assembly of RISC.

1 Introduction

RNA interference (RNAi) and microRNA (miRNA)-mediated reactions have
emerged as major pathways regulating gene expression in eukaryotic organisms.
The specificity of these processes is dependent on 20- to 25-nt small interfering
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RNAs (siRNAs) and miRNAs, acting as guides recognizing sequences of target
RNAs. To perform their effector function, siRNAs and miRNAs are incorporated
into ribonucleoprotein (RNP) complexes, referred to as si- or mi-RISCs (RNA-
induced silencing complexes, acting posttranscriptionally) or RITS (RNA-induced
transcriptional silencing complexes, acting at the chromatin level). The biogenesis
of both miRNAs and siRNAs requires endonucleolytic enzymes, members of the
RNase III family, which are able to process double-stranded RNA (dsRNA).
MiRNAs are generated from the genome-encoded precursor hairpins by the
sequential action of two RNase III-type nucleases, Drosha and Dicer. Dicer is also
responsible for the excision of siRNAs from long dsRNA molecules, either experi-
mentally expressed in cells or accumulating in cells as a result of antisense tran-
scription or viral infection (reviewed by Kim 2005; Tomari and Zamore 2005).

Fire et al. (1998) were the first to demonstrate that sequence-specific gene
silencing is induced in Caenorhabditis elegans by dsRNA. It soon became recog-
nized that dsRNA is processed in cells into small double-stranded fragments,
siRNAs, that act as effectors of RNA silencing (Hamilton and Baulcombe 1999;
Zamore et al. 2000; Hammond et al. 2000). The enzyme responsible for processing
of dsRNA to siRNAs was subsequently identified in Drosophila and named Dicer
(Bernstein et al. 2001). Similar enzymes were then identified in other organisms,
including mammals (Bernstein et al. 2001; Billy et al. 2001; Hutvagner et al. 2001),
C. elegans (Grishok et al. 2001; Ketting et al. 2001), and plants (Reinhart et al.
2002), and their role in siRNA and miRNA biogenesis was documented.

In this article we review our current knowledge about Dicer and Dicer-associated
proteins in RNA silencing in different organisms, and the role these proteins play in
the biogenesis of small RNAs and assembly of RISC. Our review is focused on the
function of Dicer in posttranscriptional regulation. The function of small RNAs in
chromatin silencing has been reviewed elsewhere (Matzke and Birchler 2005;
Grewal and Jia 2007; Zaratiegui et al. 2007). Dicer, and RNase III enzymes in gen-
eral, are also discussed in some other recent articles (Nicholson 2003; Drider and
Condon 2004; Murchison and Hannon 2004; Cerutti and Casas-Mollano 2006).

2 RNase III Family

The discovery that RNase III enzymes are involved in RNAi and miRNA pathways in
different organisms has renewed interest in this class of proteins. DsRNA-specific
RNase III was first identified in Escherichia coli. Among many functions of bacterial
and fungal RNases III, the most prominent is their involvement in pre-ribosomal
RNA (pre-rRNA) processing (reviewed by Nicholson 2003). A classification scheme
proposed by Blaszczyk et al. (2001) divided RNase III orthologs into three classes:
class I, which includes eubacterial enzymes and the yeast ortholog Rntlp; class II,
containing Drosha proteins; and class III, comprising Dicer homologs. Placement of
Drosha and Dicer in separate classes was mainly based on differences in the domain
organization of the proteins known at that time. With the identification of “primitive”
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Fig.1 A new classification for RNase III enzymes. Class I contains bacterial and fungal
RNase III orthologs, class II contains Dicer and Drosha proteins. Drosha enzymes are found only
in animals. Schematic domain organization of selected proteins of the RNase III family is shown

Dicers in unicellular eukaryotes such as Giardia intestinalis and Trypanosoma brucei
(Macrae et al. 2006; Shi et al. 2006), the complexity of domain organization is no
longer a distinguishing feature of Drosha and Dicer proteins. We therefore propose a
new classification that divides RNase III orthologs into just two classes (Fig. 1):
class I, comprising enzymes that contain a single RNase III domain and function as
homodimers, and class II, which encompasses enzymes bearing two catalytic
RNase III domains active as monomers. As in the old classification, class I embraces
bacterial and fungal proteins that contain, in addition to a single RNase III domain, a
C-terminal dsRNA-binding domain (dsRBD). The yeast Rntlp also contains an
N-terminal extension, shown to be important for enzyme dimerization (Lamontagne
et al. 2000). Class II encompasses all Drosha and Dicer proteins. They invariably con-
tain two RNase III domains, but the composition of additional domains varies consid-
erably and can involve dsRBD, ATPase/helicase, PAZ (Piwi/Argonaute/Zwille), and
DUF283 (domain of unknown function) domains (Fig. 1). Drosha enzymes generally
contain a variable-length N-terminal region with proline-rich and/or arginine/serine-rich
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domains. For the human Drosha, the middle part, lacking a distinguishable motif, is
responsible for interaction with a partner protein, DGCRS (Han et al. 2004). For three
enzymes of the Dicer/Drosha class, evidence is available that they indeed function as
monomeric proteins, the two RNase III domains forming an intramolecular pseudo-
dimer-type catalytic domain (Zhang et al. 2004; Han et al. 2004; Macrae et al. 2006).
In the case of human Drosha, two such monomers may additionally dimerize to form
a heterotetrameric complex with DGCRS (Han et al. 2006). The finding that one of the
Arabidopsis Dicers, Dcl-1, exerts the function of both Drosha and Dicer during pre-
miRNA processing (Kurihara and Watanabe 2004) provides an additional argument
for grouping the Drosha and Dicer enzymes together.

3 Dicer Proteins in Different Organisms

Dicers are large multidomain proteins found in most eukaryotes (e.g., animals,
plants, and Schizosaccharomyces pombe, but not in Saccharomyces cerevisiae).
Metazoan and plant Dicer proteins generally contain ATPase/helicase, DUF283,
PAZ, two RNase III, and a dsRBD, but Dicers of lower eukaryotes frequently have
a less complex domain organization (Fig. 1). The PAZ, dsRBD, and RNase III
domains are involved in dsRNA binding and cleavage. The PAZ domain is also
found in PPD (PAZ and Piwi domain) or Argonaute proteins that are also involved
in RNAi and miRNA pathways. The presence of the helicase/ATPase domain
could explain the observation that the generation of siRNAs by the C. elegans Dicer
and one of the two Drosophila Dicers is stimulated by addition of ATP (Bernstein et
al. 2001; Ketting et al. 2001; Liu et al. 2003; Nykanen et al. 2001). However, ATP
has no significant effect on the activity of the mammalian enzyme even though it
contains the ATPase/helicase domain (Zhang et al. 2002). Dicers of G. intestinalis,
Dictyostelium discoideum, and T. brucei are devoid of the helicase/ATPase domain
(Martens et al. 2002; Macrae et al. 2006; Shi et al. 2006). Interestingly, the G. intestinalis
Dicer that lacks the helicase domain can complement the RNAi functions of the
S. pombe strain deleted from the endogenous Dicer, even though the latter contains
the helicase domain (Macrae et al. 2006). In D. discoideum, a domain with homology
to the Dicer ATPase/helicase domain is present in the RNA-dependent-RNA
polymerase(RdRP)-like protein (Martens et al. 2002).

Mammalian genomes encode only one Dicer protein. On the other hand, plants,
such as Arabidopsis thaliana, poplar, and rice express four Dicer-like proteins
(Dcl). Fungi, such as Neurospora crassa, and insects (e.g., Drosophila and mos-
quito) contain two Dicer genes. The four plant Dcls have distinct roles: Dcl-1
processes miRNA precursors, both the long primary miRNA transcripts (pri-miRNAs)
and the precursor miRNA (pre-miRNAs); Dcl-2 generates siRNAs associated
with antiviral defense; Dcl-3 produces siRNAs that are involved in chromatin
modification and transcriptional silencing; and Dcl-4 generates trans-acting
siRNAs (tasiRNAs) that originate from non-coding RNAs and regulate expression
of their target mRNAs (Park et al. 2002; Kurihara and Watanabe 2004; Vazquez
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et al. 2004; Xie et al. 2004; Borsani et al. 2005; Gasciolli et al. 2005; Xie et al.
2005). Since small RNAs produced by individual Dcls are involved in diverse proc-
esses, there must be a mechanism for efficient discrimination between different
RNA substrates and the subsequent incorporation of products into correct effector
complexes. It has been suggested (Margis et al. 2006) that the dsRBDs of Dicer
might be involved in mediating this process. Dcl-1, Dcl-3, and Dcl-4 each contain
two dsRBDs, while Dcl-2 contains only one. Proteins associating with different
Dcls may likewise contribute to the specificity (see below).

Distinct roles in RNA silencing have been established for the two Drosophila
Dicer proteins. Dicer-1 is essential for pre-miRNA processing while Dicer-2 is
necessary for siRNA production and the RNAi pathway. The functional separation
of the Drosophila Dicers, however, is not absolute. Although Dicer-1 and Dicer-2
generate distinct types of small RNAs, both enzymes are required for siRNA-
directed target mRNA cleavage and gene silencing (Lee et al. 2004b).

The subcellular localization of Dicer has been investigated in various systems.
In plants, green fluorescent protein (GFP)-fusions of Dcl-1, Dcl-3, and Dcl-4 local-
ized to the nucleus (Xie et al. 2004; Hiraguri et al. 2005), a finding that is consistent
with the roles played by these proteins. On the other hand, in mammalian cells,
endogenous Dicer and protein expressed either as a cyan fluorescent protein fusion
or myc-tagged was found to localize to the cytoplasm (Billy et al. 2001; Provost et al.
2002). However, Dicer may also have a nuclear function in mammalian cells.

4 Proteins Interacting with Dicer

Although recombinant Dicer is active as a dsSRNA-specific endonuclease in vitro,
in cells it generally functions in association with other proteins as a component of
multiprotein complexes (Table 1 and Fig. 2).

4.1 dsRBD-Containing Cofactors of Dicer

Cleavage of pre-miRNA and dsRNA substrates seems to be invariably catalyzed by
Dicer in association with dsSRBD-domain protein cofactors (Fig. 2). The first such
dsRBD protein, Rde-4 (RNAi deficient-4), was identified in a genetic screen in
C. elegans (Tabara et al. 1999). It is required for the initiation step of RNAi in
worms, but its activity is not required for miRNA processing or worm development
(Grishok et al. 2000). In Drosophila, Dicer-1 and Dicer-2 are associated with
Loquacious (Logs) and R2D2, respectively (Forstemann et al. 2005; Saito et al.
2005; Liu et al. 2003). The Dicer-2/R2D2 complex functions in directing the
strand-specific incorporation of the siRNA into the RISC. A heterodimer of Dicer-2
and R2D2 senses the stability of the siRNA duplex ends and determines which
strand will enter the RISC. Photocrosslinking to siRNAs containing 5-iodouracil



Table1 Proteins interacting with Dicer

Name Organism References

1. dsRBD proteins

RDE-4 C. elegans Tabara et al. 1999

Logs Drosophila, Dicer—1 Forstemann et al. 2005;
Saito et al. 2005

R2D2 Drosophila, Dicer-2 Liu et al. 2003

TRBP Mammals Chendrimada et al. 2005;
Haase et al. 2005

PACT Mammals Lee et al. 2006

HYL1/DRB Plants Hiraguri et al. 2005

2. PPD proteins

Ago-1 Drosophila, Dicer—1 Okamura et al. 2004

Ago-2 Drosophila, Dicer-2 Liu et al. 2003

Ago-2 Mammals Tahbaz et al. 2004

Hiwi Mammals Tahbaz et al. 2004

3. Other proteins

DRH-1 C. elegans Tabara et al. 2002

FMRP Mammals Jin et al. 2004

dFXR Drosophila Caudy et al. 2002;
Ishizuka et al. 2002

MVH Mammals Kotaja et al. 2006

4. Identified in C. elegans by Duchaine et al. (2006)

Name Structural description

a. Required for RNAi, known previously

RDE-1 Piwi/PAZ

RDE+4 dsRBD

DRH-1 DEAH/D

DRH-2 DEAH/D

b. PIR-1 group, required for RNAi and development

PIR-1 RNA phosphatase

DRH-3 DEAH/D

c. ERI proteins

ERI-1 SAP domain, exonuclease

ERI-3 Also expressed as a fusion

with TAF-6.1
ERI-5 Tudor domain
TAF-6.1 TATA box binding

protein-associated
factor, also expressed
as a fusion with ERI-3

RRF-3 RdRP

d. Required for miRNA and development
ALG-1 Piwi/PAZ
ALG-2 Piwi/PAZ
LIN-41 RBCC

e. Without determined function in small RNA-related silencing
EFT-2 GTPase
SNR-3 SM domain
F38E11.5 WD repeats
B0001.2 DUF272
T06A10.3

C32A3.2
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residues at different positions revealed that Dicer binds to the thermodynamically
less stable and R2D2 to the more stable siRNA end. The strand with the 5" end at
the less stable siRNA end is subsequently incorporated into the RISC complex
(Tomari et al. 2004b; Fig. 2). Depletion of Logs, which associates with Dicer-1,
causes the accumulation of pre-miRNAs, demonstrating that Logs is essential for
efficient substrate processing by Dicer-1 (Forstemann et al. 2005; Saito et al. 2005).
Logs also increases the substrate specificity of Dicer-1, because the Dicer-1/Logs
complex apparently does not show the activity toward dsRNA exhibited by Dicer-1
alone (Saito et al. 2005).

In human cells, TRBP [human immunodeficiency virus (HIV-1) transactivating-
response (TAR) RNA-binding protein] was found to be a dsRBD protein partner of
Dicer (Chendrimada et al. 2005; Haase et al. 2005). TRBP is required for optimal
RNA silencing mediated by siRNAs and endogenous miRNAs. However, evidence
that TRBP is involved like R2D2 in the definition of siRNA asymmetry is still
lacking. TRBP has previously been assigned several functions, including inhibition
of the interferon-induced dsRNA-regulated protein kinase R (PKR) (Daher et al.
2001), modulation of HIV-1 gene expression through its association with the TAR
hairpin (Dorin et al. 2003), and control of cell growth (Benkirane et al. 1997; Lee
et al. 2004a). A mouse TRBP ortholog, Prbp, was shown to function as a transla-
tional regulator during spermatogenesis, and mice depleted of Prbp are male sterile
and usually die at the time of weaning (Zhong et al. 1999). Another mammalian
dsRBD protein, PKR activator (PACT), which is 42% identical to TRBP, has also
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been recently found to interact with Dicer. Its depletion strongly affected the
accumulation of mature miRNAs in human cells (Lee et al. 2006). In contrast to
TRBP, which inhibits PKR, PACT has a stimulatory effect on this kinase. The
effects of TRBP and PACT on PKR activity are mediated by the C-terminal
dsRBDs, which have no detectable dsSRNA-binding activity (Gupta et al. 2003). In
addition to effects on PKR, the C-terminal domains of PACT and TRBP can medi-
ate homodimerization of both proteins (Daher et al. 2001). The C-terminal dsRBD
of TRBP is also involved in association with Dicer (Haase et al. 2005), raising the
possibility that RNAi and PKR pathways are interconnected and regulated by the
aforementioned protein—protein interactions. TRBP may indeed be important for
Dicer function in vivo since its titration by overexpression of TAR RNA in human
cells leads to the inhibition of Dicer activity (Bennasser et al. 2006).

In plants, members of the HYL1/DRB family of proteins were identified as
Dcl-interacting dsRBD partners and implicated in small RNA pathways in
Arabidopsis (Hiraguri et al. 2005). Fusion proteins containing both dsSRBD domains
of Dcl-1, Dcl-3, and Dcl-4 can bind to members of the HYL1/DRB family. A model
has been proposed in which the Dicer dsRBD domains along with PAZ and
RNase III domains recognize and process specific RNA substrates and, by interact-
ing with cognate HYL1/DRB members, direct the newly generated small RNAs to
appropriate effector complexes (Margis et al. 2006).

4.2 Argonautes/PPD Proteins

Another group of well-characterized Dicer partners is represented by PPD or
Argonaute proteins. Members of the PPD protein family contain two signature
domains: a PAZ domain in the center and a PIWI domain at the carboxyl terminus
(Carmell et al. 2002; Tolia and Joshua-Tor 2007). Genetic and biochemical studies
have indicated that PPD proteins are involved in control of stem cell differentiation,
tissue development (Carmell et al. 2002), and chromatin modification (Verdel et al.
2004; Irvine et al. 2006). PPD proteins can be divided into two subgroups: those
that are homologous to the Arabidopsis Argonaute-1 and are ubiquitously
expressed, and those that are most similar to the Drosophila Piwi, expressed in
germline stem cells (Carmell et al. 2002; Tolia and Joshua-Tor 2007). These sub-
groups are referred to as Argonaute (Ago) and Piwi proteins. Different Ago pro-
teins have been identified as components of the RISC in different organisms
(Tabara et al. 1999; Hammond et al. 2001; Caudy and Hannon 2004; Pham et al.
2004; Tomari et al. 2004a), and mammalian Ago-2 was demonstrated to catalyze
the mRNA cleavage (Liu et al. 2004; Meister et al. 2004; Rivas et al. 2005). The
interaction between human Dicer and two PPD proteins, Ago-2 and Hiwi, has been
investigated in detail (Tahbaz et al. 2004), revealing that a subregion of the PIWI
domain, the PIWI-box, binds directly to the Dicer RNase III domain. Ago-2, Hiwi,
and Dicer are present in soluble and membrane-associated fractions, indicating that
interactions between these two types of protein may occur in multiple cellular com-
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partments. A stable association between PPD proteins and Dicer is dependent on
the activity of the Hsp90 protein, as the association can be inhibited by geldanamy-
cin, a specific Hsp90 inhibitor (Tahbaz et al. 2004).

PPD-related proteins are also expressed in some prokaryotes, though their func-
tion in these organisms remains unclear. Recent crystallization efforts resulted in
the determination of the structure of PfAgo from Pyrococcus furiosus (Song et al.
2004), AfPiwi from Archaeoglobus fulgidus (Parker et al. 2004; Parker et al. 2005;
Ma et al. 2005) and of an Argonaute from Aquifex aeolicus (Yuan et al. 2005; Yuan
et al. 2006), either as proteins alone or in a complex with siRNA mimics. PIWI
domains of all these proteins bear striking similarity to RNase H, an enzyme that
cleaves the RNA strand in DNA-RNA hybrids. This suggested that the PIWI
domain of Ago proteins is responsible for the “Slicer” activity, catalyzing the
siRNA-directed endonucleolytic cleavage of mRNA in the RISC. RNase H contains
a triad of conserved acidic amino acids, DDE, essential for catalysis. A related set
of residues, DDH, is conserved in PfAgo and some eukaryotic Ago proteins, for
example Ago-2 (Tolia and Joshua-Tor 2007). Mutagenesis of human Ago-2 dem-
onstrated that all three DDH triad amino acids are involved in the mRNA cleavage
by the RISC (Liu et al. 2004; Rivas et al. 2005). The demonstration that human
Ago-2, expressed and purified from E. coli, is able to cleave mRNA targeted by a
complementary single-stranded siRNA provided the ultimate proof that Ago-2 acts
as a Slicer in the RISC (Rivas et al. 2005).

4.3 Other Proteins Interacting with Dicer

Several other proteins have been found to interact with Dicer. In C. elegans, the
RNA-helicase-related protein DRH-1, which is required for RNAi, was found to
interact with Rde-4 and Dicer (Tabara et al. 2002). FMRP, an mRNA-binding pro-
tein involved in the pathogenesis of fragile X syndrome, has been shown to interact
with Dicer and Ago-1 in mammalian cells (Jin et al. 2004), and Drosophila dFXR,
a fly ortholog of FMRP, interacts with Dicer-1 and Ago-2 (Caudy et al. 2002;
Ishizuka et al. 2002). In mammalian male germ cells, Dicer was shown to interact
with mouse vasa homolog (MVH), with both proteins localizing to the P body-
related structure known as a chromatoid body (Kotaja et al. 2006).

A major proteomic effort was undertaken to characterize proteins interacting
with Dicer in C. elegans (Duchaine et al. 2006). A total of 108 candidate proteins
were identified. The authors focused on the top 20 proteins most reproducibly
co-purifying with Dicer. They were divided into five groups: (1) previously
known to be required for RNAi (like Rde-1 and Rde-4); (2) the PIR-1 group,
required for RNAi and development; (3) enhancers of RNAi (ERI) proteins; (4)
proteins required for miRNA function and development; and (5) proteins without
a well-defined function in small RNA silencing (Table 1). PIR-1, a homolog of
an RNA-phosphatase, conserved in animals, is required for processing the
RdRP-amplified Dicer substrate and accumulation of the resulting secondary
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siRNAs. Its putative role is dephosphorylation of the 5’-triphosphate-bearing
secondary siRNAs synthesized by RARP (reviewed by Ketting 2006). Another
PIR-1 group protein is the helicase DRH-3. DRH-3 is related to the mammalian
helicase RIG-I (Yoneyama et al. 2004) and is required for RNAI in the germline.
Worms with mutations in proteins from the ERI-1 group exhibit enhanced RNAi
phenotypes in response to exogenous dsRNA and accumulate higher levels of
dsRNA-derived siRNAs. Identification of so many Dicer-interacting proteins
indicates that in C. elegans, and most likely in other organisms also, Dicer
participates in many cellular processes.

S Mechanism of dsRNA and Pre-miRNA Processing by Dicer

The mechanism of dsSRNA and pre-miRNA processing has been most extensively
studied with the human Dicer. The protein was overexpressed in insect cells and puri-
fied. The ribonuclease activity of Dicer requires the presence of Mg?* ions but Mn?*
and Co* can partially replace Mg?*. Dicer can cleave with similar efficiency dsSRNAs
ranging from 30 to 130 bp, yielding siRNAs of approx. 20 bp (Zhang et al. 2002;
Provost et al. 2002). Dicer preferentially processes dsRNA from the ends of the sub-
strate, as demonstrated by accumulation of processing intermediates diagnostic of the
gradual removal of siRNA units from substrate ends (Zhang et al. 2002). However,
blocking the ends of dsSRNA with RNA tetraloops or DNA-RNA duplexes revealed
that free ends are not absolutely required: the terminally blocked dsSRNA was cleaved
internally, with reduced kinetics. After the initial internal cleavage, normal kinetics
were restored as 2-nt 3’-overhang-containing ends became available (Zhang et al.
2002). Interestingly, preincubation of recombinant Dicer with proteinase K causes a
significant increase in enzyme activity. Such a stimulatory effect is also seen with an
endogenous Dicer immunoprecipitated from mammalian cell extracts (Zhang et al.
2002). It is possible that limited proteolysis removes a Dicer region that partially
occludes the active site.

Processing of miRNA precursors by recombinant Dicer was investigated in
detail using pre-let-7 miRNA as a model substrate. Native gel electrophoresis
showed that pre-let-7 RNA is effectively processed by Dicer in vitro to yield the
double-stranded siRNA-like product (Zhang et al. 2004). Processing of both
dsRNA and pre-let-7 RNA by the recombinant human Dicer occurs with a very
low turnover rate, most probably because the product of the reaction remains
associated with the enzyme (Zhang et al. 2002, 2004). Cleavage of the substrate
by either recombinant or endogenous human Dicer is ATP independent (Billy
et al. 2001; Zhang et al. 2002; Provost et al. 2002). Addition of other nucleotide
triphosphates or nonhydrolyzable ATP analogs has no appreciable effect on Dicer
activity. In addition, mutation of the conserved lysine residue in the nucleotide-
binding site (P-loop motif) has no impact on Dicer activity (Zhang et al. 2002). So
far, ATPase activity could not be demonstrated in preparations of recombinant



Role of Dicer in Posttranscriptional RNA Silencing 87

human Dicer, suggesting that activity of the ATPase/helicase domain is regulated
by additional factors.

Mutagenesis studies indicated that residues Aspl1320 and Glul652 from
RNase IIa, and Asp1709 and Glu1813 from RNase IIIb that are involved in Mg**
coordination are essential for cleavage activity of Dicer. Equivalent mutations in the
E. coli RNase III also rendered this class I enzyme inactive, demonstrating that a
similar cleavage mechanism is used by all members of the RNase III family.
Analysis of cleavage products generated by individual RNase IIla or IIIb domain
mutants demonstrated that Dicer accesses its substrates in a polar fashion, with the
RNase Illa domain always processing the protruding 3’-OH-bearing RNA strand,
and RNase IIIb cutting the opposite 5’-phosphate-containing strand (Zhang et al.
2004). To understand the role of the PAZ domain, residues F960, YY971/972, and
E1036, all implicated in RNA binding, were substituted by alanines. The PAZ
mutants exhibited reduced dsRNA-processing activity (Zhang et al. 2004). The
PAZ domain was demonstrated to recognize the 3’-protruding nucleotides at the
siRNA end (Lingel et al. 2003; Song et al. 2003; Yan et al. 2003; Ma et al. 2004).
Consistent with these findings, Dicer cleaves dsRNA and pre-miRNA substrates
containing 3’-overhang nucleotides more efficiently that those containing blunt
ends (Zhang et al. 2004).

In a model based on the mutagenic studies, Dicer functions as an intramolecular
pseudo-dimer with RNase IIla and IIIb domains forming a single processing center
containing two independent catalytic “half sites,” each capable of cutting one RNA
strand of the duplex to generate products with 2-nt 3’-overhangs (Zhang et al.
2004). The 3’-overhang-containing end of the substrate is recognized by the PAZ
domain. In the model, the dsSRNA substrate is placed in the positively charged val-
ley on the surface of the catalytic domains. This model has been nicely validated
by the determination of the crystal structure of the full-length Dicer from the pro-
tozoan G. intestinalis (Macrae et al. 2006).

The G. intestinalis Dicer is smaller than its orthologs in higher organisms.
It lacks the N-terminal ATPase/helicase domain and the C-terminal dsRBD (Fig. 3).
Structural studies revealed that it forms an elongated molecule that may act as a
molecular ruler measuring the distance between the dsRNA end and the site of
enzymatic cleavage (Macrae et al. 2006). The RNase III domains form the catalytic
center and the PAZ domain is connected to RNase III domains by a long o-helix
dubbed the “connector” helix, which is implicated in determining the product
length. The PAZ domain of the Giardia Dicer shares similarity with PAZ domains
of Drosophila Ago-1 and Ago-2 and resembles the oligonucleotide-binding (OB)
fold, consistent with the RNA-binding activity of the domain (Lingel et al. 2003;
Song et al. 2003; Yan et al. 2003). Structural study of the Giardia Dicer shed some
light on a possible role of the conserved “domain of unknown function 283”
(DUF283). Low but significant sequence homology exists between the N-terminal
domain of Giardia Dicer and DUF283 of metazoan Dicers (Fig. 1). The DUF283-
like domain of Giardia Dicer forms a platform-like structure providing support for
the connector helix (Macrae et al. 2006).
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Fig. 3 A A model of dsRNA processing by human Dicer (Zhang et al. 2004). Individual domains
of Dicer are shown in different colors. The enzyme contains a single dsSRNA cleavage center with
two independent catalytic sites. The center is formed by intramolecular dimerization of the
RNase Illa and RNase I1Ib domains. The placement of the RIlla domain illustrates the fact that
this domain cleaves the 3’-OH-bearing and protruding RNA strand. DsRBD positioning is arbi-
trary. B Crystal structure of Giardia intestinalis Dicer (Macrae et al. 2006). This ribbon represen-
tation of Dicer shows the N-terminal platform domain (blue), the PAZ domain (orange), the
connector helix (red), the RNase [lla domain (yellow), and the RNase IIIb domain (green).
Predicted location of dsRNA is indicated by a dashed line. PDB_id 2ffl was rendered using
DeepView (Guex and Peitsch 1997) and POV-Ray 3.6 (www.povray.org)

6 Function of Dicer in the Assembly of Effector Complexes

The roles of Dicer are not confined to miRNA and siRNA biogenesis. The enzyme
also appears to be essential for the effector step of RNA silencing (Fig. 2). The
involvement of Dicer in RISC formation has been studied in most detail in
Drosophila (Pham et al. 2004; Tomari et al. 2004a). Three distinct siRNA-containing



Role of Dicer in Posttranscriptional RNA Silencing 89

complexes, R1, R2, and R3, have been identified as intermediates in RISC forma-
tion by Pham et al. (2004). The R1 complex corresponds to the 360-kDa RISC
described previously (Nykanen et al. 2001). It consists of Dicer-2, R2D2, and pos-
sibly one or more unidentified proteins. The function of R1 may be to process long
dsRNA and possibly determine the guide/passenger strand asymmetry of siRNA, as
described below. R1 serves as a precursor to R2 and R3 (Pham et al. 2004). R2 is
formed at a high rate, suggesting that it may be derived from the binding of R1 to
another as-yet-unidentified preassembled complex. The R2 complex is thought to
function in siRNA duplex unwinding. The unwinding of the siRNA may be initi-
ated by the Dicer-2-R2D2 complex, but can proceed only in the presence of Ago-2
(Tomari et al. 2004b). A DEA(H/D)-box ATPase/helicase Armitage has been impli-
cated in the unwinding process (Tomari et al. 2004a; Cook et al. 2004). The approx.
80S R3 or a “holo-RISC” complex whose formation requires ATP contains
siRNAs, Dicer-1, Dicer-2, R2D2, Ago-2, and a few other proteins identified previ-
ously as associated with the RISC (VIG, Tudor-SN, dFXR). The R3 complex
co-fractionates with rRNA of small and large ribosomal subunits, suggesting that
it is ribosome associated. R3, the RNAI effector complex, may contain regulatory
factors that are not absolutely necessary for the mRNA cleavage in vitro (Pham
et al. 2004). Complexes similar to those described above were also characterized by
Tomari et al. (2004a). According to these authors, the assembly of RISC begins
with the formation of “complex B” that contains dsSRNA and other unidentified
proteins. Complex B is a precursor to the RISC loading complex (RLC) that, like
R1 and R2, contains Dicer-2 and R2D2.

The dynamics of RISC assembly in mammals is not as well understood as in
Drosophila. Chendrimada et al. (2005) reported that human cells contain a preas-
sembled complex of Dicer, TRBP, and Ago-2 capable of binding siRNA duplexes.
This complex was subsequently found to be able to determine the asymmetry of the
siRNA-like miRNA duplex and to incorporate correctly the guide miRNA strand
for mRNA cleavage (Gregory et al. 2005). Interestingly, assembly of RISC initiated
with pre-miRNA was more efficient than that with pre-cut miRNA duplex, consist-
ent with the cleavage and effector steps of RNAi being tightly coupled. Maniataki
and Mourelatos (2005) identified a similar complex containing Dicer, Ago-2, and
TRBP. The complex was active in processing of pre-miRNAs and incorporated a
proper miRNA strand able to guide the cleavage of a complementary RNA mimick-
ing the mRNA. However, the complex could not assemble when a perfect siRNA
duplex was used in place of pre-miRNA. Another possible intermediate of the
mammalian RISC, named complex D, has also been described from human cell
extracts incubated with the exogenous siRNA duplex. Complex D contains Dicer
associated with siRNA; based on the estimated size of 250-300 kDa, it might be an
equivalent of the Drosophila R1 complex (Pellino et al. 2005). Some other data
indicate that Dicer may not be essential for RISC formation in mammals. HeLa cell
extracts immunodepleted of Dicer retain siRNA-mediated RISC activity (Martinez
et al. 2002), and mouse Dicer-null embryonic stem cells are capable of mounting
RNAI in response to transfected siRNA (Kanellopoulou et al. 2005). It is possible
that Dicer plays a merely stimulatory role in the assembly and function of the
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mammalian RISC. The observation that approx. 30-bp dsRNAs, which Dicer
processes to induce RNALI, are more efficient than siRNAs at triggering the RNAi
response in human cells (Kim et al. 2005; Rose et al. 2005; Siolas et al. 2005) is
consistent with such a possibility.

For the siRNA to act as a guide for mRNA cleavage, the siRNA duplex must be
unwound into individual strands during RISC assembly. The strand that is incorpo-
rated into the RISC is referred to as a guide strand, while the discarded strand is
called a passenger. A strand selection mechanism exists to ensure effective siRNA
loading to the RISC. Thermodynamic differences in the base-pairing stabilities of
the 5” ends of the two siRNA strands determine which strand is assembled into the
RISC (Khvorova et al. 2003; Schwarz et al. 2003). In Drosophila, strand selection is
achieved by an appropriate orientation of the siRNA duplex in the Dicer-2/R2D2
heterodimer. The siRNA end with stronger thermodynamic stability interacts with
R2D2, while the less stable end is bound by Dicer. The strand with its 5" terminus at
the less stable end is then selected as a guide and becomes part of an active RISC
(Tomari et al. 2004b; Preall et al. 2006; Fig. 2). Thermodynamic stability rules have
to be considered when designing siRNAs in order to ensure that the guide strand is
indeed preferentially incorporated into the RISC, and to minimize the potential off-
targeting effects resulting from the inclusion of the passenger strand into the RISC.

The strand selection mechanism described above is easy to follow when the
reaction is initiated with preformed siRNAs. It is, however, less clear how the
siRNA asymmetry is recognized when siRNAs are excised from long dsRNA.
Clearly, Dicer or the Dicer/R2D2 complex is unable to sense the thermodynamic
asymmetry of siRNA segments that are embedded in a sequence of long dsRNA.
Since Dicer generally liberates siRNAs from dsRNA ends (Elbashir et al. 2001;
Zhang et al. 2002), on average only a half of the generated siRNAs will be
“optimally aligned” on the surface of the Dicer/R2D2 complex to comply with the
thermodynamic rules required for siRNA strand selection. Importantly, Preall
et al. (2006) have demonstrated that siRNA strand selection is independent of the
dsRNA processing polarity during Drosophila RISC assembly in vitro. These data
indicate that the guide strand selection is not defined at the Dicer processing step
even though Dicer processes dsRNA in a strictly defined mode, with the strand
containing the 3" protruding end always being cleaved by the RNase Illa domain
(see the previous section). Hence, Drosophila Dicer-2 does not directly hand over
newly generated siRNAs into the RISC but probably releases the siRNAs into solu-
tion to rebind them again in a proper orientation. The mechanism underlying such
an “siRNA flipping” process is unknown.

Pre-miRNA processing by Dicer in vitro (Zhang et al. 2004), and very likely
also in vivo, yields double-stranded siRNA-like products and a similar thermody-
namic, stability-based strand selection mechanism also functions during miRISC
formation. This is consistent with the observation that mature miRNAs can origi-
nate from either ascending or descending strands of the pre-miRNA hairpin. Like
siRNAs, miRNAs in their double-stranded form show the thermodynamic polarity
of ends that defines the strand of the pre-miRNA hairpin to be selected as a mature
and active miRNA (Khvorova et al. 2003; Krol et al. 2004).
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7 Role of Dicer In Vivo

Knockout experiments indicated that Dicer is essential for vertebrate development.
Disruption of the Dicer gene in mice arrests embryogenesis at day 8.5 (Bernstein
et al. 2003), while mice with a strong hypomorphic mutation, resulting from the
deletion of the first two Dicer exons, die between 12.5 and 14.5 days of gestation
and display defects in angiogenesis (Yang et al. 2005). Effects of different tissue-
specific Dicer knockouts have also been analyzed. Mouse oocytes lacking Dicer
fail to accumulate mature miRNAs and are unable to progress through first meiotic
division, displaying disorganized spindles and chromosome congression defects
(Murchison et al. 2007; Tang et al. 2007). These observations suggest that miRNAs
play an essential role during the earliest stages of embryonic development, when
maternally encoded transcripts have to undergo specific downregulation (Giraldez
et al. 2006). In addition, Dicer may be involved in the protection of germ cells from
the movement of transposable elements, since in oocytes lacking Dicer transcripts
levels of some transposons are elevated (Murchison et al. 2007). In mice with the
epidermal-specific Dicer knockout, proper morphogenesis and maintenance of hair
follicles is affected (Andl et al. 2006). Dicer function was also found to be essential
for lung epithelium morphogenesis (Harris et al. 2006) and limb development
(Harfe et al. 2005).

Dicer-deficient mouse embryonic stem (ES) cells display proliferation and
differentiation defects and, as expected, are defective in dsSRNA-induced RNAi and
generation of miRNAs (Kanellopoulou et al. 2005; Murchison et al. 2005).
Epigenetic silencing of centromeric repeats is also reduced in these cells
(Kanellopoulou et al. 2005). Likewise, in the chicken-human hybrid DT40 cell line,
loss of Dicer leads to premature sister chromatid separation due to abnormalities in
heterochromatin formation (Fukagawa et al. 2004). Dicer function was also found
to be essential for zebrafish development and many processes in C. elegans.
In Drosophila, Dicer-1, which is involved in miRNA biogenesis, is likewise an
essential gene (reviewed by Wienholds and Plasterk 2005; Giraldez et al. 2006). Most
of the phenotypes associated with Dicer knockouts are probably mainly caused by
the depletion of miRNAs. However, other mechanisms controlled by Dicer, related
to RNA, such as the formation of heterochromatic structures and centromeric silenc-
ing, may also contribute to developmental or cellular defects discussed above
(reviewed by Grewal and Jia 2007; Zaratiegui et al. 2007).
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Abstract Members of the Ribonuclease III (RNase III) family are double-stranded
(ds) RNA-specific endoribonucleases, characterized by a signature motif in their
active centers and a 2-nucleotide (nt) 3" overhang in their products. Dicer functions
as a dsRNA-processing enzyme, producing small interfering RNA (siRNA) of
approx. 24 nt in length (approx. 20-basepair RNA duplex with a 2-nt 3 overhang on
each end). Bacterial RNase III functions not only as a processing enzyme, but also
as a binding protein that binds dsRNA without cleaving it. As a processing enzyme
it produces siRNA-like RNA of approx. 13 nt in length (approx. 9-basepair duplex
with a 2-nt 3’ overhang on each end) as well as various types of mature RNA.
Dicer is structurally most complicated member of the family; bacterial RNase III
is comparatively much simpler. One structure is known for Dicer in its RNA-free
form (MacRae, Zhou, Li, Repic, Brooks, Cande, Adams, and Doudna, Science
311:195-198); many structures are available for bacterial RNase III, including the
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first catalytic complex of the entire family (Gan, Tropea, Austin, Court, Waugh, and
Ji, Cell 124:355-366). In light of the structural and biochemical information on the
RNase III proteins and the structure of a non-Dicer PAZ (Piwi Argonaute Zwille)
domain in complex with a 7-basepair RNA duplex with a 2-nt 3" overhang on each
end (Ma, Ye, and Patel, Nature 429:318-322), the structure and function of Dicer
is being elucidated.

Abbreviations Aa-RNase III: Aquifex aeolicus RNase III; Ago: Argonaute; ds:
Double-stranded; dsRBD: dsRNA-binding domain; endoND: Endonuclease
domain; Ec-RNase III: Escherichia coli RNase 11I; Gi-Dicer: Giardia intestinalis
Dicer; Hs-Agol; Homo sapiens Agol; Hs-Dicer: Homo sapiens Dicer; nt:
Nucleotide; PAZ: Piwi Argonaute Zwille; PDB: Protein Data Bank; siRNA: Small
interfering RNA; ss: Single-stranded; RISC: RNA-induced silencing complex;
RMSD: Root-mean-square deviation; RNAi: RNA interference; RNase III:
Ribonuclease III; Sp-Dicer: Schizosaccharomyces pombe Dicer

1 Introduction

In the mechanism of RNA interference (RNAI), three consecutive events have been
demonstrated. First, Dicer processes a double-stranded (ds) RNA into small inter-
fering RNA (siRNA) molecules (Bernstein et al. 2001; Carthew 2001). Second, a
dsRNA-binding protein (Chendrimada et al. 2005) recruits a Dicer—siRNA com-
plex to Argonaute2 (Ago2), and the Ago2 cleaves the anti-guide strand of the
siRNA duplex (Rand et al. 2005). Third, the passenger-strand cleavage facilitates
assembly of the remaining single-stranded (ss) antisense siRNA along with the
Ago2 into an RNA-induced silencing complex (RISC) (Matranga et al. 2005),
where the ss antisense siRNA guides the cleavage of target RNA by Ago2 (Martinez
et al. 2002). Hence, Dicer (and homologs) and Ago2 (and homologs) are responsi-
ble for the cleavage of dsSRNA and ssRNA, respectively, in the RNAi pathway.
Dicer belongs to the ribonuclease III (RNase III) family, a highly conserved
family of dsRNA-specific endoribonucleases (Robertson et al. 1968; Court 1993;
Nicholson 1996; Krainer 1997; Nicholson 1999; Filippov et al. 2000), playing
important roles in RNA processing (Robertson et al. 1968), posttranscriptional gene
expression control (Court 1993; Krainer 1997; Wu et al. 2000), and defense against
virus infection (Saleh et al. 2004; van Rij and Andino 2006). In plants and fungi,
the substrates of Dicer are genome-encoded precursors folded as dsRNA-like hair-
pins; whereas in animals, the dSRNA substrates are formed in cells by DNA- or
RNA-dependent synthesis (Caplen et al. 2001; Elbashir et al. 2001; Filipowicz
2005). The production of siRNA by Dicer requires the occurrence of two cleavage
events, one cut on each RNA strand, creating a 2-nt 3" overhang at each end of the
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siRNA, which is essential for downstream gene silencing (Ohmichi et al. 2002).
Therefore, how each cleavage is carried out, how the 2-nt 3’ overhang is created,
and how the length of siRNA is determined are three fundamental questions for the
catalytic mechanism of Dicer.

The RNase III family, ranging in length from approx. 200 to approx. 2,000
amino acid residues, can be divided into four classes with increasing molecular
weight and complexity of the polypeptide chain, exemplified by bacterial RNase 111,
Saccharomyces cerevisiae Ratlp, Drosophila melanogaster Drosha, and Homo
sapiens Dicer (Hs-Dicer), respectively (Blaszczyk et al. 2004). The bacterial
RNase III proteins are composed of an endonuclease domain (endoND) followed
by a dsRNA-binding domain (dsRBD). In addition to an endoND and a dsRBD,
Rntlp has an N-terminal domain of approx. 200 amino acid residues (Lamontagne
et al. 2001). Drosha has a large N-terminal extension of approx. 900 amino acid
residues followed by two endoNDs and one dsRBD (Filippov et al. 2000). Finally,
Dicer has two endoNDs, one dsRBD, and an even larger N-terminal extension of
approx. 1,500 amino acid residues that includes an RNA helicase domain and a
Piwi Argonaute Zwille (PAZ) domain (Bernstein et al. 2001). Figure 1A depicts the
domainstructuresof fourRNase Il proteins,including Hs-Dicer, Schizosaccharomyces
pombe Dicer (Sp-Dicer), Giardia intestinalis Dicer (Gi-Dicer), and Aquifex
aeolicus RNase I1I (Aa-RNase III). The sequence of each endoND is characterized
by a stretch of eight conserved residues, which is known as the RNase III signature

A helicase platform PAZ connector endoND1 bridging endoND2 dsRBD
Hs-Dicer [1-593)-[630-766/-[B91-1042-l043-1092-1266-1560-1561-1655-1656-1814-839-1912

gp-Dicer [1-517-537-672---------- [@74-523)--[s24-1038--L039-1082]--1083-1233)-1375
@i-Dicer [=136]---[37-252)- -253-282)- -283-432)- - - -[433-608]- - -[509-754]
andoND
B Hs-Dicer Signature Motif
endoND1 1303 ERLEMLGD 1551 DCVE
endoND2 1692 QRLEFLGD 1800 DIFE
Gi-Dicer
endoND1 333 QRLELLGD 404 DMYE
endoND2 646 QKLELLGD 720 DTFE

Aa-RNase III
endoND 37 ETLEFLGD 107 DVFE

Fig. 1 A, B RNase III proteins and catalytic residues. A Domain structure of RNase III proteins:
Hs-Dicer (SWISS-PROT Q9UPY?3), Sp-Dicer (SWISS-PROT Q09884), Gi-Dicer (SWISS-PROT
Q7R2M2), and Aa-RNase III (SWISS-PROT 067082). The domain boundaries (indicated with
boxed ranges of amino acid sequence) for Gi-Dicer and Aa-RNase III are derived from crystal
structures (PDB entries 2FFL and 2EZ6, Table 1) while those for Hs- and Sp-Dicer are on the
basis of sequence analysis. The size of gaps between domains is not proportional to the length of
amino acid sequences. B RNase III signature motif in the endoND and the catalytic residues (in
red) of Hs-Dicer, Gi-Dicer, and Aa-RNase III. Indicated in green is the ball residue of the ball-
and-socket junction



102 X.Ji

motif (Fig. 1B). Bacterial RNase III (and Rntlp) contains one endoND and func-
tions as a homodimer (Robertson et al. 1968; Gan et al. 2006), whereas Dicer (and

Drosha) contains two endoNDs and functions as a monomer (Zhang et al. 2004;
MacRae et al. 2006).

2 Domain Structure and Function of RNase III Proteins

To date, 16 three-dimensional structures of RNase III in various liganded forms
have been reported (Table 1). Although the Escherichia coli enzyme is the most
extensively studied member of the RNase III family, structural information for
RNase III has thus far been restricted to enzymes from other organisms, especially
A. aeolicus. Accordingly, in the following sections, the amino acid residue numbers
of Aa-RNase III will be used unless otherwise stated. The structures that are most

Table1l Three-dimensional structures of RNaseIII proteins

Source Protein Mutation Ligands As PDB? accession code

G. intestinalis ~ Dicer Mn? 3.30 2FFL (MacRae et al. 2006)

S. cerevisiae dsRBD RNA hairpin® NMR 1T4L (Wu et al. 2004)
dsRBD NMR 1T4N (Leulliot et al. 2004)
dsRBD 2.50  1T40 (Leulliot et al. 2004)

E. coli dsRBD NMR N/A¢ (Kharrat et al. 1995)

T. maritima RNase III 2.00 100We

M. tuberculosis  endoND Ca* 2.10  2All (Akey and Berger 2005)

A. aeolicus endoND 2.15  114S (Blaszczyk et al. 2001)
endoND Mn?* 2.15  1JFZ (Blaszczyk et al. 2001)
endoND Mg 2.30 IRC5 (Blaszczyk et al. 2004)
RNase III  E110K dsRNAf 2.15 1RC7 (Blaszczyk et al. 2004)
RNase 111 dsRNA: 2.50  1YYK (Gan et al. 2005)
RNase Il E110K dsRNAs 290 1YYO (Gan et al. 2005)
RNase 111 dsRNA® 2.80  1YYW (Gan et al. 2005)
RNase III  E110Q dsRNA! 2.10  1YY9 (Gan et al. 2005)

RNase III  D44N Mg*, dsRNAJ  2.05  2EZ6 (Gan et al. 2006)

For crystal structures only

Protein Data Bank (Berman et al. 2000)

“The 5 terminal RNA hairpin of Snr47 precursor

dCoordinates are not available

*Primary reference is not available

{dsRNA formed by self-complimentary sequence 5’-GGCGCGCGCC-3’
¢dsRNA formed by self-complementary sequence 5’-CGCGAAUUCGCG-3’
"dsRNA formed by self-complementary sequence 5’-AAAUAUAUAUUU-3’
idsRNA formed by self-complementary sequence 5’-CGAACUUCGCG-3’
JA dsRNA-like hairpin, product of a dsSRNA cleavage reaction, of the sequence
5’-AAAGGUCAUUCGCAAGAGUGGCCUUUAU-3’
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informative within the scope of this study include the 3.3-A structure of Gi-Dicer
in complex with Mn2* (PDB entry 2FFL, Table 1) and the 2.05-A structure of
Aa-RNase III in complex with dsRNA and Mg* (PDB entry 2EZ6, Table 1). In
addition, the 2.6-A structure of the PAZ domain of human Agol (Hs-Agol)
in complex with a siRNA-like duplex (PDB entry 1SI3) suggests possible interactions
between the PAZ domain and RNA in Dicer (Ma et al. 2004). The three structures,
Gi-Dicer+Mn?** (2FFL), Aa-RNase III-dsRNA - Mg** (2EZ6), and Hs-Agol-
PAZ-dsRNA (1SI3), are depicted in Fig. 2.

A
bridging

Fig.2 A-C Schematic view showing the crystal structures of A Gi-Dicer*Mn** (PDB entry
2FFL, Table 1), B Aa-RNase III*dsRNA « Mg?* (2EZ6, Table 1), and C Hs-Agol-PAZ+dsRNA
(1S13). Proteins are illustrated as surface representations and ribbon diagrams (helices as spirals,
B-strands as arrows, and loops as pipes), RNA as rod (backbone) and sticks (bases), and metal
ions as spheres. The proteins are color-coded on the basis of their domain structures (Fig. 1A):
platform in black, PAZ in green, connector in red, endoND in cyan or yellow, spacer in pink, and
dsRBD in gray. The Mn* ions are gray and Mg?* are black. The dsRNA strands are in red and
blue, and the stem-loop in gray. The orientations of the three structures are consistent on the basis
of Ca-trace alignment between corresponding domains
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2.1 The Helicase Domain: Unclear Function

RNA helicases dissociate RNA duplexes in an ATP-dependent manner (Cordin
et al. 2006). However, the in vitro dsRNA processing activity is not ATP-
dependent for Hs-Dicer (Provost et al. 2002; Zhang et al. 2002), whereas it is
ATP-dependent for Drosophila melanogaster Dicer-2 (Nykanen et al. 2001; Liu
et al. 2003; Lee et al. 2004). The reason for this discrepancy on the ATP depend-
ence of Dicer function is not clear (Meister and Tuschl 2004). Gi-Dicer does not
have an N-terminal helicase domain (Fig. 1A) but is fully functional both in
vitro and in vivo (MacRae et al. 2006), indicating that the helicase domain is
dispensable for the function of Dicer.

2.2 The PAZ Domain: Indispensable for Dicer Function

The PAZ domain is highly conserved exclusively in Dicer and Ago proteins
(Cerutti et al. 2000; Carmell et al. 2002). The three-dimensional structure of Ago-
PAZ has been elucidated as a stand-alone domain structure (Lingel et al. 2003;
Yan et al. 2003; Lingel et al. 2004; Ma et al. 2004), as a maltose-binding protein
fusion (Song et al. 2003), and embedded in Ago2 (Song et al. 2004; Rivas et al.
2005; Yuan et al. 2005). Among these structures, the crystal structure of Hs-Agol1-
PAZ+dsRNA, in which the 9-nt RNA forms an siRNA mimic with a 7-basepair
A-form duplex and a 2-nt 3’ overhang at each end, suggests that the PAZ serves as
an siRNA-end-binding module for siRNA transfer in the RNAi pathway and as an
anchoring site for the 3" end of guide RNA within the RISC (PDB entry 1SI3; Ma
et al. 2004).

The superposition of Hs-Ago1-PAZedsRNA (1SI3) and the PAZ domain in Gi-
Dicer * Mn** (PDB entry 2FFL, Table 1) indicates that the anchoring site for the 2-nt
3" overhang of the PAZ in Gi-Dicer is located on the same side of the molecule with
the RNase III catalytic valley (Fig.2), suggesting that the Dicer-PAZ is also
responsible for recognizing the 2-nt 3” overhang of substrate and that the size of the
siRNA product is linked to this recognition (Cook and Conti 2006; MacRae et al.
2006). Being involved in substrate recognition and functioning as a determinant for
product size, the PAZ domain appears to be indispensable for Dicer function.
Indeed, the purified C-terminal fragment of Hs-Dicer, encompassing the endoND1,
endoND2, and dsRBD, did not show cleavage activity (Zhang et al. 2004).
However, a PAZ domain has not been recognized in the sequence of Sp-Dicer
(Fig. 1A). It remains to be seen whether the PAZ function in Sp-Dicer is fulfilled
by a different structural motif or a PAZ-like domain is formed from a different
amino acid sequence.

A seven-turn helix connects the PAZ domain and the endoND dimer. This heli-
cal connector is supported and perhaps also stabilized by the surrounding secondary
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structural elements formed by the platform domain (Fig. 1A and 2A). In addition
to its structural role, this neck-like structure may also provide some flexibility to
the Dicer molecule (Fig. 2). On the basis of sequence homology, it has been pre-
dicted that the structure formed by the helical connector and the platform domain
should also exist in other Dicer proteins (MacRae et al. 2006).

2.3 The EndoND Dimer: Essential for RNase III Function

The endoND is strictly conserved in all RNase III proteins. All reported structures
show that two endoNDs form a tight dimer. Aa-RNase III contains one endoND
(Fig. 1A); the endoNDs from two molecules form a tight dimer (PDB entries 114S
to 2EZ6, Table 1). It is also the case for the RNase III proteins from Thermotoga
maritime and Mycobacterium tuberculosis (PDB entries 100 W and 2Al1,
Table 1). Gi-Dicer has two endoNDs (Fig. 1A); the two endoNDs dimerize
intramolecularly (PDB entry 2FFL, Table 1). The endoND dimer of Aa-RNase III
and that of Gi-Dicer superimpose well with a root-mean-square deviation (RMSD)
of 2.2 A for 234 pairs of Cot positions (Fig. 3A). Among the superimposed second-
ary structural elements, two o-helices display the smallest RMSDs, leading to vir-
tually identical positioning of functionally important residues 40, 41, 44, 107, and
110 (Fig. 3A).

A bridging sequence in Gi-Dicer (Fig. 1A) forms a domain structure, which is
packed against the endoND dimer (Fig. 2A). In the bridging domain among Dicer
sequences, a stretch of conserved amino acid sequence (approx. 20 residues) has
been identified and speculated as part of the Ago-binding site of Dicer (MacRae
et al. 2006).

2.3.1 Subunit Interface

The subunit interface in the endoND dimer is a hydrophobic surface. A “ball-and-
socket” junction is formed between the two subunits at each end of the interface.
The ball from one endoND is the side-chain of residue 41. In the middle of the signa-
ture motif, it is a Phe in Aa-RNase III, but a Leu in Gi-Dicer (Fig. 1B). The socket
is a cavity on the partner endoND (Fig. 3B and 3C). To assess the importance of the
ball-and-socket junction, the ball residue in E. coli RNase III (Ec-RNase III) was
mutated and tested for RNase III activity (Blaszczyk et al. 2001). The Gly, Asp, and
Arg substitutions gave rise to a defective enzyme, whereas the Met and Trp mutants
were functional (Table 2). It appears that the hydrophobic side-chains of the latter
mutants can still function as the ball of the junction, but this interaction is precluded
by the charged side-chains (Asp and Arg) or in the absence of any side-chain in this
position (Gly). Interestingly, in the first signature motif of Hs-Dicer, a Met is
located in the position of the ball residue (Fig. 1B).



106 X.Ji

Aa-RNase Il

Fig. 3 A-CThe endoND dimer of RNase III proteins. A Stereoview showing the Ca-trace super-
position of the endoND dimer in Aa-RNase III(D44N)*dsRNA*Mg?* (in orange, PDB entry 2EZ6,
Table 1) and that in Gi-DicersMn?* (in cyan, 2FFL, Table 1). The side-chains of residues 40, 41,
44,107, and 110 in each endoND are shown as stick models, in orange for Aa-RNase III and in
atomic color scheme for Gi-Dicer (carbon in cyan, nitrogen in blue, and oxygen in red). B The
ball-and-socket junction in the endoND dimer of Aa-RNase III (2EZ6). C The ball-and-socket
junction in the endoND dimer of Gi-Dicer (2FFL). The stick model in green represents the side-
chain of the ball residue from one subunit while the surface in gray illustrates the socket on the
partner subunit

2.3.2 Catalytic Valley

The dimerization of endoND creates a large valley, 50 A long and 20 A wide,
which accommodates a dsRNA substrate and is therefore referred to as the “cata-
lytic valley” (Fig. 2A and B). The two ball-and-socket junctions appear to be
responsible for accurately positioning the two signature motifs in the catalytic val-
ley and the protein fold locates residues E107 and E110, which are distant in the
polypeptide chain, in proximity to the signature motif, giving rise to two catalytic
sites in the catalytic valley (Fig. 3A).
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Table2 Catalytic site mutations of E. coli RNaselIll and Hs-Dicer and their activities
In vitro dsRNA
Residue* Protein Mutation Binding  Processing In vivo activity Reference(s)

E40 Ec-RNase III A -/+° Sun et al. 2004
F41 Ec-RNase III G - Blaszczyk et al.
2001
D - Blaszczyk et al.
2001
R - Blaszczyk et al.
2001
+ Blaszczyk et al.
2001
Blaszczyk et al.
2001
D44 Ec-RNase III A - Blaszczyk et al.
2001
- Zhang et al. 2004
+ -ed Sun et al. 2004
-ed Sun et al. 2004
+ -ed Sun et al. 2004
- Zhang et al. 2004
-/+° Sun et al. 2004
+ - Inada et al.
1989; Li and
Nicholson
1996;
Dasgupta et al.
1998
Q + - Sun and Nicholson
2001
D + -ed Sun and Nicholson
2001
A + - Li and Nicholson
1996
A - Zhang et al. 2004
Hs-Dicer A - Zhang et al. 2004

*The amino acid numbering system of Aa-RNase III is used

5[Mg*]-dependent, exhibiting 108% and 52% (D107A), 36% and 5% (E40A) wildtype level
cleavage activities in 10 and 1 mM Mg?*, respectively

‘Low level of cleavage activity is observed at extended reaction times and high enzyme
concentrations

dPartial cleavage activity (~5,000-fold lower for the D44 mutants; ~2,700-fold lower for
E110D) can be rescued by Mn**

£ £
+

+

Hs-Dicer
D107 Ec-RNase 111
E110 Ec-RNase III

AP zZzoy

2.3.3 Catalytic Site

The RNase Ill-catalyzed dsRNA cleavage is Mg?*-dependent and probably proceeds
in a single step via an S 2 (bimolecular nucleophilic substitution)-type mechanism
(Robertson et al. 1968; Dunn 1982; Li and Nicholson 1996; Sun and Nicholson 2001;
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Campbell et al. 2002). Near each end of the catalytic valley is located a metal ion-
coordinated cluster of four acidic side-chains, E40, D44, D107, and E110 (Fig. 3A).
The four side-chains are conserved, among which E40 and D44 is also part of the
signature motif (Fig. 1B). The recent structure of Aa-RNase III in complex with product
of dsRNA cleavage (PDB entry 2EZ6, Table 1) reveals that this metal-coordinated
cluster of acidic side-chains is the center of catalytic site (Gan et al. 2006).

Each catalytic site is composed of amino acid residues E40, D44, D107, and
E110, nucleotide residues R—1, R 0, and R+1, and Mg? ion and water molecules
(Fig. 4). Among the four acidic side-chains, the significance of E40 and D107 in
catalysis is Mg?*-concentration dependent, and therefore, redundant roles in metal
binding have been proposed for these two side-chains (Table 2). In contrast, side-
chains D44 and E110 are essential for catalysis because there is a stringent functional
requirement for both the charge and size of these two side-chains (Table 2), which,
together with their relationship with other components of the catalytic site, suggests
the involvement of a second metal ion in the mechanism of RNase III. The crystal

R-1 RO i N 0 R+1

Fig. 4 Stereoview showing the catalytic site observed in Aa-RNase IIT*dsRNA ¢ Mg?* (in orange,
PDB entry 2EZ6, Table 1) superimposed with that in Gi-Dicer*Mn** (in cyan, 2FFL, Table I).
Residues are shown as ball-and-stick models in atomic color scheme (carbon in black, nitrogen in
blue, oxygen in red, phosphorous in purple, magnesium in orange, and manganese in cyan). Metal
coordination bonds are indicated with solid lines, while hydrogen bonds with dashed lines. Metal
sites A and B are indicated with capital letters in red
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structure of Gi-Dicer«Mn** (PDB entry 2FFL, Table 1) suggests a position for a
second metal ion (Fig. 4).

2.3.4 Metal Ions

RNase III enzymes belong to a superfamily of polynucleotidyl transferases that
include RNases (MacRae et al. 2006), DNases, and transposases. Two-metal-ion
catalysis was established for both Tn5 transposase (Davies et al. 2000; Steiniger-
White et al. 2004) and RNase H (Nowotny et al. 2005; Nowotny and Yang 2006),
and was predicted for RNase III on the basis of biochemical data (Sun et al. 2005)
and related structural information (Gan et al. 2006; Yang et al. 2006).

To date, five crystal structures of RNase III proteins in complex with metal ions
have beenreported, including Aa-endoND « Mn?* (PDB entry 1JFZ), Aa-endoND - Mg
(IRC5), Aa-RNase III(D44N) - dsRNA - Mg?* (2EZ6), Gi-Dicer+Mn** (2FFL), and
Mt-endoND-Ca? (2A11, Table 1). In all three structures of A. aeolicus protein
(1JFZ, 1RCS5, 2EZ6), only one metal ion (either Mn?** or Mg?*) was observed per
endoND in the same position (named as metal site A, Fig. 4). In the Gi-Dicer«Mn*
structure (2FFL), two Mn?** ions were found close to the catalytic site in each
endoND. One Mn?** occupies metal site A, but the second Mn?** occupies different
positions in the two endoNDs. In one endoND, the second Mn?* is located between
the side-chains of D44 and E110 and near the scissile bond (named as metal site B,
Fig. 4); whereas in the other, the second Mn?* is located between the side-chains of
E40 and D107 and the phosphate bridge between R 0 and R+1 (named metal site
C, not shown). In the Mt-endoND « Ca?* structure (2A11), two Ca** ions were iden-
tified per endoND; one occupies metal site A and the other occupies metal site C
(not shown).

Metal A is a catalytic cation. In the Aa-RNase III(D44N)+dsRNA «Mg?* struc-
ture (2EZ6), it coordinates with three acidic side-chains (E40, D107, and E110) and
three water molecules (1, 2, and 3), assuming the geometry of an octahedron; also,
it interacts with the side-chain of D44 via a water molecule (Fig. 4). In addition to
interacting with the metal ion, E110 is also hydrogen bonded to water 2 that,
together with water 1, interacts with the 5" phosphate of RNA. Metal B is most
likely the second catalytic cation as suggested by its location in proximity to the
scissile bond and the D44 and E110 side-chains (Fig. 4).

The catalytic valley of RNase III is highly negatively charged (Blaszczyk et al.
2001); additional metal ions, including metal C, may be involved in the binding of
dsRNA.

2.3.5 Hallmarks of RNase III Reaction Products
The crystal structure of the RNase III-product complex (PDB entry 2EZ6, Table 1)

indicates that a single cleavage event occurs on each strand of the RNA within each
catalytic site, which creates terminal phosphate group at the 5" end of each strand
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(Fig. 4), and the two RNA cleavage events together create the 2-nt 3’ overhang
(Fig. 2B). The 3’-hydroxyl and 5’-phosphate groups and the 2-nt 3" overhang are
hallmarks of RNase III reaction products. It has been suggested that the 5’ phos-
phate groups of each strand are essential for the incorporation of siRNAs into the
RNAIi pathway (Schwarz et al. 2002). It has also been shown that short RNA
duplexes without the 2-nt 3" overhang do not initiate RNAi (Ohmichi et al. 2002).

The detailed mechanism for the hydrolysis of each scissile bond remains to be seen
when the structure of an RNase III-substrate complex becomes available. Most likely,
it resembles that of RNase H (Nowotny et al. 2005; Nowotny and Yang 2006).
Although RNase H is specific for a RNA/DNA hybrid while RNase III is specific for
dsRNA, the basic catalytic events by the two enzymes are the same, i.e., metal-depend-
ent and sequence-nonspecific hydrolysis of an RNA phosphodiester bond. A compari-
son between the catalytic sites in the two enzymes can be found in Gan et al. (2006).

2.4 The dsRBD: Dynamic yet Dispensable

Comparative analysis of seven crystal structures of bacterial RNase III with or
without bound dsRNA (PDB entries 1O0W, IRC7, 1YYK, 1YYO, 1YYW, 1YYO,
and 2EZ6, Table 1) demonstrates that the relative orientation between the endoND
and the dsRBD varies dramatically. Both the endoND and the dsRBD are relatively
rigid. Thus, the flexibility of a seven-residue linker between the two domains
(Fig. 1A) is responsible for major conformational changes within the molecule
(Gan et al. 2005, 2006). It was also shown that the length of the linker may vary;
extension of the linker from 9 to 20 amino acids in Ec-RNase III does not affect the
accuracy of scissile bond selection (Conrad et al. 2001).

In Hs-Dicer, the sequence between the endoND2 and dsRBD contains 24 amino
acid residues (Fig. 1A). Therefore, the flexibility of the linker appears to be guaran-
teed. In the catalytic complex of Hs-Dicer, the dSRBD may interact with endoND2
and RNA in a similar manner as observed for the Aa-RNase III complex (Fig. 2B).

Gi-Dicer does not have a dsRBD (Fig. 1A), but it is fully functional both in vitro
and in vivo (MacRae et al. 2006). A truncated form of Ec-RNase III without
dsRBD was shown to accurately cleave certain processing substrates in vitro (Sun
et al. 2001). The RNase III proteins in bacteria Mycoplasma genitalium and
Mycoplasma pneumoniae do not have dsRBD (Tian et al. 2004). Therefore, the
dsRBD is dispensable for the dsRNA-processing activity of RNase III proteins.

3 Minimal Functional Core of RNase III Proteins

Both the helicase domain and the dsRBD are dispensable for the enzymatic function
of RNase III proteins. Thus, the minimal functional core of bacterial RNase III is the
endoND dimer and that of Dicer is the platform-to-endoND2 fragment (Fig. 1).
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3.1 The EndoND Dimer of Bacterial RNase II11

Figure 5A depicts the minimal functional core of bacterial RNase III in com-
plex with a cleaved RNA and four Mg?* ions. The entire structure is taken from
Aa-RNase II1-dsRNA -Mg** (PDB entry 2EZ6, Table 1), except that the two
Mg? ions in gray are modeled on the basis of the Gi-Dicer-Mn*" structure
(PDB entry 2FFL).

In the crystal structure of Aa-RNase III-dsRNA «Mg? (PDB entry 2EZ6), four
RNA-binding motifs (RBMs 1-4) are identified, among which RBMs 1 and 2 are
located in the dSRBD and RBMs 3 and 4 in the endoND (Gan et al. 2006). The four
RBMs collectively recognize and bind a dsRNA substrate by forming seven hydro-
gen bonds with O2” hydroxyls and projecting two loops (RBMs 2 and 4) into the
minor groove. RBMs 1 and 2 play dominant roles in the initial recognition and
binding of dsRNA, whereas RBM 3 and 4 are dominant in substrate specificity and
scissile bond selection. Note that RBMs 1 and 2 do not discriminate against non-
substrate dSRNA. It is RBMs 3 and 4 that discriminate against nonsubstrate dsSRNA
(Gan et al. 20006).

Without dsRBD, RBMs 1 and 2 are missing, which certainly reduces the affinity
of the protein for dsRNA, but does not abolish its catalytic activity. Each RBM 3
interacts with one RNA strand and helps to define a scissile bond, while RBM 4
recognizes the minor groove of the RNA substrate (Fig. 5A). A typical product of
bacterial RNase III is a 9-basepair dsSRNA molecule with a 2-nt 3" overhang on each
end of the duplex, which fits perfectly the distance between the catalytic sites (as
indicated by the metal ions) and RBM 4 (Fig. 5A).

3.2 The Platform-to-EndoND2 Fragment of Dicer

Figure 5B illustrates the minimal functional core of Dicer in complex with a
cleaved RNA and four Mg** ions. The platform-to-endoND?2 fragment is from
the Gi-Dicer+Mn?* structure (PDB entry 2FFL, Table 1), the RNA and the two
Mg? ions in black are from the Aa-RNase IIl-dsRNA+Mg* structure (2EZ6)
with an extension of the RNA to include an siRNA molecule, and the two Mg*
ions in gray are modeled on the basis of the Gi-Dicer-Mn?** structure (2FFL).

This structure-based model of Dicer«dsRNA«Mg>* may represent a snapshot
before product release in the catalytic cycle of stem-loop dsRNA processing
(Fig. 5B). It is shown that a siRNA, containing a 20-bp A-form duplex with a 2-nt
3’ overhang on each end, fits the distance between the catalytic sites (as indicated
with the metal ions) and the 2-nt 3" overhang-anchoring site of the PAZ domain.
Flexibility of the protein, RNA, or both is required for substrate binding. The neck-
like structure of Dicer formed by the platform domain and the helical connector
may provide certain amount of flexibility (Fig. 5B).
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bridging

Fig. 5 A, B Stereoviews illustrating the minimal functional core of RNase III proteins. A The
endoND dimer of bacterial RNase III is shown with dsRNA and four Mg?* ions. The protein,
RNA, and two Mg?* ions are part of the Aa-RNase III-dsRNA -Mg?** structure (PDB entry 2EZ6,
Table 1). The two endoNDs are shown as molecular surfaces and colored in cyan and yellow,
respectively. RNA-binding motifs (RBMs) 3 and 4 are highlighted in blue in one endoND and in
purple in the other and are labeled for one set only. The RNA is shown as rod (backbone) and
sticks (bases) with the product molecule highlighted as red and blue strands. The two Mg** ions
from the Aa-RNase III-dsRNA-Mg?* structure (2EZ6) are shown as a black sphere, while the
other two, modeled according to the Gi-Dicer-Mn** structure (2FFL), are shown in gray. B The
platform-to-endoND?2 fragment of Dicer is shown with dsRNA and four Mg* ions. The protein is
the Gi-Dicer+Mn?* structure (2FFL). The RNA is part of the Aa-RNase III-dsRNA - Mg?* structure
(2EZ6) with an extension to include a typical siRNA that contains a 20-bp A-form dsRNA with
a 2-nt 3" overhang on each end of the duplex. The PAZ domain and the two endoNDs are shown as
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4 Conclusions

The dimerization of endoNDs, either intermolecularly (bacterial RNase III and
Rntlp) or intramolecularly (Drosha and Dicer), is essential for dSRNA-processing
activity of RNase III proteins. A catalytic valley formed upon dimerization accom-
modates a dsRNA substrate. Two catalytic sites are located in the catalytic valley.
The accurate arrangement of the two catalytic sites is achieved with the help of a
ball-and-socket junction at each end of the dimer interface. The center of each cata-
lytic site is the cluster of metal-coordinated side-chains E40, D44, D107, and E110.
The hydrolysis of each RNA strand involves both endoNDs. Residues from one
endoND (RBM 3 residues) are involved in the binding of the strand and the selec-
tion of the scissile bond, while those from the partner endoND (D44 and E110) are
involved in the cleavage chemistry. The cleavage of both strands of a dsSRNA sub-
strate creates the characteristic 2-nt 3" overhang with 3’-OH and 5’-phosphate ends.
The available structural and biochemical data suggest the requirement of a second
divalent cation in the hydrolysis of each RNA strand.

Both the helicase domain and the dsRBD are dispensable for the dsRNA-
processing activity of RNase III proteins. Therefore, the minimal functional core
of bacterial RNase III is the endoND dimer, whereas that of Dicer is the plat-
form-to-endoND?2 fragment. The function of helicase domain is not clear. When
the dsRBD is present, however, induced fit occurs during protein—-RNA recogni-
tion and substrate binding, which is facilitated by a flexible linker connecting
the dsRBD to the upstream endoND. In Dicer, a second event of induced fit may
be facilitated by a neck-like structure formed by the platform domain and the
connector between the PAZ domain and the endoND dimer. The PAZ domain
may be involved in the recognition of the 2-nt 3’ overhang of dsRNA substrate
and serve as a determinant for the length of the products of dsRNA processing
by Dicer.
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Fig. 5 (continued) molecular surfaces (in green, cyan, and yellow, respectively); the platform
domain, the connector, and the bridging domain are shown as ribbon diagrams (in black, red, and
pink, respectively). The 2-nt RNA segment in gray on the PAZ domain indicates the anchoring site
for the 2-nt 3" overhang as suggested by the best achievable alignment between the Co-traces of
the two PAZ domains (1SI3 and 2FFL). The Mg* ions, modeled according to the Aa-
RNase II1-dsRNA-Mg* (2EZ6) and Gi-Dicer (2FFL) structure, are shown in black and gray,
respectively
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Abstract MicroRNAs (miRNAs) are 21- to 24-nucleotide (nt) RNAs that are
the final products of nonprotein-coding genes. miRNAs are processed from sin-
gle-stranded precursors that form hairpin structures, with the miRNAs residing
in one arm of the stems. miRNAs were first isolated and recognized as regula-
tors of protein-coding genes through forward genetic screens in Caenorhabditis
elegans, but were not recognized as universal regulators of gene expression in
animals until three landmark studies in year 2001 demonstrated the widespread
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existence of miRNAs in animals. Soon after, studies from a few groups identified a
number of miRNAs from Arabidopsis, providing the first evidence for the exist-
ence of these regulatory molecules in plants. Since then, numerous miRNAs
from a number of land plants ranging from mosses to flowering plants were
identified, and functional studies in Arabidopsis established a framework of
understanding of miRNA biogenesis and function. This chapter summarizes
the current knowledge as well as gaps in our understanding of plant miRNA
biogenesis and function.

1 MicroRNA Discovery in Plants

The discovery of microRNAs (miRNAs) in plants is still an ongoing process. Although
much effort has been directed toward miRNA identification in Arabidopsis and
rice, many economically or evolutionarily important species have yet to be exam-
ined, and more miRNAs likely remain to be discovered even in the species that
have been extensively studied. One limiting factor in the miRNA discovery proc-
ess is the availability of a sequenced genome, without which a comprehensive
analysis of the potential precursor structures of cloned small RNAs is not possible.
During the initial cloning of small RNAs from Arabidopsis and rice, it became
clear that plants are extremely rich in endogenous small RNAs and that only a
small portion of cloned small RNAs corresponds to miRNAs (Llave et al. 2002a;
Mette et al. 2002). The majority of endogenous small RNA species represents
small interfering RNAs (siRNAs). The only difference between miRNAs and siR-
NAs lies in their biogenesis. While an miRNA and its miRNA* are the main, if not
only, sequences resulting from the processing of a single-stranded precursor that
forms hairpin structures, siRNAs are generated from long double-stranded RNAs
(dsRNAs) or single-stranded RNAs that form hairpin structures. In the cases
where siRNAs are derived from a single-stranded hairpin precursor, usually mul-
tiple species from the same precursor are produced. Therefore, it is crucial that
sequences that flank a cloned small RNA be available to allow the analysis of the
potential precursor structure. It is also important that enough small RNAs have
been found from a particular locus to distinguish an miRNA-generating locus from
an siRNA-generating locus.

In Arabidopsis, three major methods have been used for miRNA discovery: for-
ward genetics, direct cloning and sequencing, and bioinformatic prediction.
Although forward genetic studies have only resulted in the identification of a few
miRNAs, this method provides hints to the functions of these miRNAs in addition
to their isolation. For example, an early flowering mutant was isolated and the early
flowering phenotype was caused by the overexpression of miR172 (Aukerman and
Sakai 2003). Leaf wrinkling in a mutant was caused by the overexpression of miR-
Jaw (Palatnik et al. 2003). In a genetic screen for floral patterning mutants, a mutant
that produces extra petals in early flowers was isolated and the mutation was in one
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of the three members of the miR 164 family (Baker et al. 2005). This loss-of-function
mutant in one member of a small miRNA gene family demonstrates that the mem-
bers of the gene family are not completely functionally redundant. A mutant that
had extremely large and disorganized meristems was found to be due to the over-
expression of miR166g (Williams et al. 2005). While a loss-of-function mutation in
a MIR gene clearly indicates the function of this miRNA in the developmental proc-
ess, the gain-of-function mutants resulting from overexpression of the miRNAs do
not necessarily suggest a function of these miRNAs in the developmental processes
but do indicate that proper control of the miRNA levels is important for the devel-
opmental processes.

A second approach to miRNA discovery was bioinformatic prediction. While a
number of published studies employed several different algorithms to predict miR-
NAs, the features that the algorithms search for in the genomic sequences are based
on our current knowledge of plant miRNAs and are largely similar among the stud-
ies (Bonnet et al. 2004; Jones-Rhoades and Bartel 2004; Wang et al. 2004; Adai et
al. 2005). These features include the intergenic location of the MIR genes, the high
degree of sequence complementarity of miRNAs to their mRNA targets, the hairpin
structures of the precursors, and the conservation of some miRNAs between two
species (Arabidopsis and rice). Most algorithms begin by extracting intergenic
sequences, and then apply other filters such as conservation between rice and
Arabidopsis, or complementarity to target mRNAs to further refine the prediction.
Others start by extracting all sequence segments that have the potential to form
hairpin RNAs, and then apply other filters such as conservation between rice and
Arabidopsis or complementarity to mRNAs to further refine the search. One obvi-
ous drawback of the bioinformatic approach is that either the initial prediction
phase or the subsequent refinement phase relies on sequence conservation, which
makes it difficult to predict species-specific miRNAs.

A third, and perhaps the most effective, method for miRNA discovery was direct
cloning and sequencing. In particular, deep sequencing of cloned small RNA librar-
ies using massively parallel signature sequencing (MPSS) or pyrosequencing
allowed the identification of numerous small RNAs from Arabidopsis and provided
a picture of the genomic landscape of small RNAs (Lu et al. 2005, 2006; Axtell et
al. 2006; Henderson et al. 2006; Rajagopalan et al. 2006; Fahlgren et al. 2007,
Kasschau et al. 2007; Zhang et al. 2007). One added advantage of this approach is
that most small RNA species from a particular genomic loci are exhibited, which
helps discern whether the locus gives rise to an miRNA or multiple siRNAs. If
multiple small RNAs mapping to both strands of a locus are present, these small
RNAs are most likely siRNAs. Another advantage of deep sequencing is that the
antisense strands to the small RNAs (also known as miRNA* or siRNA*) that are
also released from the precursor during small RNA biogenesis are often detected,
although at much lower frequency compared to the sense strands. This also helps
identify the miRNAs from the small RNA populations since, by definition, the
miRNA and the miRNA* should map to the same strand and should be separated
by tens to hundreds of nucleotides.
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2 MicroRNA Genes in Plants: Organization,
Conservation, and Origin

As of June 2007, the miRBase (http://microrna.sanger.ac.uk/sequences/index.shtml)
version 9.2 contains a total of 959 MIR genes from 10 plant species including moss,
dicots, and monocots. Several features of plant MIR genes can be readily discerned
from the current sets of miRNAs. First, plant MIR genes often have paralogs such
that the 184 Arabidopsis miRNAs in miRBase version 9.2 represent approximately
100 families of related miRNAs. MIR gene families arose from the process of gene
duplication and diversification that also drives the evolution of protein-coding gene
families (Maher et al. 2006). Second, each species has an evolutionarily fluid set of
miRNASs. Some miRNA families, such as miR156, miR160, miR319, and miR390,
appear to be of ancient origin such that they are conserved from mosses to flower-
ing plants (Arazi et al. 2005; Axtell and Bartel 2005). Since the complete genome
of a nonflowering land plant is not currently available, it is not possible to deter-
mine how many miRNA families are conserved among land plants through homol-
ogy searches. Some miRNA families evolved after mosses and flowering plants
diverged but before the divergence of monocots and dicots. Intriguingly, a large set
of miRNA families is not shared among two of the three sequenced angiosperm
genomes (Arabidopsis, poplar, and rice), suggesting that these miRNAs are evolu-
tionarily “young” miRNAs. Among the known families of miRNAs in Arabidopsis,
4 are conserved down to mosses, 20 are shared between Arabidopsis and rice, while
22 are conserved between Arabidopsis and poplar. The remaining families are so
far unique to Arabidopsis, but as the genomes of species closely related to
Arabidopsis become available, some of these families may be found to be common
to these related species. Consistent with the notion that the nonconserved miRNAs
represent evolutionarily “young” miRNAs, these miRNAs are predominantly found
at single loci in the genome. Third, the great majority of plant miRNA genes are
located in intergenic regions, which is in contrast to animal miRNA genes that tend
to be localized in introns or exons of protein-coding genes (reviewed in Kim 2005).
Finally, unlike animal miRNA genes that are often found in clusters and that are
transcribed into a polycistronic RNA (reviewed in Kim 2005), plant miRNA genes
are usually not arranged in tandem in the genome or co-expressed. In the current
set of Arabidopsis miRNAs, only three pairs of MIR genes (MIR169i and MIR169j;
MIR169k and MIR169l; MIR169m and MIRI69n) are arranged such that the two
miRNAs are in the same orientation and are within 500 bp of each other. It is pos-
sible that each gene pair is co-transcribed.

The fact that Arabidopsis has many MIR gene families that are not found in
poplar or rice suggests that MIR genes continue to be generated during the evolu-
tion of land plants. Some of these “young” Arabidopsis miRNAs (such as miR161,
miR163, miR826, miR841, miR842, and miR846) revealed one potential mecha-
nism by which miRNA genes originate in evolution (Allen et al. 2004; Rajagopalan
et al. 2006; Fahlgren et al. 2007). The precursors to these miRNAs show extensive
sequence similarity to their target genes, which led to the model that de novo
generation of miRNA genes results from an inverted duplication event of the target
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genes. Transcription through the inverted repeats, which are likely to diverge in
sequence after the initial duplication event, would result in an RNA with an imper-
fect hairpin structure reminiscent of miRNA precursors.

Plants and animals were thought to have evolved miRNAs independently since
they do not share common miRNAs. However, a recent study identified an
Arabidopsis miRNA, miR854, that has potential homologs in four examined animal
(including human) genomes, and these homologs only differ from miR854 by one
nucleotide (Arteaga-Vazquez et al. 2006). Human and mice miR854 were detecta-
ble by RNA filter hybridization. Arabidopsis miR854 has multiple binding sites in
the 3" untranslated region (UTR) of the UBPI gene that encodes an hnRNP protein
and causes translation inhibition of UBPI expression. The animal miR854 is also
complementary to a site in the 3 UTR of the UBPI homologs. If the animal
miR854 is to be confirmed as a regulator of its predicted target in animals in the
future, miR854 and its target gene will be the first example of a conserved miRNA/
target pair between plant and animal kingdoms.

3 MicroRNA Biogenesis in Arabidopsis

3.1 Transcription

All Arabidopsis miRNAs analyzed so far have their own transcriptional units such
that each MIR gene is transcribed into a primary precursor known as pri-miRNA.
This was first suggested by the intergenic location of MIR genes and later con-
firmed by the presence of expressed sequence tags (ESTs) corresponding to
miRNA precursor transcripts. The first indications that plant MIR genes are tran-
scribed by RNA polymerase II were that pri-miRNAs can be found to correspond
to ESTs representing polyadenylated transcripts and that some pri-miRNAs that
have been characterized contain introns. The most conclusive study showed that 5
capped transcripts were detected for 52 of the 99 tested MIR genes (Xie et al.
2005a). The great majority of the pri-miRNAs begin with an adenosine, which is
located within 40 nt downstream of a conserved TATA box-like sequence. A bio-
informatic analysis of 800-nt regions upstream of the mapped transcription start
sites in these genes identified binding motifs for a number of known transcription
factors (Megraw et al. 2000).

3.2 Dicer Processing

Plant miRNAs, like their animal counterparts, are released from pri-miRNAs
through at least two sequential processing steps by RNase III enzymes. In animals,
pri-miRNAs are first processed by an RNase III enzyme Drosha to the hairpin
RNAs, known as pre-miRNAs, the immediate precursors to miRNAs (reviewed in
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Kim 2005). This processing step occurs in the nucleus and is assisted by the
dsRNA-binding protein DGCRS. The pre-miRNAs are then exported to the cyto-
plasm by exportin 5 and the pre-miRNAs are further processed by another RNase I11
enzyme, Dicer, to a duplex of the miRNAs and the antisense strands (miRNA¥*s).
Plants do not have Drosha homologs, and the two sequential processing steps are
both carried out by Dicer-like 1 (DCL1), a Dicer homolog.

The requirement for DCL1 in miRNA processing was revealed by the fact that
partial loss-of-function mutants in DCL/ have greatly reduced accumulation of
miRNAs and consequently exhibit pleiotropic developmental defects (Ray et al.
1996; Jacobsen et al. 1999; Park et al. 2002; Reinhardt et al. 2002). Null mutations
in DCLI lead to embryonic lethality (Schwartz et al. 1994; McElver et al. 2001).
Immunoprecipitated DCL1 from Arabidopsis was shown to be able to produce
21-nt small RNAs from long dsRNAs (Qi et al. 2005). This study, however, did not
test whether DCL1 can release miRNAs from a pri- or pre-miRNA. That DCL1
converts pri-miRNAs to pre-miRNAs is inferred from the fact that pre-miRNAs
are reduced in abundance while pri-miRNAs accumulate to higher levels in dcll
mutants (Kurihara and Watanabe 2004; Kurihara et al. 2006). The processing of
pri-miRNAs to pre-miRNAs by DCL1 also requires two other proteins, HYPONASTIC
LEAVES1 (HYL1) and SERRATE (SE). HYL1 belongs to a family of dsRNA-
binding proteins in Arabidopsis (Lu and Fedoroff 2000; Hiraguri et al. 2005). Loss-
of-function mutations in HYLI result in reduced accumulation of many miRNAs
and elevated expression of miRNA target genes (Han et al. 2004; Vazquez et al.
2004a). The increased accumulation of pri-miRNAs and decreased levels of
pre-miRNAs in hyll mutants suggests that HYL1 is required for the processing
of pri-miRNAs to pre-miRNAs (Kurihara et al. 2006). In fact, HYL1 has been
found to interact with DCL1 in vitro and in a transient expression assay in Nicotiana
benthamiana (Hiraguri et al. 2005; Kurihara et al. 2006). SE encodes a C2H2 zinc
finger protein that was initially found to specify leaf polarity through promoting the
accumulation of miR165/166 (Grigg et al. 2005). Later, it was demonstrated that
SE plays a general role in the biogenesis of many miRNAs (Lobbes et al. 2006;
Yang et al. 2006a). Since se mutants lead to increased accumulation of pri-
miRNAs, SE likely acts in the processing of pri-miRNAs to pre-miRNAs (Lobbes
et al. 2006; Yang et al. 2006a). This is consistent with the finding that SE interacts
with HYL1 (Lobbes et al. 2006; Yang et al. 2006a). Although there is so far no
direct genetic or biochemical evidence that DCL1 also processes pre-miRNAs, the
fact that mutations in other Arabidopsis Dicer homologs (DCL2, DCL3, and DCL4)
do not affect the accumulation of the great majority of miRNAs (Xie et al. 2004;
Gasciolli et al. 2005; Xie et al. 2005b; Yoshikawa et al. 2005) suggests that this is
most likely the case. Recently, a study showed that HYL1 immunoprecipitate from
Arabidopsis was able to process pre-miRNAs in vitro (Wu et al. 2007). RNAi-
mediated knockdown of DCLI in rice led to reduced accumulation of miRNAs and
pleiotropic developmental phenotypes, suggesting that the function of DCL1 in
miRNA biogenesis is conserved between monocots and dicots (Liu et al. 2005).

While DCL2, DCL3, and DCL4 are mainly responsible for processing long dsRNAs
into siRNAs, a recent study showed that DCL4 also plays a minor role in the biogenesis
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of a small number of miRNAs in Arabidopsis. In particular, two “young” miRNAs,
miR822 and miR839, still accumulate in dcll mutants but fail to accumulate in dcl4
mutants (Rajagopalan et al. 2006). Interestingly, the precursors of these two miRNAs
are hairpins of relatively long double-stranded regions. The extensive double-stranded-
ness of the precursors perhaps reflects a short evolutionary course after the initial dupli-
cation events that gave rise to the miRNA genes. miR822 was previously annotated as
an siRNA due to its independence on DCL1 for biogenesis (Allen et al. 2004). However,
deep sequencing revealed that this miRNA comes from a single-stranded hairpin RNA
rather than a long dsRNA. In addition, the accumulation of this miRNA does not
depend on RDR2 or RDR6, which are responsible for generating long dsRNAs in the
biogenesis of siRNAs (Boutet et al. 2003; Vazquez et al. 2004b; Xie et al. 2004; Borsani
et al. 2005; Yoshikawa et al. 2005; Katiyar-Agarwal et al. 2006). We may hypothesize
that during the evolution of MIR genes, the inverted duplication of a locus initially gives
rise to a hairpin RNA with perfect or near perfect double-strandedness and this hairpin
is initially recognized by DCL4 (or may be DCL3 or DCL2). As the inverted repeat
sequences diverge and the hairpin accumulates more and more bulges and mismatches,
DCLA fails to recognize the RNA and DCL1 gains access to the RNA.

It should also be noted that DCL1 is not limited to the production of miRNAs.
DCLLI is required for the biogenesis of one class of siRNAs known as nat-siRNAs
(Borsani et al. 2005; Katiyar-Agarwal et al. 2006), although the biochemical mech-
anism of DCL1 in this process is unknown.

3.3 Methylation

3.3.1 HENI1 Is a MicroRNA Methyltransferase

The biogenesis of plant miRNAs differs from that of animal miRNAs in that methyla-
tion of miRNAs occurs after Dicer processing. We discovered this additional step in
plant miRNA biogenesis from our studies on a gene named HENI, which was first
isolated as a gene important in flower development (Chen et al. 2002). The fact that
henl mutants share similar developmental defects with partial loss-of-function dcll
mutants prompted us to test whether HEN1 is a general miRNA biogenesis factor.
Indeed, we found that most miRNAs are reduced in abundance in henl mutants,
which confirmed a general role of HEN1 in miRNA biogenesis (Park et al. 2002). The
clue that HEN1 may be a methyltransferase came from position-iterated basic local
alignment search tool (PSI-BLAST) searches that showed that the C-terminal domain
(~200 amino acid) of HEN1 resembles methyltransferases. In particular, a highly
conserved S-adenosyl methionine (SAM)-binding site is found in this region of
HENI. The known henl mutant alleles that carry point mutations, such as henli-1,
henl-2, and henl-4, all contain mutations in the methyltransferase region (Chen et al.
2002; Bonnet et al. 2004). Knowing that HEN1 serves as a general factor in miRNA
biogenesis and that HEN1 has a potential methyltransferase domain, we postulated
that HEN1 is an miRNA methyltransferase.
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We tested our hypothesis by purifying glutathione S-transferase (GST)-HEN1
protein from E. coli and carrying out methyltransferase assays using various mole-
cules in miRNA biogenesis as substrates. The substrates tested included pre-miR-
NAs, miRNAs, miRNA*s, and miRNA/miRNA* duplexes. The assay was set up
such that the substrates were each incubated with GST-HEN1 or GST alone, C'*-
SAM as the methyl donor, and buffer. After the reactions, the RNAs were extracted
and analyzed by gel electrophoresis followed by autoradiography. We found that
among the various intermediates in miRNA biogenesis tested as substrates, only
miRNA/miRNA* duplexes were methylated by GST-HEN1 (Yu et al. 2005). A
number of different miRNA/miRNA* duplexes were substrates of HEN1, indicat-
ing that HEN1 is a general, sequence-independent miRNA methyltransferase.

3.3.2 HENI1 Deposits a Methyl Group on the 2” OH of the 3’ Terminal
Nucleotide

We determined the features that HEN1 recognizes in its substrates. We found that
HENI has a strict requirement for the 2 nt 3" overhang in the miRNA/miRNA*
duplex, a characteristic of Dicer products. Although blunt ends can be methylated
at greatly reduced efficiency, miRNA/miRNA* duplexes with 1 nt, 3 nt, 4 nt, or 5 nt
overhangs fail to be methylated (Yang et al. 2006b). We tested whether other fea-
tures of Dicer products, such as 5° P and 3" OH, are recognized by HEN1. We found
that the 3" OH but not the 5" P is a necessary feature of the HEN1 substrates (Yu et
al. 2005). The 2’ OH of the 3’ terminal nucleotide is also necessary for HEN1-medi-
ated methylation (Yu et al. 2005). Another feature of Dicer products is the specific
size; Arabidopsis DCL proteins generate 21-24 nt small RNAs (Gasciolli et al.
2005; Xie et al. 2005b). We found that HEN1 is able to “measure” the size of the
miRNA/miRNA* duplexes. While duplexes ranging from 19 nt to 27 nt in size can
be methylated in vitro by HEN1, 21- to 24-nt duplexes are methylated with the best
efficiency (Yang et al. 2006b). The strict requirement for the 2-nt overhang and the
3’ OH, and the preference for 21- to 24-nt duplexes, probably ensure that only Dicer
products are methylated in vivo. miRNA/miRNA* duplexes often contain mis-
matches or bulges whereas siRNA/siRNA* duplexes do not. We found that HEN1
can methylate both miRNA/miRNA* and siRNA/siRNA* duplexes in vitro.

We determined where the methyl group(s) is deposited onto the miRNA after the
in vitro reaction. The requirement for both the 2" and 3" OH on the ribose of the 3’
terminal nucleotide for methylation prompted us to test whether the methyl group(s)
is deposited on one of the OH groups on the 3’ terminal nucleotide. We first tested
whether the OH groups are blocked after the HEN1-mediated reaction. The status
of the OH groups can be assayed with chemical reactions (periodate treatment fol-
lowed by B elimination) that require the presence of both OH groups on the ribose
of the 3’ terminal nucleotide. These chemical reactions lead to the elimination of
the 3’ terminal nucleotide to result in an RNA that is shorter (by 1 nt) and contains
a 3’ P (Alefelder et al. 1998). The resulting RNA can be distinguished from the
original RNA by high-resolution gel electrophoresis. We assayed the miRNAs after
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the HEN-mediated in vitro reaction and found that the miRNAs are resistant to
periodate/B elimination reactions, indicating that the methyl group(s) is on one of
the OH groups on the 3’ terminal nucleotide (Yu et al. 2005). To determine whether
methylation occurs on the 2° OH, 3’ OH, or both, we established conditions that
allowed us to separate 2’-O-methyl cytidine and 3’-O-methyl cytidine by HPLC.
Analysis of the nucleosides from miRNAs methylated by HENI1 in vitro demon-
strated that HEN1 deposits a methyl group exclusively onto the 2” OH of the 3’ ter-
minal nucleotide (Yang et al. 2006b).

3.3.3 Plant MicroRNAs and siRNAs Carry a Methyl Group

The fact that miRNAs are reduced in abundance in hen/ mutants and that HEN1
possesses miRNA methyltransferase activity in vitro suggests that plant miRNAs
carry a methyl group in vivo. This is indeed true. We first demonstrated that plant
miRNAs from the wildtype but not the henl-1 genotype are resistant to periodate/B
elimination reactions, suggesting that at least one of the OH groups on the 3’ termi-
nal nucleotides of plant miRNAs is blocked through a process requiring HEN1 (Yu
et al. 2005). Next we isolated miR173 from Arabidopsis through affinity purifica-
tion and measured the mass of this miRNA. The molecular mass of this miRNA
from Arabidopsis is 14 Da larger than that of an in vitro synthesized unmodified
miR 173, consistent with the presence of a methyl group in miR173 from plants (Yu
et al. 2005).

We also examined all types of currently known siRNAs except nat-siRNAs with
the periodate/p elimination assay. siRNAs from sense transgenes and inverted-
repeat transgenes, trans-acting siRNAs, and heterochromatic siRNAs were all resist-
ant to the chemical reactions in a HEN1-dependent manner, suggesting that all
siRNAs are methylated in vivo by HEN1 (Li et al. 2005). An independent study
also demonstrated the methylation of siRNAs (Ebhardt et al. 2005). Interestingly,
not all siRNAs require HEN1 for accumulation despite the fact that they are all
methylated by HEN1 (Boutet et al. 2003; Xie et al. 2004).

3.3.4 Lack of Methylation Results in Uridylation and Degradation
of MicroRNAs

We uncovered a novel uridylation activity that targets unmethylated miRNAs. We
found that miRNAs become heterogeneous in size in henl mutants such that a lad-
der of bands with 1-nt increments (mostly larger than the miRNA in wildtype
plants) is present in henl for any particular miRNA when examined by RNA filter
hybridization. Primer extension showed that the heterogeneous species have the
same 5’ end and that the total abundance of the heterogeneous species is reduced as
compared to wildtype (Li et al. 2005). This suggests that the heterogeneous species
differ in their 3’ ends and that miRNAs in henl contain additional nucleotides at
their 3" ends. Indeed, sequence analysis of miR173 and miR167 from wildtype and
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henl-1 plants confirmed the presence of 3" additional nucleotides in henl-1. These
nucleotides do not correspond to those 3’ to the miRNAs in the pre-miRNAs, indi-
cating that these nucleotides are added after the processing of the miRNAs from the
precursors. These nucleotides are predominantly, but not exclusively, U residues.
This led us to conclude that a novel polymerase activity, which we refer to as the
uridylation activity, adds the additional nucleotides to miRNAs in the henl mutant
(Li et al. 2005).

The sequence analysis of miR167 and miR173 also revealed that unmethyl-
ated miRNAs are more susceptible to a 3’-to-5" exonuclease activity. 3" truncated
miRNAs containing U tails were frequently found in heni-I but were also
present at a low frequency in wildtype (Li et al. 2005). We suspect that uridyla-
tion attracts an exonuclease to degrade the miRNA from the 3’ end and that the
exonuclease is not highly processive so that it only truncates a few nucleotides
at a time. The truncated miRNAs are again uridylated. However, it is also possible
that uridylation and exonucleolytic degradation of miRNAs are two independent
events.

3.4 RISC Assembly

A methylated miRNA/miRNA* duplex next undergoes RNA-induced silencing
complex (RISC) assembly, a process in which the miRNA strand is incorporated
into a protein complex whose major protein component is an Argonaute (AGO)
protein. AGO proteins contain PAZ domains that bind RNA and piwi domains
that assume a folded structure that resembles RNase H (Ma et al. 2004, 2005;
Parker et al. 2004, 2005; Song et al. 2004). Some AGO proteins possess key
catalytic residues in the piwi domain and cleave the target mRNA in the middle
of the complementary region between the mRNA and the siRNA or miRNA (Liu
et al. 2004; Meister et al. 2004; Miyoshi et al. 2005). Other AGO proteins lack
the key catalytic residues and cannot cause mRNA cleavage. For human and
Drosophila AGO2, which possesses the endonucleolytic, or slicer, activity, it has
been shown that the slicer activity is crucial for RISC loading (Matranga et al.
2005; Miyoshi et al. 2005). The passenger strand (miRNA*) is cleaved by AGO2
and the cleaved fragments are released to result in the formation of RISC with
one miRNA strand. The determination of which strand of the duplex ends up in
RISC is largely based on the thermodynamic properties of the two ends of the
duplex. The strand in which the 5" end is less thermodynamically stable in the
duplex becomes preferentially incorporated into RISC (Khvorova et al. 2003;
Schwarz et al. 2003).

Plant miRNAs and siRNAs appear to follow this asymmetry rule in RISC load-
ing. In fact, most plant miRNAs begin with a U residue such that the 5" end of the
miRNAs tend be engaged in A-U, rather than G-C, hydrogen bonding (Reinhart
et al. 2002; Rajagopalan et al. 2006). There are 10 AGO proteins in Arabidopsis
and most of these contain the key catalytic residues critical for slicer activity
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(reviewed in Herr 2005). Arabidopsis AGO1 has been demonstrated to be associated
with most miRNAs and contains the slicer activity that cleaves miRNA targets
(Baumberger and Baulcombe 2005; Qi et al. 2005; Qi et al. 2006). AGO1 is also
associated with some siRNAs such as transgene siRNAs, frans-acting siRNAs, and
viral siRNAs (Baumberger and Baulcombe 2005; Zhang et al. 2006). ago! mutants
have severe developmental defects (Bohmert et al. 1998), suggesting that AGO1
probably mediates the functions of many miRNAs. AGO4 is required for hetero-
chromatin formation and for the accumulation of repeat associated siRNAs
(Zilberman et al. 2003). AGO4 also has the slicer activity and this activity is
required for heterochromatin formation at some but not all loci (Qi et al. 2006).
Intriguingly, while AGO4 binds 24-nt endogenous siRNAs, it is also found to bind
some 21-nt miRNAs (Qi et al. 2006). Immunopurified AGO4 from Arabidopsis
can lead to the cleavage of some miRNA targets.

3.5 Export

The production of miRNA/miRNA* duplexes occurs in the nucleus since DCLI is
a nuclear protein (Papp et al. 2003). Two processes that act on miRNA/miRNA*
duplexes are methylation and incorporation of the miRNA strand into a protein
complex named RISC. Since miRISCs are known to cause mRNA cleavage,
miRISCs should be present in the cytoplasm where mRNAs are located. One plant
miRNA has also been shown to trigger DNA methylation at the target genomic
locus (Bao et al. 2004); therefore, some miRNAs should also be present in the
nucleus. The nuclear generation of miRNAs and the functionality of miRNAs in the
cytoplasm require an export step in miRNA biogenesis.

HASTY, the Arabidopsis homolog of exportin 5, plays a role in miRNA nuclear
export (Bollman et al. 2003; Park et al. 2005). hasty mutants have pleiotropic devel-
opmental defects and reduced accumulation of most miRNAs. However, it is not
known whether the cargo of HASTY is miRNA/miRNA* duplexes or miRISCs.
hasty mutants show reduced levels of miRNAs in both nuclear and cytoplasmic
fractions. In addition, in both cellular compartments, miRNA abundance is higher
than that of the miRNA¥*, suggesting that detectable miRNAs are present in
miRISCs in both compartments. Either RISC loading occurs in the nucleus fol-
lowed by export of miRISC into the cytoplasm or RISC loading occurs in the cyto-
plasm following the export of miRNA/miRNA* duplexes. Perhaps some miRISCs
can then be imported back into the nucleus. A recent study showed that a sequence
motif in an animal miRNA specifies nuclear import of the miRNA (Hwang et al.
2007). If RISC loading occurs in the nucleus, then the methylation of the miRNA/
miRNA* duplex should also occur in the nucleus because the singled-stranded
miRNA in RISC cannot be methylated by HEN1. In the scenario whereby RISC
loading occurs in the cytoplasm, methylation can theoretically occur in either the
nucleus or the cytoplasm. The subcellular location of miRNA methylation is cur-
rently unknown.
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4 Regulation of MicroRNA Biogenesis

4.1 Feedback Regulation

miRNA biogenesis is under feedback regulation such that two key players in
miRNA biogenesis and function are themselves regulated by miRNAs. The DCLI
gene may be regulated by the status of miRNA biogenesis by two different mecha-
nisms. First, DCLI mRNA has a binding site for miR162, which leads to the cleav-
age of DCLI mRNA (Xie et al. 2003). Consistent with this, DCLI mRNA levels
are elevated in the henl-1 mutant, in which the abundance of miR162 is reduced.
Second, the 14th intron of the DCLI gene appears to harbor the precursor to
miR838. Although not proved, it is possible that the precursor is not transcribed
independently but is released from the 14th intron of DCLI pre-mRNA through
DCLI1-mediated processing. If this is the case, it is possible that miRNA biogenesis
competes with the splicing of DCLI pre-mRNA. In fact, truncated forms of DCLI
mRNAs were found (Xie et al. 2003), some of which may correspond to the frag-
ments generated through the process that releases the pre-miR838 from the 14th
intron (Rajagopalan et al. 2006).

The AGO1 gene encoding the main miRISC component is also under the regula-
tion by an miRNA. miR168 has a binding site in AGO! mRNA and leads to AGO1-
mediated cleavage of AGOI! mRNA (Vaucheret et al. 2004). Therefore, the amount
of functional miR168 bound by AGO1 determines the levels of AGOI mRNA. In
addition, MIR168 and AGO1 genes are transcribed in a similar pattern, which prob-
ably ensures that AGO] is under the regulation of miR168 at all times and in all the
cells that express AGOI. Among all miRNAs tested so far, miR168 appears to be
preferentially stabilized by AGO1 such that miR168 levels are the least sensitive to
reduced DCL1 activity but are sensitive to changes in the levels of AGOI1 protein.
This probably ensures that AGOI mRNA levels are under tight control by the levels
of functional AGO1 protein.

4.2 Viral RNA Silencing Suppressors Affect MicroRNA
Metabolism

A number of virally encoded proteins that suppress RNA silencing also negatively
affect miRNA metabolism (reviewed in Voinnet 2005). The viral proteins can affect
miRNA metabolism or function at a number of steps in the miRNA pathway. Some
of these proteins, such as P1/HcPro from Turnip mosaic virus, p19 from the Tomato
bushy stunt virus, and p21 from the Beet yellows virus, when expressed in plants
from transgenes, cause the plants to show developmental phenotypes reminiscent
of those exhibited by weak dcll mutants. HcPro, p19, and p21 bind to miRNA/
miRNA* (Chapman et al. 2004; Dunoyer et al. 2004; Lakatos et al. 2006), which
are products of DCL1, and prevent subsequent steps in miRNA biogenesis. For
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example, methylation by HENI1 is reduced in transgenic plants expressing these
viral proteins (Yu et al. 2006). RISC assembly is presumably also affected because
the relative ratio of miRNA*s to miRNAs is much higher in plants expressing these
viral proteins (Chapman et al. 2004; Dunoyer et al. 2004). Despite the accumula-
tion of miRNAs in the transgenic plants expressing the viral proteins, sometimes to
higher levels than in wildtype, miRNA targets overaccumulate, suggesting that
miRNAs are not RISC bound or are not functional. Another viral protein, Cucumber
mosaic virus 2b, has been recently shown to interact with AGO1 and inhibit its
slicer activity (Zhang et al. 2000).

5 Mode of Action of Plant MicroRNAs

Plant miRNAs have a high degree of sequence complementarity to their target
mRNAs and direct the slicing of the target mRNAs in the middle of the comple-
mentary regions (Llave et al. 2002b; Tang et al. 2003). This has been demonstrated
by the detection of 3’ cleavage products that have 5" ends that start at the middle of
the complementary regions. While this is probably mediated by AGO1 (Baumberger
and Baulcombe 2005; Qi et al. 2005), other AGO proteins may also play a role in
this process. For example, immunopurified AGO4 is able to cleave some miRNA
targets in vitro (Qi et al. 2006).

The mRNA cleavage products are then further degraded by other mechanisms.
The 3’ cleavage products of some miRNA targets are degraded by the 5" to 3’ exo-
nuclease XRN4 such that they accumulate in xrn4 mutants (Souret et al. 2004). The
3’ cleavage products of other miRNA targets must be degraded by an XRN4-inde-
pendent mechanism because they do not accumulate in xrn4 mutants. The 5 cleav-
age products are usually undetectable by RNA filter hybridization but can be
detected by sensitive, PCR-based methods. It was found that the 5" cleavage prod-
ucts tend to acquire an oligo U tail, and the presence of the U tail correlates with
shortening of the RNA from the 5" ends, which leads to the conclusion that the oligo
U tail causes 5" to 3" exonucleolytic degradation of the 5" cleavage products (Shen
and Goodman 2004). Intriguingly, this mechanism is conserved in the unicellular
alga Chlamydomonas reinhardtii. The 5" products of RISC-cleaved transcripts in
Chlamydomonas tend to acquire an oligo A tail, which also correlates with the
degradation of the 5’ cleavage products (Ibrahim et al. 2006). The enzyme that adds
the oligo A tail, MUT68, belongs to the broad polyA polymerase family. Other
members of the family also have small RNA-related functions. For example, C.
elegansrde-3 is necessary for RNAi and the Cid12 protein from Schizosaccharomyces
pombe is required for the accumulation of heterochromatic siRNAs and heterochro-
matin formation (Motamedi et al. 2004; Chen et al. 2005).

Translation inhibition is also a mechanism of regulation by plant miRNAs.
Overexpression of miR172 does not lead to decreased accumulation of the target
AP2 mRNA but does lead to the reduction of AP2 protein levels as well as pheno-
types that imply compromised AP2 function (Aukerman and Sakai 2003; Chen



130 X. Chen

2004). This suggests that miR172 inhibits the translation of its target mRNAs. It
was also found that miR172 can lead to the cleavage of their target mRNAs includ-
ing AP2 mRNA (Aukerman and Sakai 2003; Schwab et al. 2005). The fact that
miR172-mediated cleavage of AP2 mRNA does not result in reduced AP2 mRNA
accumulation was likely due to feedback regulation such that AP2 transcription is
increased to compensate for the loss of AP2 mRNA. Alternatively, the cleavage that
was detected by the sensitive rapid amplification of cDNA ends (RACE)-PCR
approach is not sufficient to result in a gross reduction in target mRNA levels.
Regardless of the molecular mechanisms underlying the stable levels of AP2
mRNA, it is clear that miR172 has to exert its effect on AP2 mRNA at a level other
than mRNA cleavage; otherwise, the reduction in AP2 protein levels by miR172 is
hard to explain. Recently, it was also observed that miR156/157 and miR854 lead
to reduced protein but not mRNA levels of their target genes (Arteaga-Vazquez et
al. 2006; Gandikota et al. 2007).

6 Outstanding Questions

Despite the rapid progress in the field of miRNA research in plants, many out-
standing questions remain to be addressed.

6.1 The Dynamics of MicroRNA Evolution

The fact that over half of the known miRNA families in Arabidopsis are not conserved
in poplar or rice suggests that miRNA genes evolve rapidly in plants. It also suggests
that homology-based miRNA gene discovery will result in gross underestimation of
miRNA gene numbers. Deep sequencing of small RNAs under normal and various
stress conditions will be necessary to uncover the full complement of miRNA genes in
any plant species. To understand the evolutionary history of miRNAs in any species, it
will also be necessary to obtain the full complements of miRNA genes in a number of
species closely related to the species in question. Finally, uncovering miRNAs from
key representative species spanning the entire evolutionary distance from unicellular
plants to angiosperms will be necessary to provide a comprehensive picture of miRNA
evolution in plants. It is worth noting that miRNAs have recently been identified from
the unicellular green alga C. reinhardtii (Molnar et al. 2007; Zhao et al. 2007).

6.2 Regulation of MicroRNA Biogenesis

Other than negative feedback regulation of miRNA biogenesis, little is known
about how miRNA biogenesis is regulated in plants. Viruses have evolved proteins
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that can repress miRNA biogenesis or function at multiple steps of the pathway. It
is also possible that endogenous proteins regulate various steps in miRNA biogen-
esis or function in a negative manner. However, no such proteins have been identi-
fied so far. One of the challenges in the future would be to continue to identify the
components of the miRNA pathway, especially genes that act negatively to regulate
miRNA biogenesis.

Another obvious gap in our knowledge is that nothing is known about how miR-
NAs are turned over. Presumably miRNAs are subject to degradation by nucleases
that, together with positive factors in miRNA biogenesis, determine the steady-state
abundance of miRNAs. The identity of these nucleases needs to be revealed.

6.3 Mode of Action of Plant MicroRNAs

Based on the fact that most plant miRNAs lead to characteristic RISC-mediated
cleavage of target mRNAs, it has been widely assumed that plant miRNAs prima-
rily cause target mRNA cleavage. This assumption, however, is unfounded since the
levels of target proteins have not been examined for all plant miRNAs except for
miR156/157, miR172, and miR854, for which a role in translational regulation has
been established (Aukerman and Sakai 2003; Chen 2004; Arteaga-Vazquez et al.
2006; Gandikota et al. 2007). It is possible that most plant miRNAs also have a role
in translational control. It is important that the protein levels of miRNA target genes
be examined for multiple miRNAs.

6.4 Function of MicroRNAs

Most of the evolutionarily conserved miRNAs belong to gene families with multi-
ple members. Studies on the miR164 family suggest that members of a gene family
can have distinct and partially overlapping functions (Baker et al. 2005; Guo et al.
2005; Sieber et al. 2007). One challenge in the future is to uncover the functional
relationship among members of miRNA families.

Most miRNAs also have multiple target genes. What is the regulatory relation-
ship between multiple members of an miRNA gene family and the multiple target
genes? Does each miRNA regulate multiple targets? This can only be addressed
when a member of the miRNA family can be specifically knocked out to allow an
examination of the consequence of the loss of a particular miRNA gene on the
expression of each target gene. Although the currently available T-DNA insertion
collections of mutant Arabidopsis are a valuable resource to find knockouts in spe-
cific MIR genes, T-DNA insertions at a MIR locus may not lead to a complete
knockout of the miRNA if the T-DNA insertions are not within the pre-miRNA.
Other approaches to obtain a clean deletion of the miRNA sequence or a specific
blockade of miRNA function will be complementary approaches that have yet to be
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developed. To specifically knock out an miRNA gene is the best way to evaluate
the biological function of this miRNA gene as opposed to the most commonly
adopted method currently, which involves expressing miRNA-resistant versions
of a target mRNA. This current approach only reveals the consequence of loss of
miRNA-mediated regulation of one of a number of target genes. It also fails to
reveal the functional distinction among miRNA family members.
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Abstract RNA-dependent RNA polymerases (RdRPs) play key roles in viral
transcription and genome replication, as well as epigenetic and post-transcriptional
control of cellular gene expression. In this article, we review the crystallographic,
biochemical, and molecular genetic data available for viral RARPs that have led to
a detailed description of substrate and cofactor binding, fidelity of nucleotide selec-
tion and incorporation, and catalysis. It is likely that the cellular RARPs will share
some of the basic structural and mechanistic principles gleaned from studies of viral
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RdRPs. Therefore, studies of the viral RARP establish a framework for the study of
cellular RdRPs, an important yet understudied class of nucleic acid polymerases.

1 Introduction

Under physiological conditions, RNA-dependent RNA polymerases (RdRPs) catalyze
the formation of phosphodiester bonds between ribonucleotides in an RNA tem-
plate-dependent fashion. RARPs have been found primarily in RNA viruses. In
some cases, these enzymes are virion associated; in others, these enzymes are non-
structural proteins located in the cytoplasm but, on occasion, are located in the
nucleus. In viral systems, the RARP is responsible for transcription and replication
of RNA virus genomes. Given the essential role of the RdRP for virus multiplica-
tion, the viral RARP has been the subject of intensive study for many decades.

More than 30 years ago, RdRP activity was detected in the tissue of numerous
plants that were thought to be uninfected (Astier-Manifacier and Cornuet 1971; Astier-
Manifacier and Cornuet 1978; Boege and Sianger 1980; Duda et al. 1973). This obser-
vation eventually led to the cloning of a gene from tomato thought to be at least a
component of this cellular activity of plants, although direct demonstration of RARP
activity associated with the cloned gene product was not possible (Schiebel et al.
1998). Subsequently, it was shown that the plant RARP gene had homologs in fungi
[e.g., QDE-1 in Neurospora crassa (Cogoni and Macino 1999)] and nematodes [EGO-
1 and RRF genes in Caenorhabditis elegans (Smardon et al. 2000)]. In all cases, these
genes were shown to be essential for gene silencing events: co-suppression in plants
(Mourrain et al. 2000); quelling in N. crassa (Cogoni and Macino 1999); and RNA
interference (RNAI) in C. elegans (Smardon et al. 2000). In particular, the RARP is
implicated in the genesis and/or maintenance of the gene silencing trigger, double-
stranded RNA (dsRNA) (Nishikura 2001). Recently, RdRP activity was shown for the
QDE-1 gene product, QDE-1p (Makeyev and Bamford 2002), and a structure of this
enzyme is imminent (Laurila et al. 2005a). Unfortunately, at this time, the structure-
function relationships of this class of RARPs remain to be defined.

In this article, we will review our current understanding of the structure, func-
tion, and mechanism of viral RdRPs. It is likely that the unifying principles and
corresponding methods described for viral RARPs will be useful in guiding studies
of cellular RARPs required for RNAI.

2 RdRP Structures

Three-dimensional structural information is currently available for RdRPs from
five families of positive-strand [Picornaviridae: poliovirus, human rhinovirus, foot-
and-mouth-disease virus (FMDV); Caliciviridae: rabbit hemorrhagic disease virus,
Norwalk virus; and Flaviviridae: hepatitis C virus, bovine viral diarrhea virus] and
double-strand (Cystoviridae: phage ¢$6 and Reoviridae: reovirus) RNA viruses
(Table 1). All enzymes share an overall structure that resembles a cupped “right
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Table1 Crystal structures of RARPs

Virus PDB

Res. (A) Details

Reference(s)

A. Apo and metal-liganded polymerase structures

Partial structure, non-native N-terminus
Full-length with native N-terminus

68-residue N-terminal truncation

G1A N-terminal residue mutant

Full-length complex with K*

Full-length complex with Sm**

Full-length native

Full-length native with C-terminal
His-tag

Full-length native

Full-length complex with Lu**
Full-length complex with Mn?**
Full-length native

Full-length native

21-residue C-terminal truncation

55-residue C-terminal truncation

21-residue C-terminal
truncation+C-terminal His-tag

21-residue C-terminal truncation

Residues 92—672, not domain-swapped

Residues 92-679, domain-swapped
N-terminus

Residues 92-674, domain-swapped
N-terminus

Full-length native

Full-length complex with Mn*

Selenomethionine derivative with Mg

Initiation platform mutant

B. RARP complexes with NTPs, RNA, and proteins

PVtypel 1RDR 24
1RA6 2.0
1RAJ 2.5
ITQL 2.3
HRV-1B 1XR6 2.5
HRV-14 1XR5 2.8
HRV-16 1XR7 2.3
1TP7 2.4
FMDV 1009 1.9
RHDV IKHV 25
IKHW 2.7
NV 1SHO 2.2
1SH2 2.3
1SH3 2.9
2B43 2.3
HCV 1C2P 1.9
1CSJ 2.8
INB4 2.0
1QUV 25
BVDV 2CJQ 2.6
1548 3.0
1S4F 3.0
Reovirus IMUK 2.5
Phage 6 1HHS 2.0
1HI8 2.5
IWAC 3.0
PVitypel 1RA7 23
FMDV IWNE 3.0
2D7S 3.0
2F8E 2.9
Reovirus IMWH 2.5
INIH 2.8
IN38 2.8
IN35 2.5

GTP complex
Primer-template complex
VPg complex

VPg-UMP complex

Cap complex

Initiation complex with GTP+template
RNA

Short elongation complex

Long elongation complex

Hansen et al. 1997
Thompson and
Peersen 2004

Love et al. 2004

Appleby et al. 2005

Ferrer-Orta et al.
2004
Ng et al. 2002

Ng et al. 2004

N/A

Lesburg et al. 1999
Bressanelli et al. 1999
O’Farrell et al. 2003

Ago et al. 1999
Choi et al. 2006
Choi et al. 2004

Tao et al. 2002
Butcher et al. 2001

Laurila et al. 2005b

Thompson and
Peersen 2004

Ferrer-Orta et al.
2004

Ferrer-Orta et al.
2006

Tao et al. 2002

(continued)
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Table1 (continued)

Virus PDB Res. (A) Details Reference(s)
Phage 6 IHHT 2.9 RNA template complex Butcher et al. 2001
1HIO 3.0 Initiation complex with GTP+template
RNA
1HI1 3.0 ATP complex
1UVI 2.1 Complex with 6nt RNA Salgado et al. 2004
1UVI 1.9 Complex with 7nt RNA
IUVK 24 Dead-end complex
IUVL 2.0 Complex with 5nt RNA, conformation A
IUVM 2.0 Complex with 5nt RNA, conformation B
IUVN 3.0 Ca?* inhibition complex+RNA+NTPs
C. RdARP complexes with inhibitors
HCV 1IGX5 1.7 GTP+Mn** complex Bressanelli et al. 2002
1GX6 1.8 UTP+Mn?** complex
INB6 2.6 UTP complex O’Farrell et al. 2003
INB7 2.9 U, complex
INHU 2.0 Non-nucleoside inhibitor complexes Wang et al. 2003
INHV 29
10S5 2.2 Non-nucleoside inhibitor complex Love et al. 2003
IYVF 25 Non-nucleoside inhibitor complexes Pfefferkorn et al.
2005a,b
174U 2.8
1IYVX 20 Non-nucleoside inhibitor complexes Biswal et al. 2005
1Yvz 22
2AWZ 2.1 Covalent inhibitor complexes Powers et al. 2006
2AX0 2.0
2AX1 21
2BRK 23 Non-nucleoside inhibitor complexes Di Marco et al. 2005
2BRL 2.4
2D3U 2.0 Non-nucleoside inhibitor complexes Biswal et al. 2006
2D3Z 1.8
2D41 2.1
2GC8 2.2 Non-nucleoside inhibitor complex

Gopalsamy et al. 2006

BVDYV, bovine viral diarrhea virus; FMDV, foot-and-mouth disease virus; HCV, hepatitis C virus;
HRYV, human rhinovirus; N/A, Reference not currently available; NV, norovirus; PDB, Protein
Data Bank; PV, poliovirus; Res., maximum resolution limit of diffraction; RHDYV, rabbit hemor-
rhagic disease virus

29

hand” and contains “fingers,” “palm,” and “thumb” domains (Fig. 1). This architecture
is shared with distantly related DNA-dependent DNA polymerases (DdDPs), DNA-
dependent RNA polymerases (DdRPs), and RNA-dependent DNA polymerases
(RdDPs or reverse transcriptases). The low level of amino acid sequence identity
seen in polymerases from different classes strongly suggests that the structural elements
that are conserved in evolutionarily distant species serve important functional roles.
In addition to these three central domains, an N-terminal domain that bridges
the fingers and thumb domains is found in all RARPs. In the RARPs from the Flaviviridae,
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A N-terminal

Fig. 1 A-C Overall structures of RdRPs. Ribbon representations of RARP structures (rainbow
coloring with blue at the N-terminus and red at the C-terminus) bound to RNA template (black)
and primer (gray) strands: A FMDV (1WNE) (Ferrer-Orta et al. 2004); B Bacteriophage ¢6 (1HIO0)
(Butcher et al. 2001); C Reovirus (1N35) (Tao et al. 2002). Two views are presented for each
structure, a “front” view down the axis of the RNA-binding, active site cleft (left panel) and a “side”
or “back” view into the active site. Divalent metal ions at the active site in B and C are drawn as
magenta spheres. Asp-338 in motif C of FMDV is drawn in space-filling representation as magenta
spheres to mark the position of the active site in the absence of bound divalent metal ions
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Cystoviridae, and Reoviridae, C-terminal domains that enter or encircle the central
cleft of the enzyme are also found.

Six sequence and structural motifs (designated A to F) have been identified in
RdRPs (Bruenn 2003; Hansen et al. 1997; Kamer and Argos 1984; O’Reilly and
Kao 1998). Most of these motifs are also shared with RdADPs, DdDPs, and DdRPs,
indicating the fundamental importance of these structural elements in the enzymatic
function of polymerases. Indeed, residues from most of these motifs have been
shown to play critical roles in the binding of metal ions, nucleoside triphosphates,
and RNA, all of which are critical for the nucleotidyltransferase reaction catalyzed
by RdRPs. In the three-dimensional structures of RARPs, these motifs line the central
cavity that is responsible for binding substrates and cofactors, as well as catalyzing
the nucleotidyltransferase reaction.

3 Structures of RARP Complexes

3.1 Divalent Metal Ions

The dependence of polymerase activity upon divalent metal ions was initially
demonstrated in early studies of DdDPs, and structural work on a wide range of
phosphotransfer enzymes indicates that a basic mechanism involving two metal ions
at the active site is a common feature of most if not all DdDPs, DARPs, RdDPs, and
RdRPs (Doublie and Ellenberger 1998; Doublie et al. 1999; Rothwell and Waksman
2005; Steitz 1998). In RdRPs, divalent metal ion dependence was initially demon-
strated in poliovirus and subsequently shown to involve several of the most highly
conserved residues in all RARPs (Arnold et al. 1999; Flanegan and Baltimore 1977,
Jablonski and Morrow 1995). Mutagenesis studies and crystal structures indicate
that metal binding may occur at multiple sites near the active site. Two metal ions
[designated A and B, according to Steitz (1998)] appear to be the most important
for enzymatic activity. Metal ion A coordinates to the o-phosphate group of the
nucleoside triphosphate (NTP) and the 3’-OH of the nascent primer, as well as the
side chain carboxylate groups of the two consecutive Asp residues in motif C and
the first Asp at the beginning of motif A (Fig. 2). Metal ion B coordinates to the
- and y-phosphate groups of the NTP, as well as the first two aspartic acid residues
of motif A and the first of the two consecutive Asp residues in motif C.

Mutating the Asp residues in motifs A and C that coordinate to the divalent
metal ions inactivates or alters the activity of several RARPs (Arnold et al. 1999;
Jablonski and Morrow 1995; Vazquez et al. 2000). In addition, altering the nature
of the metal ions by introducing different ions such as Mg>*, Mn?, Ca**, and Fe*
affects the polymerase activity of RdRPs in a number of different ways. Properties
observed in Mg* are most consistent with properties observed biologically. The
structure of bacteriophage $6 RARP in complex with Ca®* reveals an inactive
arrangement of active site residues distinct from that seen in the enzyme bound to
Mg?* and Mn?* (Salgado et al. 2004).
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Motif A

Template

Motif A

Motif B

Initiation v
Platform Motif C
Fig. 2 A, B Structures of ESRNA*NTP complexes. A RNA primer-dependent elongation complex
formed by reovirus RARP (1N35) (Tao et al. 2002). B Primer-independent (de novo) initiation
complex formed by bacteriophage ¢6 RARP (1HIO) (Butcher et al. 2001). Divalent metal ions
are drawn as magenta spheres. Coordination and hydrogen bonds are drawn as dashed, red lines.
The 3’-terminal residue of the RNA primer in reovirus RARP is drawn in gray and the two residues
of the RNA template that are complementary to the 3’-terminal residue of the RNA primer and the
3’-dNTP are drawn in black. The long, 4.5-A distance between the 3’-OH of the primer and metal
ion A is drawn in magenta as a dashed line
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3.2 Nucleoside Triphosphates

The binding of NTPs to RdRPs primarily involves contacts with the triphosphate
and sugar moieties, with the base forming interactions primarily with the primer
and template (Fig. 2). The triphosphate moiety forms interactions with both divalent
metal ions, as well as the positively charged side chains of Arg and Lys residues in
motif F. The carboxylate side chain of a highly conserved Asp near the middle
of motif A appears to form a critical hydrogen bond for distinguishing the 2’-OH of
NTPs from the 2’-H of dNTPs (Arnold and Cameron 2004; Gohara et al. 2004;
Gohara et al. 2000).

NTP-binding has also been observed in a number of RdRPs at sites other than
the active site. In hepatitis C virus (HCV) and bovine viral diarrhea virus (BVDV)
RdRPs, a regulatory guanosine triphosphate (GTP)-binding site has been localized
(Bressanelli et al. 2002; Cai et al. 2005; Choi et al. 2006; Choi et al. 2004). In addi-
tion, a number of RARP complexes have been obtained with NTPs in the absence
of RNA (Ago et al. 1999; Bressanelli et al. 2002; O’Farrell et al. 2003; Thompson
and Peersen 2004). Although the binding modes for NTPs that are observed in these
complexes are sometimes similar to the productive mode expected for the phospho-
transfer reaction, the absence of base-pairing with the template RNA strand usually
leaves the base in a conformation that differs substantially from that expected in the
productive mode.

3.3 RNA

At least two distinct modes of RNA binding have been seen in the two major divisions
in the RARP family. In the RdRPs from Picornaviridae and Caliciviridae, the
RNA-binding cleft is approximately 15 A wide and can fit an A-form RNA duplex,
as seen in the FMDV RdARP-RNA complex (Fig. 1A) (Ferrer-Orta et al. 2004) and
resembling the mode of DNA binding seen in numerous DdDPs and DdRPs. In
contrast, the RARPs from Flaviviridae and Cystoviridae contain protein structures
that obstruct the cleft, preventing the binding of duplex RNA and providing a plat-
form for the assembly of an initiation complex in the absence of an RNA primer
(Fig. 1B, 2A; Tao et al. 2002). RNA complexes from these RdRPs reveal a binding
cleft that is suited more for binding a single strand of RNA template forming
Watson-Crick base pairs with only a short segment of primer RNA (Butcher et al.
2001; O’Farrell et al. 2003). In the reovirus RdRP, a large C-terminal domain is
situated in front of the active site cleft without blocking the entry of short RNA
primers, thus forming a “cage” around the polymerase active site (Fig. 1C, 2B; Tao
et al. 2002). The initiation complex seen in this enzyme is similar to that seen in
bacteriophage ¢6 RdRP, with a priming loop extension of the palm domain forming
a platform for dinucleotide synthesis. This loop moves away from the active site to
allow for the formation of longer double-strand products, probably in a manner
more similar to that expected for the primer-dependent RARPs.
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3.4 Proteins and Higher-Order Complexes

RdRPs have been shown to interact with a number of proteins produced by either
the virus or the host, particularly during the initiation of RNA replication. In the
Picornaviridae, a 22-amino-acid virally encoded initiator protein called VPg (virion
protein genome linked) is uridylylated by the RdRP as an initial step in replication
(Lee et al. 1977; Nomoto et al. 1977; Paul et al. 1998). The structure of the FMDV
RdARP-VPg complex reveals interactions between VPg and the RdRP active-site
cleft that position the side-chain hydroxyl group of Tyr 3 in VPg near the c-phos-
phate moiety of the uridine triphosphate (UTP) cosubstrate (Ferrer-Orta et al. 2006).
In combination with mutational studies (Boerner et al. 2005; Lyle et al. 2002;
Pathak et al. 2002), this structure reveals a number of residues in the active site cleft
involved with the binding of VPg and with the uridylylation reaction involved with
the initiation of RNA synthesis.

Higher-order complexes involving proteins and RNA structures are also formed
by RdRPs and alternate forms of RARPs, such as the proteinase-polymerase fusions
seen in picornaviruses (Cornell and Semler 2002; Parsley et al. 1999; Ypma-Wong
et al. 1988) and caliciviruses (Belliot et al. 2005; Belliot et al. 2003; Kaiser et al.
2006; Sosnovtseva et al. 1999; Wei et al. 2001). Although the formation of such
complexes is best understood in the picornaviruses, especially poliovirus, no struc-
tural information on these complexes is available at present (Andino et al. 1999;
Andino et al. 1993; Andino et al. 1990; Paul et al. 2003). It is likely that higher-
order complexes involving RdRPs, other proteins, and RNA play critical roles in
the initiation of RNA synthesis, translation, and RNA packaging for most, if not all,
RNA viruses (Ortin and Parra 2006).

3.5 Inhibitors

Due to the severe threat to public health posed by HCV, an intensive search for
novel antiviral therapies to treat HCV infection has been conducted in the past
decade. A wide variety of inhibitors have been identified that target the RdARP
from HCV. Most interesting among these have been a series of nonnucleoside
inhibitors that appear to bind near the base of the thumb domain to allosterically
inhibit polymerase activity, possibly by interfering with a conformational
change required for normal catalytic activity (Biswal et al. 2005; Biswal et al.
2006; Dhanak et al. 2002; Di Marco et al. 2005; Gopalsamy et al. 2006;
Harper et al. 2005; Love et al. 2003; Tomei et al. 2003; Wang et al. 2003).
It is interesting to note that alternate conformational states have been observed
in several RARP structures (Biswal et al. 2005; Choi et al. 2004; Ng et al. 2002),
suggesting that important conformational changes may accompany enzymatic
catalysis as seen in other classes of polymerases (Doublie et al. 1999; Rothwell
and Waksman 2005).
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4 Phosphodiester Bond Formation

4.1 Two Metal Ion Mechanism

The chemistry at the active site of all nucleic acid polymerases studied to date is
facilitated by a two metal ion mechanism that was proposed by Steitz based on his
structural work on the magnesium-dependent exonuclease activity of DNA
polymerase I from Escherichia coli (Steitz 1993). The model shown in Fig. 3 has
been adapted for enzymes with a palm-based active site, which includes the viral
RdRP. A magnesium (metal B)-nucleotide complex binds to the active site followed
by binding of a second magnesium ion (metal A). The metal designations reflect
the occurrence of metal A in some structures in the absence of nucleotide substrate.
Metal A is thought to be involved in activation of the 3’-OH for nucleophilic attack
by lowering its pK, value. Metal B orients the 8- and y-phosphates of the nucleotide
substrate and stabilizes the negatively charged pentavalent phosphorane transition
state (Fig. 4).

The two metal ion mechanism implies that side chains of active site residues do
not participate directly in catalysis, only indirectly as ligands for one or more of the
magnesium ions (Steitz 1993). However, two proton transfer reactions must occur
during the reaction. The 3’-OH nucleophile must be deprotonated and the pyrophos-
phate (PPi) leaving group must be protonated (Fig. 4). The acceptor and donor for
these key proton transfer reactions is not known and is not likely to be solvent given
the dearth of ordered solvent in structures of complexes thought to mimic the cata-
Iytically active polymerase-nucleic acid-nucleotide complex (Doublie et al. 1998;
Franklin et al. 2001; Johnson et al. 2003; Sawaya et al. 1997; Yin and Steitz 2004).

Fig. 3 Two-metal-ion mechanism for

nucleotidyl transfer. The nucleoside Base Base
triphosphate enters the active site with a 0

divalent cation (Mg*, metal B). This o OH
metal is coordinated by the - and y- H

phosphates of the nucleotide, by an Asp Primer 0

residue located in structural motif A of O\\ / OH

all polymerases, and likely water mole- QP
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metal orients the triphosphate in the Q 0 0 M gzr‘" 4 _/ \

active site and may contribute to charge o ‘A ~0 /'O %
neutralization during catalysis. Once the 0 : o____|'v|92_ O l/O
nucleotide is in place, the second diva- O' A \‘ B p==
lent cation binds (Mg?*, metal A). Metal Asp ) 0O \ \

A is coordinated by the 3’-OH, the o Motif C o) (o)

phosphate, and Asp residues of struc-

tural motifs A and C. This metal lowers

the pK, of the 3’-OH facilitating cataly-

sis at physiological pH. (Adapted from Asp
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Fig. 4 Pentavalent phosphorane
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4.2 Initiation Vs Elongation

Formally there are two mechanisms for initiation of RNA synthesis: primer inde-
pendent (de novo) and primer dependent. De novo initiation requires formation of
a phosphodiester bond between two ribonucleotides (Fig. SA). For replication, ini-
tiation is templated by the extreme 3’-end of template; however, for transcription,
initiation may be templated by internal positions. In Fig. 5A, the 3’ nucleotide
defining the site of initiation has been designated “n.” Residues at the n and n+1
positions of template define the primer (P) and nucleotide (N) binding sites. The
3’-OH of the P-site NTP attacks the a-phosphorous of the N-site NTP to form a
dinucleotide. Iterative rounds of incorporation and translocation will ultimately
yield a stable elongation complex (Fig. 5B).

De novo initiation generally employs purine nucleotides, often with a preference
for GTP at the P-site. With some enzymes, guanosine, guanosine monophosphate
(GMP), and guanosine diphosphate (GDP) can substitute for a P-site GTP (Martin
and Coleman 1989). Because base-pairing alone is insufficient to stabilize the P-site
NTP and the triphosphate is not essential for P-site occupancy, specialized structural
elements are employed. For example, in bacteriophage ¢6, a specialized carboxy-
terminal domain presents at least one tyrosine for stacking with the P-site NTP
(Butcher et al. 2001). The reovirus polymerase has a specialized loop that serves a
similar function (Tao et al. 2002). The dinucleotide product is unstable. As a result,
abortive cycling is often observed for polymerases that initiate de novo. Formation
of a stable elongation complex generally coincides with formation of an RNA prod-
uct long enough to form a stable duplex with the template and may require substan-
tial conformational rearrangements of the polymerase (Yin and Steitz 2004).

Enzymes that employ a primer-dependent mechanism for initiation will use
either a protein primer or an oligonucleotide of defined origin but random
sequence (van Dijk et al. 2004). As discussed in Sect. 3.4, picornaviruses use the
tyrosine hydroxyl group of VPg as the nucleophile. VPg binds to the RNA binding
pocket of the polymerase independent of the template (Ferrer-Orta et al. 2006).
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Fig.5 A, B De novo initiation and elongation complexes. A De novo initiation of RNA synthesis
involves binding of the initiating nucleotide (GTPi; red) at the priming or initiation site (P-site;
green box) and binding of the first NTP substrate (GTPi+1; blue) to the nucleotide binding site
(N-site; white box). Specific binding sites for divalent cations (pink circles A and B) are shown in
close proximity to the o-, B-, and y-phosphates of the first nucleotide substrate. B Elongation
complex. Nucleotide addition during elongation involves binding of the nascent RNA primer
strand, positioning of the 3’-terminal nucleotide in the P-site, and binding of the first NTP sub-
strate (i+1, blue) to the nucleotide binding site (N-site; white box)

This mechanism has all of the features of a stable elongation complex: limited, if
any, abortive cycling and no requirement for large conformational rearrangements.

Transcription by the influenza virus RNA polymerase employs a “cap-snatch-
ing” mechanism. Capped mRNAs are cleaved by a subunit of the heterotrimeric
polymerase complex to produce capped RNA oligonucleotides (10-15 nt) that are
used to prime transcription (van Dijk et al. 2004). The cap is the major determinant
for recognition by the endoribonuclease activity of the polymerase complex. The
capped RNA product binds stably to the polymerase complex (¢,,, ~1 h) (Olsen et
al. 1996). The 3’-OH of the terminal nucleotide serves as the nucleophile, with the
template being held in the complex independently. Again, this approach provides
the advantages of the elongation complex described above. However, this approach
can only be used for genome replication if the sequences at the ends of the genome
lack information: coding sequence, cis-acting elements, etc.

5 Fidelity

RdRPs have often been described as error-prone polymerases. However, it has
become increasingly clear that these polymerases are as faithful as replicative DNA
polymerases in the absence of their proofreading exonuclease (Castro et al. 2005).
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Indeed, biochemical, phenotypic, and direct sequencing experiments have shown
that RNA virus polymerases incorporate transition mutations at a frequency of 10~
and transversions mutations at a frequency of 1075-10~7 (Castro et al. 2005). The
kinetic and structural bases for fidelity of nucleotide selection is understood best
for the RARP from poliovirus (3Dpol).

5.1 Kinetic Basis

A complete kinetic mechanism for the single nucleotide addition cycle catalyzed by
3Dpol (E) is known. 3Dpol binds to a primer-template substrate (R ) with a equilib-
rium dissociation constant in the micromolar range (Arnold and Cameron 2000). This
complex isomerizes to form ER , a complex that has a half-life on the order of 2-4 h
and is competent for binding nucleotide (Arnold and Cameron 2000). As shown in
Fig. 6, binding of nucleotide to ER yields a complex, ER NTP, that undergoes a
conformational change to produce a catalytically competent complex (*ER NTP)
(Arnold and Cameron 2004). This conformational change has been suggested to be
reorientation of the triphosphate moiety of the incoming NTP into a position suitable
for catalysis and coordination of metal A (Arnold et al. 2004). Chemistry occurs
(ER  PPi) followed by translocation with concomitant release of PPi, placing the
enzyme in the appropriate register for another round of nucleotide incorporation.
Binding of nucleotides to the ER complex is driven by the interaction of the tri-
phosphate with motif F of the enzyme (Arnold and Cameron 2004). As a result,
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Fig. 6 Elongation cycle. The stages of RNA synthesis can be divided into four steps: nucleotide
binding (step 1), a conformational-change step, thought to be orientation of the triphosphate for
catalysis (step 2), chemistry (step 3), and translocation (step 4)
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nucleotides with an incorrect base or sugar configuration (e.g., 2’-dNTPs) bind as
well as the correct nucleotide. However, incorrect nucleotides are incapable of
forming a *ER NTP complex that is stable enough to undergo catalysis (Arnold and
Cameron 2004; Arnold et al. 2004). In addition, the rate constant for chemistry is
reduced significantly when an incorrect nucleotide is bound (Arnold and Cameron
2004; Arnold et al. 2004).

5.2 Structural Basis

Only one crystal structure is available for an RdRP complex that may represent
ER NTP or *ER NTP (Tao et al. 2002). However, the conserved nature of palm-
based active sites combined with kinetic and thermodynamic analyses of site-
directed mutants with nucleotide analogs has led to a structural model for nucleotide
selection by 3Dpol that extrapolates well to other classes of nucleic acid polymer-
ases (Gohara et al. 2004). Shown in Fig. 7 is a model for *ER NTP (Gohara et al.
2004). The orientation of the triphosphate dictates both the stability of this complex
and catalytic efficiency. The orientation of the triphosphate requires interaction with
conserved structural motif A. Note that one residue of motif A, Asp-238, is located

Universal Adapted

Asp-233

Asn-297

2'-OH

Fig.7 Structural basis for fidelity. The nucleotide-binding pocket of all nucleic acid polymerases
with a canonical “palm”-based active site is highly conserved. The site can be divided into two
parts: a region that has “universal” interactions mediated by conserved structural motif A that
organize the metals and triphosphate for catalysis, and a region that has “adapted” interactions
mediated by conserved structural motif B that dictate whether ribo- or 2’deoxyribonucleotides will
be utilized. In the classical polymerase, there is a motif A residue located in the sugar-binding
pocket capable of interacting with the motif B residue(s) involved in sugar selection. This motif
A residue in other polymerases could represent the link between the nature of the bound nucle-
otide (correct vs incorrect) to the efficiency of nucleotidyl transfer as described herein for Asp-238
of 3D, (Gohara et al. 2004)
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in the nucleoside binding pocket. Binding of a nucleotide with an incorrect base or
ribose configuration will alter the dynamics or equilibrium position of Asp-238. This
perturbation will be communicated to the active site by changes in the positions of
the other motif A residues, placing the triphosphate in a suboptimal orientation and
leading to a destabilized *ER NTP complex with reduced catalytic efficiency.

6 RdRPs of RNAi

Very little is known about the structure, function, and mechanism of the RdRPs
of RNAi. The most conserved region, based on sequence alignments, is shown in
Fig. 8 and represents, at best, 20% of the protein (Huang et al. 2003). The DxDGD
motif has been shown to be essential for RARP activity (Makeyev and Bamford
2002) and is reminiscent of the metal-binding GDD motif (motif C) of the viral
RdRPs. The enzyme clearly has a requirement for divalent cation (Makeyev and
Bamford 2002). Studies of the enzyme from N. crassa have suggested that the
enzyme lacks template specificity and uses a de novo initiation mechanism, initiating
both from the end and perhaps from internal positions (Makeyev and Bamford 2002).
When initiating from an end, long products can be produced (Makeyev and Bamford
2002), consistent with the observation of transitive silencing in related systems
(Sijen et al. 2001). The primary product of the reaction is single-stranded RNA on
the order of 20 nt in length, a size appropriate for direct incorporation into the RISC
complex (Sijen et al. 2001).

7 Concluding Remarks

Our current understanding of viral RdRPs has required the capacity to apply
molecular genetic, biochemical, and structural approaches. Analysis of cellular
RdRPs has not reached this stage but is well on its way. N. crassa is clearly an

PIPCDLG L KN

QIPSELGRSMLGVVDETGRLOYGOIFVQYTHEN {KELPPRDSNNEVHGSEIVT
T5--GRY CLOEAGIL 2 KPSIENCFSKHGS ) DL--EVVEI TAKNE

EIKD--5RMLLGVC LPPNTVFVQLEEE DE YE--KVIEGLVMVIKNE

HEHHHDE

tomato HPGL N MVDCVVEPQEGKRE :SDLDGDIYFVCWDQDMIPP-ROVOPMEYP-PAPS

RRF-1
SDE1
Rrph

Fig. 8 Alignment of conserved regions of RNAi RdRPs. Comparison of putative RARP amino
acid sequence from different organisms including tomato plant, Neurospora (QDE-1), C. elegans
(EGO-1, RRF-1), Arabidopsis (SDEI), and Dictyostelium discoideum (RrpA). Amino acids in red
indicate conserved residues in all sequences in the alignment. Those in blue and green indicate
conservative substitutions and semi-conservative substitutions, respectively
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organism amenable to molecular genetics and a biochemical system is available
for the RARP from this organism. Importantly, a structure is imminent. Note
added in proof: The crystal structure of the QDE-1, a cell-encoded RdRP from
N. crassa was recently reported (Salgado et al. 2006). The publication reporting this
structure is, These major advances in the N. crassa system will undoubtedly have
a major impact on progress in other systems.
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Abstract In the fission yeast Schizosaccharomyces pombe, the RNAi pathway
plays an important role in the formation and maintenance of heterochromatin.
Heterochromatin, or silent chromatin, is an epigenetically inherited attribute of
eukaryotic chromosomes which is required for gene regulation, chromosome seg-
regation and maintenance of genome stability. In S. pombe, heterochromatin forms
on related repetitive DNA sequences at specific loci. These repetitive sequences, in
concert with the RNAi machinery, are thought to attract several proteins including
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chromatin-modifying enzymes which act to promote heterochromatin formation.
The purification of complexes participating in heterochromatin formation has
allowed us to begin to analyse in detail the processes involved. In the future this
will help us to understand how the RNAi machinery acts to induce the chromatin
modifications which lead to heterochromatin assembly in fission yeast.

1 Overview

The term RNA interference (RNAi) encompasses many related processes in different
organisms such as quelling in fungi, co-suppression in plants or RNA knock-down in
metazoa (Agrawal et al. 2003; Hannon 2002). In the fission yeast Schizosaccharomyces
pombe, RNAI has an important function in the formation of heterochromatin at dis-
crete chromosomal loci; centromeres, telomeres, the mating-type locus and ribosomal
DNA (rDNA). Outside of these regions, it is not known whether RNAi contributes
directly to the regulation of specific genes. RNAI can direct specific chromatin modi-
fication in fission yeast and this plays a vital role in transcriptional gene silencing
(TGS) at centromeres, telomeres and the mating-type locus by suppressing the pro-
duction of non-coding transcripts. RNAIi can also act post-transcriptionally to silence
genes (PTGS) by instigating the sequence-specific degradation of RNA transcripts
without affecting transcription of the template itself.

To understand how RNAIi contributes to heterochromatin formation it is first
necessary to understand the biology of heterochromatin in fission yeast. RNAi-
mediated heterochromatin formation is particularly important at centromeres,
where it is required to attract a high density of cohesin to hold sister chromatids in
tight physical cohesion until their segregation at anaphase. Understanding the proc-
esses which contribute to chromosome segregation and the chromatin structures
underlying centromere integrity is important as the resulting cellular defects, both
in S. pombe and in more complex eukaryotes, can cause genomic instability.
Chromosome loss or gain as a consequence aberrant centromere function can drive
aneuploidy and tumour formation and ultimately lead to a reduction in organism
viability (Hassold and Hunt 2001; Wassmann and Benezra 2001).

In this chapter the role of RNAI in forming chromatin structures at specific loci
in fission yeast will be described. We will discuss the various protein components
and complexes involved and their possible role in directing chromatin modification
which allows heterochromatin formation at these specific locations.

1.1 Fission Yeast

S. pombe provides an excellent model organism for the dissection of molecular
events involved in chromosome structure and function due to its genetic tractability
and comparatively small genome size. S. pombe has 4,979 protein-coding genes
contained within 13.8 Mb. The genome is divided between three chromosomes;
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chromosome I is 5.7 Mb, chromosome II is 4.6 Mb and chromosome III is 3.5 Mb
(Wood et al. 2002). S. pombe is a unicellular archiascomycete fungus which shares
many biological characteristics with more complex eukaryotes. For this reason it
has been used with great success to study several cellular processes including cell-
cycle control and DNA repair and recombination, as well RNAi-mediated hetero-
chromatin formation and chromosome segregation (Egel 2004).

1.2 Active and Silent Chromatin Differ

Eukaryotic genomes are packaged into higher-order chromatin structures which can
be simply described as two functionally and structurally distinct regions of the
genome termed heterochromatin (silent chromatin) and euchromatin (active chroma-
tin) (Richards and Elgin 2002). Higher-order chromatin structure, besides merely
packaging the huge mass of chromosomal DNA into the relatively small nucleus, is
essential for many processes in the cell ranging from gene regulation to accurate
chromosome segregation during mitosis and meiosis. Euchromatin is traditionally
associated with regions of transcriptional activity, including most active genes. In
contrast, heterochromatin is a highly specialised structure which remains condensed
throughout the whole cell cycle and was thought to be transcriptionally inactive by
virtue of its inaccessibility to transcription factors. This transcriptionally inactive
state is also imposed on genes placed within heterochromatic regions. The ‘off” or
‘silent’ state requires specific chromatin modifications which allow its duplication
and propagation through mitotic and meiotic divisions (Richards and Elgin 2002).
Heterochromatin has a vital role in maintaining the structural integrity of specific
chromosomal regions; it is essential to sustain stable structures at defined regions of
repetitive DNA such as centromeres, telomeres and transposable elements.
Recombination is known to be repressed across centromeres and the silent mating-
type loci in fission yeast (Nielsen and Egel 1989; Niwa et al. 1989). It is likely that
silent chromatin structures inhibit the potentially detrimental effects of homologous
recombination between repetitive elements on different chromosomes.

2 The Organisation of Fission Yeast Centromeres

Large blocks of heterochromatin are prevalent at the centromere regions of many
eukaryotes. In metazoa, large arrays of repetitive DNA of up to several megabase
pairs are packaged as heterochromatin at centromeres. The structure of S. pombe
centromeres is somewhat similar to that of more complex eukaryotes in that they
are also relatively large, repetitive and complex structures which occupy 35-110 kb
(Steiner et al. 1993; Takahashi et al. 1992). This is in contrast to the comparatively
simple point centromeres of the budding yeast Saccharomyces cerevisiae which are
only 125 bp (Cleveland et al. 2003; Sullivan et al. 2001). Fission yeast kinetochores
bind 2-4 microtubules at mitosis (Ding et al. 1993). This is again more reminiscent
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of the multiple microtubule interactions to each kinetochore in metazoa than the single
microtubule attachment observed in budding yeast (Winey et al. 1995). S. pombe
centromeres are composed of a unique central core (cc) of 4-7 kb which is flanked
by the innermost repeats (imrL/R) and the outer repeats on which centromeric het-
erochromatin forms (Steiner et al. 1993; Takahashi et al. 1992; Allshire et al. 1995;
Partridge et al. 2000; Fig. 1). Together the central core and imr repeats make up the
central domain and are packaged in a centromere-specific form of chromatin con-
taining the histone H3 variant Cnpl (the CENP-A homologue in fission yeast),
which replaces histone H3 (Takahashi et al. 2000). This central domain has an unu-
sual chromatin structure as partial digestion with micrococcal nuclease produces a
smeared pattern rather than the typical ladder pattern (Polizzi and Clarke 1991; Takahashi
et al. 1992). Genes are also silenced when placed in this central domain, but the fac-
tors involved are distinct from those that affect heterochromatin formation on the
outer repeats (Allshire et al. 1994, 1995; Ekwall et al. 1996; Partridge et al. 2000; Pidoux
et al. 2003). Thus, this central domain is functionally and structurally distinct from
the heterochromatic outer repeat regions (Allshire et al. 1995; Partridge et al.
2000). The central core itself is essential for centromere activity, but alone it is not
sufficient to assemble an active centromere. Studies using minichromosomes have
demonstrated that at least part of the heterochromatic outer repeat, in combination
with central domain sequences, is essential to allow the de novo formation of active
centromeres (Baum et al. 1994; Ngan and Clarke 1997; Takahashi et al. 1992).
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Unusual chromatin structure
Site of kinetochore formation
H3 and H4 CENP-A/Cnp1 replaces H3

Heterochromatin

hypoacetylation

HaKIme2<—)
< Swi6

Clr4 Cohesin
RITS/RDRC

Fig. 1 Centromere organisation in fission yeast. The central core (cc) is flanked by inverted inner-
most repeats (imr) the sequence of which is unique to each centromere. Together cc and imr form
the central domain, which is the site of kinetochore formation, and in this region most histone H3
is replaced by the H3 variant Cnpl (mammalian CENP-A). The central domain is flanked by arrays
of inverted repeats, the number and organisation of which vary at each centromere although the
sequence is similar. These outer repeat regions (dg/dh) are packaged as heterochromatin in which
lysine residues in the N-terminal tails of histones H3 and H4 are hypoacetylated. H3 is dimethyl-
ated on lysine 9 (H3K9me?2) by the histone methyltransferase Clr4. This H3K9me2 recruits the
chromo domain protein Swi6, which causes heterochromatin to spread and is required for the asso-
ciation of the cohesin complex. Both the RITS and RDRC complexes are known to associate with
the centromeric outer repeats. Dark blue vertical lines denote the position of tRNA gene clusters
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The outer repeats (otr) themselves are composed of two elements, known as the
dh and dg (or K and L) repeats, which are arranged differently with respect to each
other at each centromere (Steiner et al. 1993; Takahashi et al. 1992). Because these
repeats are packaged into heterochromatin, expression levels of marker genes
(ade6* and ura4*, for example) inserted at sites across the outer repeats are subject
to variable repression or expression, resulting in phenotypic variegation, and this
has allowed the development of screens to identify many factors involved in hetero-
chromatin and hence centromere structure and function (Allshire et al. 1995;
Ekwall et al. 1999).

2.1 Distinct Boundaries Demarcate Specific Domains Within
and Around Fission Yeast Centromeres

The transition from outer repeat heterochromatin to central domain CENP-A<!
chromatin coincides with the presence of 2—4 tRNA genes (Kuhn et al. 1991; Steiner
et al. 1993; Takahashi et al. 1991, 1992). For example, two tRNA genes are found at
the boundaries between the imr and otr repeats at centromere 1. In addition, tRNA
genes are present at five of the six extremities of the three centromeres between the
otr and surrounding euchromatin, the exception occurring at the right side of centro-
mere 1(Fig. 1). Strong DNase hypersensitive sites coincide with the tRNA genes in
the imrL/R of centromere 1, and it had been suspected that these tRNA genes might
act to separate outer repeat heterochromatin from the CENP-A"®! chromatin of the
central domain (Partridge et al. 2000; Takahashi et al. 1992, 2000). Genome-wide
analysis has confirmed that heterochromatin is absent inside of the 2—4 tRNA genes
clustered at the cc/otr boundary. The transition between outer repeat heterochromatin
and adjacent euchromatin also coincides with the presence of tRNA genes, TfIIIC
binding sites or other elements which may act as boundaries (Cam and Grewal 2004;
Noma et al. 2006). A recent study also demonstrated that the tRNAA® found at the
boundary between the central domain and outer repeats at centromere 1 is transcribed
and is required to restrict heterochromatin to its normal location. Inactivation of this
transcriptionally active tRNA permits heterochromatin to spill into the imr sequences.
However, deletion of the other tRNAS™ gene, only 424 bp away from tRNA*", had a
very weak effect. Attempts to simultaneously delete both the tRNAS and tRNAAR
failed, indicating perhaps that these tRNA genes act together to provide an important
function at the centromere (Scott et al. 2006).

3 Methylated Histone H3 Binds Swi6
to Form Heterochromatin

The definition of heterochromatin is documented as a cytologically visible
region of condensed chromatin. More recently it has become possible to analyse
heterochromatin at a molecular level and identify the proteins and histone
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modifications associated with these regions (Richards and Elgin 2002). It is now
commonly accepted that heterochromatin can also be defined as regions which dis-
play low levels of histone acetylation and are associated with the methylation of
histone H3 on lysine 9 (H3K9me) and binding of chromo domain proteins related
to Drosophila and mammalian heterochromatin protein 1 such as Swib6 in S. pombe.
The specific methylation of H3 on lysine 9 creates a binding site for Swi6 allowing
it to bind histone H3 via its chromodomain (Bannister et al. 2001). Swi6, like HP1,
dimerises via its chromo shadow domain and this may create an interaction surface
for the recruitment of other proteins (Cowieson et al. 2000). Methylation of lysine 9
in fission yeast is mediated by the conserved histone methyltransferase Clr4 (Suv39
in Drosophila and mammals). Clr4 has been shown to be required for the associa-
tion of Swi6 with outer repeat heterochromatin at centromeres, the mating-type
locus and telomeres (Ekwall et al. 1996; Nakayama et al. 2001; Partridge et al.
2000). Strains expressing histone H3 that lack lysine 9 are defective in silencing
and Swi6 localisation. This underscores the importance of lysine 9 of H3 and its
methylation by Clr4 in recruiting Swi6 (Mellone et al. 2003).

Clr4 is the only orthologue of Suv39 in fission yeast. These histone methyltrans-
ferases can catalyse mono-, di- and tri-methylation of lysine 9 of histone H3. In
S. pombe most H3K9 methylation appears to be dimethyl, although mono- and tri-
methyl states have been detected (Yamada et al. 2005). In the absence of Clr4 all
H3K9 methylation is lost, and thus Clr4 is probably the only enzyme responsible
for this modification. Like its Suv39 orthologues, Clr4 contains a chromo and a
SET domain. It is the conserved SET domain of Clr4 that is responsible for the
H3K9 methyltransferase activity, and mutations in this domain affect the levels of
H3K9 methylation at centromeres and the mating-type locus (Nakayama et al.
2001; Rea et al. 2000). Perhaps surprisingly the genes encoding Clr4 and Swi6 are
not essential, thus aiding analyses of these proteins in fission yeast. However, loss
of Clr4 or Swi6 function results in defective silent chromatin at centromeres, tel-
omeres and the mating-type locus (Allshire et al. 1995; Ekwall and Ruusala 1994;
Klar and Bonaduce 1991; Lorentz et al. 1994; Thon et al. 1994).

3.1 Histone Deacetylation Acts to Allow H3K9 Methylation

It is known that histone methyltransferases are unable to methylate target lysine
residues that are acetylated, and therefore histone deacetylases (HDACs) are
required to allow methylation (Rea et al. 2000). Within regions of heterochromatin
the lysine residues in the tails of histones H3 and H4 exhibit low acetylation levels,
and this hypoacetylated state is important for the integrity of heterochromatin.
Transient inhibition of HDACs using trichostatin A (TSA) induced hyperacetyla-
tion of histone H3 and H4 on the outer repeats, resulting in derepression of marker
genes, loss of Swib6 localisation and defective chromosome segregation (Ekwall et
al. 1997). This expressed state was found to be heritable through several generations
even in the absence of TSA. It is likely that this forced hyperacetylation blocked
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methylation of lysine 9 by Clr4, thereby causing loss of H3 lysine 9 methylation
and thus propagation of the expressed state. Deacetylation of H3 and H4 is there-
fore essential for the formation of intact heterochromatin and associated functions.

Several HDACs—Sir2, ClIr3, and Clr6—are involved in heterochromatin forma-
tion. CIr6 is an essential gene, with broad substrate specificity (Bjerling et al. 2002;
Nakayama et al. 2003; Wiren et al. 2005), Sir2 specifically deacetylates H3K9 and
H4K16 residues and is required for H3K9 methylation (Shankaranarayana et al.
2003; Wiren et al. 2005). Clr3 specifically deacetylates H3K 14 and it is required to
recruit the histone methyltransferase Clr4 (Bjerling et al. 2002; Nakayama et al.
2001; Wiren et al. 2005). It has been proposed that Clr3 may stabilise histone H3K9
methylation by prohibiting histone modifications associated with active transcrip-
tion, thereby discouraging RNA polymerase II (RNAPII) association with regions
of heterochromatin (Yamada et al. 2005).

4 The Role of Heterochromatin at Specific Chromosomal Loci

The loss of Clr4 or Swi6 and other components results in defective silencing of marker
genes inserted in the heterochromatin formed over the outer repeats at centromeres, the
mating-type locus and adjacent to telomeres. Reduced silencing arises due to a reduc-
tion in Clr4-dependent H3K9 methylation (H3K9me) and subsequent loss of Swi6
association and localisation (Ekwall et al. 1996; Nakayama et al. 2001; Partridge et al.
2000). What are the consequences for the cellular functions and viability?

4.1 Centromeric Heterochromatin

Cells with defective heterochromatin display increased rates of chromosome loss
and an elevated frequency of lagging chromosomes on late anaphase spindles
(Allshire et al. 1995; Ekwall et al. 1995, 1996). Consequently, mutants are sensitive
to microtubule destabilising drugs such as thiabendazole. This indicates that loss of
heterochromatin from centromeres affects centromere function. These defects arise
because Swi6 is somehow required to recruit the cohesin complex over the outer
repeats. The cohesin complex is required for tight physical cohesion of sister chro-
matids. In the absence of Swi6 (and Clr4), subunits of cohesin (Rad21 and Psc3)
dissociate from centromeric outer repeats, and cohesion at centromeres, but not
chromosome arms, is lost (Bernard and Allshire 2002; Bernard et al. 2001; Nonaka
et al. 2002). Thus, any mutations affecting the formation of heterochromatin at
centromeres ultimately lead to defective chromosome segregation. Fission yeast
cells that lack centromeric heterochromatin remain viable because cohesion
along chromosome arms is unaffected and is sufficient to sustain reasonable levels
of chromosome segregation in an organism with just three chromosomes. Consistent
with this, cells with a mild lesion in the Rad21 cohesin subunit require Swi6/hetero-
chromatin for viability (Bernard et al. 2001).
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4.2 Telomeric Heterochromatin

The role of heterochromatin at other chromosomal regions in S. pombe is perhaps
not quite as apparent as at centromeres. Blocks of heterochromatin are found over
regions of approximately 40 kb adjacent to each telomere (Kanoh et al. 2005;
Nimmo et al. 1994, 1998; Fig. 2). This telomeric heterochromatin is possibly
required in some way to prevent end-to-end fusion, to protect chromosome ends
from enzymatic degradation or to prevent homologous recombination between
telomere repeats at the ends of different chromosomes (Ferreira et al. 2004;
Mandell et al. 2005; Sadaie et al. 2003). It is known that telomeres are clustered at
the nuclear periphery in mitotically dividing cells (Funabiki et al. 1993) whereas
during meiotic prophase they gather together at the spindle pole body to aid pairing

_E-—telomererep;ts Tel 1L and 2R

\V\/\/\/\/ euchromatin

QWO heterochromatin

4= kinetochore

Fig. 2 A, B Heterochromatic regions on fission yeast chromosomes. A Heterochromatin is asso-
ciated with the outer repeat regions of fission yeast centromeres. The central core (cc) is flanked
by the inner inverted repeats (imr) and the heterochromatic outer repeats (otr or dg/dh). B Only
telomeres on chromosome 3 contain rDNA repeats. Subtelomeric regions on chromosomes 1 and
2 contain telomere-linked helicase genes (t/h) with homology to dg/dh centromeric repeats. The
sequencing of telomeres is not yet complete and available sequences have not yet been assigned
to specific chromosome ends due to high similarity. C At the mating-type locus heterochromatin
spans around 20 kb covering mat2-P, cenH and mat3-M
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of homologous chromosomes and recombination (Chikashige et al. 1994; Cooper
et al. 1998; Nimmo et al. 1998). When telomeric heterochromatin is impaired tel-
omere length is unaffected, but telomere clustering is disrupted to some extent
(Ekwall et al. 1996; Hall et al. 2003; Tuzon et al. 2004). This demonstrates a possi-
ble role for telomeric heterochromatin in maintaining proper chromosomal organi-
sation within the nucleus. Disruption of telomeric heterochromatin also causes
derepression of genes within the subtelomeric repeats and also of marker genes
inserted adjacent to telomeric regions (Allshire et al. 1995; Hansen et al. 2006;
Kanoh et al. 2005; Mandell et al. 2005; Nimmo et al. 1998).

4.3 Heterochromatin at the Mating-Type Locus

Heterochromatin also plays an important role in regulating mating-type switching.
The fission yeast mating-type locus contains three mating-type cassettes, matl
(either P or M), mat2-P and mat3-M over approximately 30 kb region on chromo-
some 2 (Egel 2004; Klar 1992). Depending on whether P or M information is found
at matl, cells preferentially recombine either mat2-P (in a matl-M cell) or mat3-M
(in a matI-P cell) with mat! in a process known as switching. mat] is transcription-
ally active but mar2-P and mat3-M are maintained in a silent state (Fig. 2). The
mating-type of a haploid cell is determined by the exchange between P and M
information at the mat!/ locus. Heterochromatin is required to maintain the 20-kb
region containing mat2-P and mat3-M in a silent state as expression of both causes
haploid cells to undergo an aberrant meiosis which is usually lethal when it occurs
in haploid cells (Thon et al. 2005). The cenH region between mat2 and mat3 has
96% homology to dh elements at centromeres. cenH is required for efficient silenc-
ing and switching as replacement of this region by a marker gene causes variegated
expression (Grewal and Klar 1997). As at centromeres, Swi6 also attracts cohesin
to mat2—mat3, and mutations in cohesin subunits lead to defective mating-type
switching (Nonaka et al. 2002). Furthermore, analyses suggest that heterochroma-
tin influences long-range chromatin interactions between mat/ and the silent mat-
ing-type cassettes to determine the direction of the switching event (Jia et al. 2004b).

From the above discussion it is clear that in fission yeast heterochromatin is
required to form stable structures at distinct chromosomal loci in order to contribute
to the normal function of these regions.

5 RNAi Components Are Required
for Heterochromatin Integrity

Heterochromatin forms on related repetitive sequences at fission yeast centromeres,
the mating-type locus and adjacent to telomeres. Although not fully understood, it
had seemed most likely that the formation of this silent chromatin was driven by
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this repetitive DNA and specific DNA binding proteins which would attract
HDAC:Ss and methylases to promote binding of Swi6 and other proteins. However,
it is now apparent that the RNAi machinery is required for the assembly and main-
tenance of heterochromatin in fission yeast. Like Clr4 and Swi6, deletion of RNAi
components was found to result in defective heterochromatin formation and chro-
mosome missegregation (Hall et al. 2003; Volpe et al. 2002, 2003).

It is ironic that despite centromeres having been previously thought of as tran-
scriptionally silent regions, the dg/dh repeats themselves were found to produce
convergently transcribed non-coding RNA transcripts. These transcripts accumu-
late in many mutants involved in heterochromatin formation and in mutants lacking
RNAi components (Volpe et al. 2002, 2003). Non-coding transcripts have also been
shown to originate from the mating-type locus and sequences adjacent to telomeres
(Kanoh et al. 2005; Mandell et al. 2005; Noma et al. 2004). Thus, at these regions
transcription itself contributes to the transcriptionally silent state. In wild-type cells
these transcripts are made but are continually processed. Moreover, small interfer-
ing RNAs (siRNAs) identical in sequence to the dg/dh region have been identified
(Cam and Grewal 2004; Reinhart and Bartel 2002).

The discovery of two key complexes, the RNA-induced initiation of transcrip-
tional gene silencing complex (RITS), which appears to be the main RNAi effector
complex, and the RNA-directed RNA polymerase complex (RDRC) have provided
further insights into the mechanisms of RNAi-mediated heterochromatin formation
in fission yeast (Motamedi et al. 2004; Noma et al. 2004; Verdel et al. 2004). These
findings demonstrate that the formation of heterochromatin is much more complex
than first imagined.

Many organisms contain several genes encoding Dicer and Argonaute homo-
logues, thereby complicating analyses of the RNAi pathway. Fission yeast has an
advantage in that it only possesses a single gene encoding each of the key proteins
required for RNAI, and these are not essential for cell viability. In several other
organisms, the effector complex RISC (RNA-induced silencing complex) contain-
ing Argonaute and guide siRNAs is known to target homologous mRNAs and
inhibit their expression by either blocking translation or mediating their degrada-
tion (Agrawal et al. 2003; Hannon 2002). In fission yeast, Dicer (Dcrl) is the ribo-
nuclease which cleaves dsRNA into approx. 22- to 25-nt double-stranded siRNAs,
and Argonaute (Agol) is a component of the RITS effector which directly binds
these siRNA molecules. These siRNAs act to guide RITS to homologous target
RNAs, and it appears to act only in the nucleus to bring about modification of
homologous chromatin and transcriptional silencing.

A general model of events is now widely accepted whereby non-coding RNA
transcripts derived from repetitive DNA sequences form a double-stranded
RNA (dsRNA) template. This dsRNA is processed by Dicer into siRNAs. These
siRNAs are incorporated into the RITS RNALI effector complex to target homologous
RNAs and induce heterochromatin assembly (Motamedi et al. 2004; Noma et al.
2004; Sugiyama et al. 2005). In fission yeast, siRNA production must somehow
bring about the recruitment of HDACSs and the histone methylase Clr4 to methylate
H3 on lysine 9 allowing Swi6 binding and heterochromatin formation on homologous
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Fig. 3 An overview of RNAi-induced heterochromatin formation in fission yeast. The outer
repeats are transcribed by RNA polymerase II. These non-coding transcripts are assumed to pro-
vide a dsRNA substrate for Dcrl perhaps by annealing or through the action of Rdpl. Cleavage
of dsRNA by Dcr1 produces siRNAs which are incorporated into the RITS complex. This some-
how recruits the histone methyltransferase Clr4 which dimethylates histone H3 on lysine 9. This
in turn creates a binding site for Swi6 and Chpl. The exact role of RDRC is unclear, but Rdpl
associates with the outer repeats (?). Swi6 is required to maintain a high density of the cohesin
complex and thus cohesion between sister chromatids

dg/dh repeats (Fig. 3). In plants it has also been shown that the RNAi pathway can
feedback onto homologous chromatin so as to induce modifications such as DNA
methylation, another mark of silent chromatin (Mathieu and Bender 2004; Matzke
and Birchler 2005). However, DNA methylation has not been detected in fission
yeast (Wilkinson et al. 1995).

Both RITS and RDRC components can be detected on centromeric outer repeats
(Motamedi et al. 2004; Noma et al. 2004; Sugiyama et al. 2005; Verdel et al. 2004).
While RITS must utilise siRNAs to somehow home in on homologous sequences,
RDRC may play a role in providing the source of dsRNA for siRNA generation by
Dcrl. However, the exact function of RDRC remains to be resolved. Furthermore,
recent studies have identified factors involved in ubiquitination, sumoylation, and
RNAPII transcription as affecting RNAi-mediated heterochromatin formation.

5.1 Non-coding Transcripts and siRNAs Are Produced
from Silent Loci

Although overlapping non-coding transcripts derived from dg/dh repeats at centro-
meres can be detected, it is not known how the initiating dsRNA that provides the
template for siRNA production is formed. It seems reasonable to assume that these
centromeric transcripts are the source of a dsSRNA substrate that is processed by
Dcrl to produce homologous siRNAs. The first few siRNAs identified were
homologous to the centromeric dh element, but comprehensive sequence analyses
of siRNA associated with RITS identified siRNAs homologous to both the dh and
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dg centromeric repeats (Cam and Grewal 2004; Reinhart and Bartel 2002). These
siRNAs are concentrated in specific regions. This distribution could reflect varia-
tion in the density of transcripts from certain regions or in the way the transcripts
are converted to dsRNA. This remains to be investigated further as the transcripts
arising from heterochromatic regions have not been characterised in detail.
However, comprehensive mapping of these transcripts is challenging because the
arrangement of repeats at each centromere varies. In addition, the sequence similar-
ity of dg and dh elements makes it difficult to distinguish repeats from each centro-
mere and other regions of heterochromatin.

RNAs homologous to centromere repeats may be produced by transcription;
however, Rdpl has been shown to be able to synthesise RNA from an RNA tem-
plate (Motamedi et al. 2004; Sugiyama et al. 2005). This activity of Rdp1 could be
required to produce a complementary second strand using primary centromeric
non-coding RNA transcripts as a template (Volpe et al. 2002). Apart from siRNA
derived from the centromeric outer repeat dg/dh elements, siRNAs were also identi-
fied which are homologous to unique inverted repeat elements found at the outer
boundaries on centromere 1 and 3, the region of centromere homology (cenH) at
the mating-type locus, the sub-telomeric cenH-like sequences, rDNA and also a few
from the imr region of centromere 1 (Cam and Grewal 2004). Since these siRNAs
were associated with RITS, this suggests that all of these sequences can be targeted
for RNAi-induced heterochromatin formation.

5.2 RITS: The Effector Complex

The RITS comprises three proteins: Agol, Chpl and Tas3. The complex also
contains siRNAs which directly bind Agol and presumably guide the complex to
homologous target RNAs (Fig. 3). In other organisms, the effector complex RISC
containing Argonaute and guide siRNAs is known to target homologous mRNAs
and inhibit their expression by either binding the mature mRNA and blocking their
translation or by inducing their degradation by virtue of the ‘slicer’ endonuclease
activity inherent in some Argonaute proteins (Agrawal et al. 2003; Baumberger and
Baulcombe 2005; Hannon 2002; Liu et al. 2004; Miyoshi et al. 2005; Rivas et al.
2005). The incorporation of siRNA into Drosophila or mammalian RISC requires
a loading complex containing Dcrl (Preall and Sontheimer 2005). siRNAs are
loaded as a duplex and one strand is cleaved by Argonaute leaving behind a single
‘guide’ strand which confers target specificity (Matranga et al. 2005; Miyoshi et al.
2005; Preall and Sontheimer 2005). In fission yeast it is not known how siRNAs
are loaded into RITS or whether Agol displays this endonuclease activity.

Like Swi6, the Chp1 subunit of RITS contains a chromo domain and this chromo
domain has also been shown to bind histone H3 when methylated on lysine 9
(Partridge et al. 2002). However, Chp1 not only binds to H3K9me2 but, as part of
the RITS complex, it is required to target this modification to sequences homolo-
gous to the siRNA carried by RITS (Partridge et al. 2002; Verdel et al. 2004). The
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fact that Chp1 also binds target chromatin when methylated on lysine 9 implies a
physical link between Chp1/RITS and its chromosomal targets, and that binding of
RITS to chromatin via RNAI reinforces transcriptional silencing. After the initial
unknown events that nucleate a patch of heterochromatin, Chpl could be required
to stabilise the interaction of RITS with heterochromatin. Therefore, the binding of
the RITS components themselves may contribute to heterochromatin integrity by
being loaded in cis with siRNA generated from any RNA synthesised in the vicinity.
Consistent with this, each of the individual RITS components is required for com-
plete methylation of H3K9me?2 and Swi6 association with marker gene insertions at
centromeres (Verdel et al. 2004; Noma et al. 2004). Surprisingly, all RITS compo-
nents are also required for siRNA generation, again indicating that a feedback
mechanism operates between chromatin modification and siRNA generation (Noma
et al. 2004). RITS components do not always act together; for example, Agol alone
is required for the post-transcriptional repression of a transgene via expression of an
exogenous dsRNA hairpin but Tas3 and Chpl are not (Sigova et al. 2004). This
makes sense since only the single Argonaute protein in fission yeast can be respon-
sible for the targeting of nascent and mature transcripts. The function of Tas3 is
unknown but like Chpl it is located mainly in the nucleus (Noma et al. 2004).

Chpl, and presumably other RNAi components, is required for the establish-
ment of heterochromatin at centromeres, mating-type locus and telomeres (Sadaie
et al. 2004). In the absence of RNAi, H3K9 methylation is reduced but it is not
completely abolished from repetitive sequences at these locations. Swi6 and a
related chromo domain protein, Chp2, are required to maintain this residual H3K9
methylation at centromeres and the mating-type locus in the absence of Chpl.
Thus, it appears that chromo domain proteins contribute in several ways to hetero-
chromatin formation in fission yeast. Chpl appears to be a key player, since it is
required for full methylation of histone H3K9, it associates with chromatin only
when it is methylated on lysine 9 and it is required for the production of the siRNA
that allow it and H3K9me to be targeted to homologous chromatin. Because of
these inherent interdependencies, the order of events that trigger RNAi-mediated
heterochromatin formation is difficult to determine.

This interdependency is further highlighted by the fact that all components of
RITS associate with regions of heterochromatin and that this is also dependent on
ClIr4 and Dcrl (Cam and Grewal 2004; Noma et al. 2004). As with Chpl1, the produc-
tion of siRNAs and their incorporation into RITS are required for the association of
Agol and Tas3 with centromeric heterochromatin. All RITS components, however,
remain associated with the mating-type locus in cells lacking Dcrl and thus siRNA
(Jia et al. 2004a; Noma et al. 2004). In addition, in the absence of Agol, Tas3 and
Chpl can still interact, and both proteins still associate with the mating-type locus
and telomeres but not centromeres (Petrie et al. 2005). This may indicate an RNAi-
independent role for these proteins at these regions or could simply reflect the ability
of Chpl to methylate H3K9 after targeting. This also suggests that RITS is required
for the maintenance of heterochromatin at centromeres but not at other loci.

Exactly how the RITS complex loaded with siRNAs recognises homologous tar-
gets to induce the specific chromatin modifications that lead to heterochromatin



170 S.A. White, R.C. Allshire

formation at these locations is unknown and requires further scrutiny. It is possible
that siRNAs recognise homologous chromatin by targeting homologous nascent
transcripts still associated with chromatin templates in an RNA-RNA-mediated
interaction. Equally, RITS-associated siRNAs could somehow bind or interact with
homologous DNA sequences to induce the modification of nearby chromatin.
Evidence to date points towards an RNA-RNA interaction as the RITS complex has
been shown to associate with non-coding centromere RNA transcripts but only
when Dcrl is present in the cell (Motamedi et al. 2004). Consistent with this, tether-
ing Tas3, and consequently RITS, to a normal euchromatic transcript (ura4) allows
production of ura4-homologous siRNAs, lysine 9 methylation of H3 on the ura4*
gene and silencing (Buhler et al. 2006). This suggests that nascent transcripts can
be converted to dsRNA at their site of production allowing Dcrl to act in cis to form
siRNAs which are directly loaded into RITS to allow chromatin modification. This
artificial RNA-tethered RITS version of heterochromatin requires Dcrl, all RITS
and RDRC components, and Clr4. It is also possible that mature centromere and
other transcripts are exported to the cytoplasm for processing to siRNA where these
are then loaded into Agol to form RITS on their journey back to the nucleus.

5.3 RDRC: RNA-Directed RNA Polymerase Complex

The RITS complex has been shown to physically interact with the RDRC. The
components of RDRC are also required for the integrity of silent chromatin. RDRC
is composed of Rdp1, Hrrl and Cid12. Rdp1 is an RNA-dependent RNA polymer-
ase, Hrrl is a putative RNA helicase, and Cid12 is a putative poly(A) polymerase
(Motamedi et al. 2004). As with the RITS complex, each of the components of
RDRC is required for siRNA generation, complete H3K9 methylation of hetero-
chromatic loci, and Swi6 association with heterochromatic loci (Motamedi et al.
2004; Sugiyama et al. 2005). The association of RDRC components with RITS
subunits is also dependent on Dcrl and Clr4 and the catalytic activity of Rdpl1 itself
(Motamedi et al. 2004; Sugiyama et al. 2005). Thus, both RDRC and RITS appear
to be dependent on one another for their association with heterochromatic loci and
the formation of silent chromatin. The dependency of RITS on RDRC holds stead-
fast even when silent chromatin is induced by tethering Tas3/RITS to euchromatic
ura4 transcripts (Buhler et al. 2006). Thus, the generation of dsRNA substrate, the
processing of dsRNA to siRNA, loading of siRNAs into RISC and subsequent tar-
geting of chromatin are all intimately linked. This also suggests that Rdpl is part
of a self-enforcing RNAI feedback loop that couples siRNA production and hetero-
chromatin formation (Buhler et al. 2006; Noma et al. 2004; Sugiyama et al. 2005).
In vitro analyses indicate that Rdp1 can act as an RNA-dependent RNA polymer-
ase in that it can synthesise RNA from a single-stranded RNA substrate in the pres-
ence or absence of a complementary primer. Mutations which destroy this activity
cause phenotypes equivalent to those observed in cells lacking RNAi (Motamedi et
al. 2004; Sugiyama et al. 2005). Hence the ability of Rdp1 to synthesise complemen-
tary RNA is essential for the production of centromeric siRNA and heterochromatin
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formation. It remains unclear why Rdpl1 is so important for RNAi-mediated chroma-
tin modification in fission yeast, as other eukaryotes such as Drosophila and mam-
mals do not encode an RNA-dependent RNA polymerase but still have an active
RNAI pathway. In plants, RNA-dependent RNA polymerase is required for transgene
silencing, but not for silencing mediated by viruses. This suggests that exogenous
viruses are capable of synthesising sufficient dSRNA to bypass the need for RARP
activity (Dalmay et al. 2000). In the filamentous fungi Neurospora crassa and
Aspergillus nidulans the requirement of RARP for robust RNA-dependent silencing
is variable (Catalanotto et al. 2002; Hammond and Keller 2005). Fission yeast seems
to be extremely dependent on Rdp1 for RNAi-mediated silencing since in its absence,
although centromeric transcripts are still produced, no siRNAs are detected. The
observation that Rdp1 associates with centromeric chromatin and transcripts is com-
patible with a model where Rdpl acts on nascent transcripts to synthesise dsSRNA
leading to the production of the initial sSiRNAs (Motamedi et al. 2004; Sugiyama et
al. 2005; Volpe et al. 2002). Alternatively, Rdp1 may utilise pre-existing rare primary
siRNAs, formed by Dcrl-mediated cleavage of annealed centromere transcripts, to
prime synthesis of additional dsSRNA and amplify the signal. However, Rdpl is also
required for a form of PTGS in S. pombe triggered by the expression of an exogenous
hairpin RNA (Sigova et al. 2004). In this case siRNAs are presumably not limiting,
as with plant viruses, so it is not entirely clear why Rdpl is required.

The role of Hrrl is unknown, but it has significant similarity to (1) DEAD box
helicases such as Smg2 in Caenorhabditis elegans, which acts in the nonsense-
mediated decay pathway as well as RNAI, and (2) Sde3 in plants, which is required
for RNAi-mediated transgene silencing (Dalmay et al. 2001; Domeier et al. 2000).
It is conceivable that Hrrl is required to unwind siRNA duplexes prior to loading
into RISC or it might act upon dsRNA providing single-stranded RNA templates
for Rdpl (Motamedi et al. 2004). The role of Cid12 is also unknown; it is possible
that it binds the 3 end of transcripts producing a poly(A) tract that somehow primes
RNA synthesis by Rdpl. In C. elegans a related putative poly(A) polymerase,
RDE-3, has also been shown to be required for efficient RNAi and siRNA produc-
tion (Chen et al. 2005). Polyadenylation by proteins such as Cid12 might also play
a role in RNA degradation since the addition of short poly(A) tracts is known to
attract the exosome and degrade RNAs (Anderson 2005). Cid12 may be required
for the specific degradation of non-coding transcripts originating from regions of
heterochromatin either for regulation or to somehow aid the provision of a template
for Rdpl. The details of how these activities act on endogenous transcripts to exe-
cute efficient siRNA production and silencing remains to be determined.

5.4 Transcription of Centromere Repeats
and Silencing Requires RNAPII

Transcripts from the mating-type locus and from the centromere are polyadenylated
(Djupedal et al. 2005). This is a well-known hallmark of mature transcripts pro-
duced by RNAPII (Birse et al. 1997). However, it is possible that this polyadenylation is
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due to the putative activity of Cid12 rather than that normally associated with ter-
mination of RNAPII transcription. RNAPII itself is enriched at heterochromatic
loci, which reinforces the idea that it is responsible for the transcription of these
regions (Fig. 3; Cam and Grewal 2004; Kato et al. 2005). Consistent with this, a
specific mutation in the second largest subunit of RNAPII, Rpb2, causes loss of
silent chromatin from outer repeat regions of centromeres regulating the expression
of normally silent marker genes. Interestingly mutation of Rpb2 causes a reduction
in H3K9me2, accumulation of centromere transcripts and loss of siRNA homolo-
gous to centromere repeats. General transcription does not appear to be affected in
Rpb2 mutant cells, so the loss of heterochromatin is probably due to a defect in
processing non-coding centromere transcripts to siRNAs (Kato et al. 2005). A spe-
cific role for RNAPII in the production of non-coding centromeric transcripts is
also supported by the finding that a mutation in the small RNAPII subunit Rpb7
results in loss of centromeric siRNA-defective heterochromatin formation at cen-
tromeres (Djupedal et al. 2005). However, Rpb7 mutation causes decreased tran-
scription of the centromeric repeats indicating that Rpb7 has a specific role in
promoting transcription of centromere repeats under conditions where general tran-
scription of euchromatic genes appears normal. Thus, in Rpb7-mutant cells no
RNA substrate is made; therefore no siRNAs are formed. It is unclear how the
Rpb2 mutant affects heterochromatin formation. One possibility is that when the
RITS complex and RDRC engage a nascent transcript associated with RNAPII on
its template there is an interaction between RITS/RDRC and RNAPII subunits.
Once stabilised, such interactions might promote RNA production by Rdp1 and the
recruitment of chromatin-modifying activities. Such interactions between RNAi
components and RNAPII may be disrupted in the Rpb2 mutant.

5.5 The Histone Methyltransferase Clr4 Affects siRNA
Production and Associates with Rikl

The RNAI pathway is required for full methylation of H3K9 on homologous chromatin
and thus Clr4 would be expected to act downstream of the RNAi components. Clr4
is essential to create the H3K9me2 binding site for the chromo domain proteins
Chpl, Chp2, Swi6 and possibly Clr4 itself (Bannister et al. 2001; Partridge et al.
2002; Sadaie et al. 2004). Surprisingly, Clr4 is also required to produce centromeric
siRNAs, which accounts for why RITS and RDRC are delocalised in its absence
(Noma et al. 2004; Sugiyama et al. 2005). The complete role of Clr4 in the RNAi
pathway is difficult to understand mainly due to the inherent feedback in the proc-
ess and thus our inability to decipher the initiating events that lead to heterochro-
matin formation. However, it is clear that Clr4 plays a central role since the
methylation of H3K9 is required to allow binding of key components.

In most cases, loss of any component involved in heterochromatin formation
results in at least a significant reduction in, if not a complete loss of, H3K9
methylation. However, it is still unknown how Clr4 itself is recruited via RNAI to
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form heterochromatic loci. It had been demonstrated that Clr4 interacts with Rik1
(Sadaie et al. 2004). As with other components, Rik1 is known to be required for
silencing, H3K9 methylation, Swi6 association/localisation and production of cen-
tromeric siRNAs (Allshire et al. 1995; Egel et al. 1989; Ekwall et al. 1996; Ekwall
and Ruusala 1994; Hong et al. 2005; Horn et al. 2005; Jia et al. 2005; Li et al. 2005;
Partridge et al. 2000). The Rik1 protein contains a -propeller domain with similar-
ity to a cleavage specificity and polyadenylation factor (CPSF-A) which may be
involved in RNA binding (Neuwald and Poleksic 2000). It has been proposed that
Rik1 could act to guide Clr4 to its target regions (Jia et al. 2005; Li et al. 2005).

5.6 Rikl and Clr4 Interact in a Complex
Which Has E3 Ubiquitin Ligase Activity

Rikl is related to DNA damage binding protein 1 (DDB1), a component of an E3
ligase complex in plants (Yanagawa et al. 2004). Recent analyses have demon-
strated that Rik1 co-purifies and associates with several other proteins; Rafl (also
known as Dosl, Cmcl and Clr8), Raf2 (or Dos2/Cmc2/Clr7), the E3 ubiquitin
ligase subunits Cul4 and Pipl, the small ubiquitin like protein Nedd8 and the his-
tones H2B and H4 (Fig. 4). Deletion of the genes encoding Rafl, Raf2 or Pcu4
perturbs heterochromatin formation at centromeres, telomeres and at the mating-
type locus (Hong et al. 2005; Horn et al. 2005; Jia et al. 2005; Li et al. 2005; Thon
et al. 2005). Levels of H3K9 methylation are substantially reduced at centromeres
and at the mating-type locus while a modification normally associated with
expressed genes, methylation of H3K4, increases. As with other mutants affecting
H3K9 methylation and RNAI the generation centromeric siRNAs is abolished and
chromosome segregation is defective.

Ubiquitin is a small regulatory protein that can be covalently attached to substrate
proteins and is another post-translational modification which, like acetylation and
methylation, occurs on lysine residues (Hershko and Ciechanover 1998).
Polyubiquitination (the addition of chains of ubiquitin) is a multi-step pathway that
ultimately targets proteins for degradation via the proteasome (Hershko and
Ciechanover 1998). Monoubiquitination, the addition of a single ubiquitin molecule to
a substrate, is involved in protein regulation. Histones H2A and H2B are known to be
monoubiquitinated and in S. cerevisiae ubiquitination of H2B K120 is required for
methylation of H3 on K4 and K79 (Osley 2004). Rik1, Raf2 and Clr4 purifications
were demonstrated to have E3 ubiquitin ligase activity in vitro (Horn et al. 2005). The
in vivo substrates for this ubiquitination are unknown; however, the fact that H2B and
H4 co-purify with Clr4 and Rikl may indicate that ubiquitination of histones is
involved in heterochromatin formation (Hong et al. 2005; Horn et al. 2005; Fig. 4).
A related complex from human cells (Cul4&~-DDB1-Roc1) has recently been shown to
ubiquitinate histones H3 and H4 on several lysines in vivo and in vitro (Wang et al.
2006). Given that Pcu4 and Rikl, fission yeast homologues of Cul4 and DDBI, are
required for methylation of H3 on K9 and associate with the H3K9 methyltransferase
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Fig. 4 Possible interactions between RNAI, chromatin modifiers and chromatin. RNAPII tran-
scripts could provide a platform to recruit RDRC and RITS. RDRC may be involved in the pro-
duction of dsRNA which is required for siRNA production, RITS association and subsequent
H3K9me2. Thus, RNAi H3K9 methylation and the formation of intact heterochromatin appear to
be locked in a closed loop where loss of any one component leads to the collapse of RNAi-induced
heterochromatin formation. Loading of siRNAs into Agol allows RITS to be guided to homolo-
gous nascent transcripts, which recruits Clr4 and formation of heterochromatin. The Clr4-Rik1-
Cul4 complex (CLRC) contains Rikl, Rafl and Raf2, which are also required for H3K9
dimethylation. CLRC also contains an E3 ubiquitin ligase, Cul4, which could be responsible for
the modification and/or turnover of histones or of another unknown factor involved in RNAi-
induced heterochromatin formation (?). Swi6, Chp2 and Clr4 are known to be sumoylated in vivo.
The significance of this is unclear but could be involved in protein targeting

Clr4, it is conceivable that ubiquitination of histones by the Rik1 complex promotes
H3K9 methylation. Ubiquitination of H3/H4 might destabilise nucleosomes and force
exchange with new H3 which is then methylated on H3K9 by ClIr4 during the replace-
ment process. Alternatively, ubiquitination of H3/H4 may induce conformational
changes in nucleosomes presenting the H3 tail and lysine 9 to Clr4 for methylation.

5.7 Sumoylation Is Required for Heterochromatin Integrity

Small ubiquitin-related modifer (SUMO) is a small peptide that is also conjugated
to specific target lysine residues in a manner similar to ubiquitin. SUMO may act
to prevent other modifications on lysines such as acetylation, methylation and ubig-
uitination. Many regulators of transcription are known to be sumoylated, and in
general this promotes transcriptional repression by interactions with HDACs (Gill
2005). Intriguingly all four histones have also been shown to be sumoylated in S.
cerevisiae, and this appears to act to oppose ubiquitination and acetylation and
inhibit transcription (Nathan et al. 2006). Sumoylation is also involved in maintaining
heterochromatin stability in fission yeast (Shin et al. 2005). Deletion of the gene
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encoding SUMO (Pmt3) causes defective silencing at centromeres and at the mat-
ing-type locus but had no effect at telomeres. In addition, a SUMO-conjugating
enzyme has been shown to interact with Chp2 and also to be associated with
regions of heterochromatin perhaps through interactions with Swi6 or Clr4. Swib6,
ClIr4 and Chp2 are sumoylated in vivo, and defective sumoylation of either Swi6 or
Chp2 impairs silencing (Shin et al. 2005).

The involvement of ubiquitination and sumoylation in heterochromatin forma-
tion in fission yeast are relatively new discoveries. These modifications may act to
promote or inhibit specific protein—protein interactions and/or other modification in
a variety of ways. Apart from promoting repressive modification of histones, it is
perhaps possible that RNAPII is ubiquitinated and/or sumoylated in response to
RNAI, allowing RNAPII and its nascent transcript to be efficiently engaged by
RNAi components. RITS, RDRC, ClIr4 and Swi6 might also be regulated by post-
translational modification during transcription and cell cycles.

6 RNAI Is Dispensable at the Mating-Type Locus
and Telomeres

Components of the RNAi pathway are required to direct heterochromatin assembly
at specific regions. At centromeres it is apparent that the RNAi pathway is neces-
sary for the formation and maintenance of silent chromatin although some features,
such as residual H3K9 methylation and Swi6 localisation, remain even after inacti-
vation of RNAI. In contrast, RNAI is required to establish heterochromatin at the
mating-type locus but is dispensable for its maintenance. Transcription of the cenH
element residing between mar2 and mat3 attracts the RNAi machinery to nucleate
heterochromatin formation in a similar fashion to that seen at centromeres (Hall et
al. 2002). However, unlike at centromeres, the silent state is propagated in the
absence of active RNAI. This is due to an alternative pathway involving Atfl and
Pcrl, two members of the stress-activated ATF/CREB protein family, which act in
an RNAi-independent manner to tether heterochromatin components to the mating-
type locus. When either of the genes encoding Atfl or Pcrl is deleted in combina-
tion with RNAi components, heterochromatin is completely abolished. This
suggests that the two pathways act in parallel and that Atfl and Pcrl act to retain
specific factors such as Clr4 and hence Swi6 once they have been delivered to the
locus by the RNAi machinery (Jia et al. 2004a; Kim et al. 2004). Interestingly both
Atfl and Pcrl physically interact with Swi6. In addition, Atfl associates with the
Clr6 HDAC, while Clr4 can bind both Atfl and Pcrl in vitro (Jia et al. 2004a; Kim
et al. 2004). This supports the idea that these DNA binding proteins act to maintain
the silent state at the mating-type locus in the absence of RNAI.

A distinct process also occurs at telomeres where Taz1, a telomere terminal repeat
DNA binding protein, is able to establish heterochromatin independently from the
RNAI machinery (Allshire et al. 1995; Kanoh et al. 2005; Nimmo et al. 1998). RNAi
components are also required for normal clustering of telomeres at the nuclear
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periphery in interphase cells (Hall et al. 2003). Telomere length remains normal in
cells lacking genes required for RNAi-mediated heterochromatin formation (Ekwall
et al. 1996; Hall et al. 2003). Although CIr4 and Rik1 are required for Swi6 localisa-
tion and silencing at telomeres, Swi6 localisation and silencing is retained in cells
lacking Dcrl, Agol or Rdpl (Allshire et al. 1995; Hall et al. 2003). This RNAi-
independent form of silencing at telomeres is due to a redundant pathway where the
terminal telomere repeats themselves can recruit Clr4 via Tazl bound to terminal
telomere repeats (Allshire 1995; Cooper et al. 1997; Kanoh et al. 2005). Loss of Taz
1 causes the terminal repeats at telomeres to elongate and leads to loss of silencing,
but Swi6 remains localised due to the maintenance of heterochromatin on telomere-
associated repeats (Cooper et al. 1997; Kanoh et al. 2005; Nimmo et al. 1998).

6.1 RNAi Acts at rDNA and Other Loci

In fission yeast approximately 100 copies of the 5.8S, 18S and 25S ribosomal
RNA genes are tandemly arranged as 10.4-kb repeats occupying approx. 1,000 kb
adjacent to telomeres on chromosome 3 and are transcribed by RNA polymerase I
in the nucleolus. When RNAPII-transcribed marker genes are placed the rDNA
they are transcriptionally silenced in a process that requires Clr4, Chp2, Swi6
and, to a lesser extent, Chpl (Thon and Verhein-Hansen 2000). Genome-wide
heterochromatin and euchromatin profiling confirmed that in addition to centro-
meres, telomeres and the mating-type loci, heterochromatin is also found associ-
ated with rDNA, and siRNA homologous to rDNA can be detected (Cam and
Grewal 2004). H3K9 methylation and Agol, but not Rdp1, was found to be asso-
ciated with particular regions of rDNA repeats. Moreover, H3K9 methylation,
Swi6, RITS components, and Rdpl were found to associate with a silenced
RNAPII marker gene inserted within rDNA. H3K9 methylation and Swi6 associ-
ation with this gene requires Chpl, Dcrl and Clr4. The rDNA arrays themselves
were found to be subject to increased inter-repeat recombination, indicating that
this heterochromatin contributes to the mitotic stability of rDNA arrays by sup-
pressing recombination. In other organisms it is known that only a proportion of
ribosomal repeats are actively transcribed (Dammann et al. 1993, 1995). It is pos-
sible that this RNAi-mediated heterochromatin also acts to regulate the number
of active rRNA genes.

In these genome-wide studies, a number of other chromosomal loci were also
highlighted as being potential sites of heterochromatin formation by their relatively
high levels of H3K9 methylation in mitotically dividing cells. These islands of het-
erochromatin mainly corresponded to genes which are only expressed in meiosis
(Cam and Grewal 2004). Therefore, heterochromatin may be required to maintain
repression of these genes in vegetative cultures but it is unknown if RNAI is
required to direct H3K9 methylation to these loci. Regardless, it is possible that
RNAI is involved in endogenous gene regulation in fission yeast as it is in Drosophila
and plants (Aravin et al. 2001; Chan et al. 2004).
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In many organisms the expression of a synthetic dSRNA homologous to an
endogenous gene can target homologous RNA resulting in degradation of that RNA
and in some cases modification of DNA/chromatin at the homologous locus
(Agrawal et al. 2003; Hannon 2002). In fission yeast the expression of an exoge-
nous dsRNA hairpin can induce the production of siRNAs homologous to green
fluorescent protein (GFP), allowing some silencing of a GFP transgene (Sigova
et al. 2004). This was shown to require the presence of Clr4, Rdpl, Dcrl and Agol
but not Swi6, Tas3 or Chpl. However, the level of on-going transcription from the
transgene does not appear to be affected, indicating that this silencing must be due
to post-transcriptional processing of the GFP transcript by RNAI. Further investiga-
tion of such silencing is required, as in this GFP system both target GFP transcripts
and homologous siRNAs are thought to be very highly expressed compared to the
apparent lower levels of naturally occurring centromere transcripts and siRNAs.
Strong transcription of the target or too much siRNA could interfere with, rather
than promote, RNAi-mediated heterochromatin formation at an artificial locus. It is
also unknown if these hairpin-derived GFP siRNAs are incorporated into the RITS
complex. Nonetheless, such artificial assays provide a useful tool to further investi-
gate defects in mutants affecting RNAi-mediated heterochromatin formation and
offer some clue as to where and how specific proteins may act in the process. Other
assays utilising tricks to direct the RNAi machinery to particular loci such as
ectopic silencing via repeats placed in euchromatin or tethering components to
RNA or DNA at euchromatic loci should also allow further insights into the mecha-
nism of RNA-mediated heterochromatin assembly (Buhler et al. 2006; Hall et al.
2002; Partridge et al. 2002).

7 Perspectives

The past 5 years have been a fast-moving period in terms of developing our under-
standing of RNAi-mediated heterochromatin formation in fission yeast. Most of the
genes involved have homologues in more complex eukaryotes, and it appears that
many of the processes involved are conserved to differing degrees in different
organisms. The initial discovery that the RNAi pathway directly contributes to het-
erochromatin formation and function in fission yeast was surprising. However, it is
now clear that small RNAs direct chromatin and DNA modifications in a number
of systems. Despite the identification of the RITS, RDRC and Rik1/Clr4 com-
plexes, our knowledge of how non-coding transcripts are processed to bring about
chromatin modifications and heterochromatin assembly is still rudimentary. For
instance, we do not know how RDRC contributes to RNA processing and siRNA
production, or how the key histone methyltransferase Clr4 or HDACs are recruited
by RNAI factors to bring about methylation of histone H3 on lysine 9 on chromatin
homologous to siRNA borne by RITS to occur. Dissection of the process is ham-
pered by the fact the entire RNAi-mediated heterochromatin assembly pathway
appears to collapse upon any intervention. New, more subtle assays will be required



178 S.A. White, R.C. Allshire

to work out the intricate details of how endogenous transcripts from repetitive DNA
elements are processed to siRNAs and how these siRNAs direct chromatin modifi-
cation to induce silent chromatin assembly.
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Abstract Heterochromatin is a specialized form of DNA packaging that results in
a transcriptionally inactive conformation. While much progress has been made in
characterizing the heterochromatin structure biochemically and via its effects on
genes and transgenes, very little is known about how heterochromatin formation
is initiated. Recent evidence from the yeast Saccharomyces pombe suggests the
involvement of the RNA interference (RNAi) machinery in heterochromatin forma-
tion, and in particular in the targeting of the heterochromatin machinery to specific
sites in the genome. In this article, we review the evidence for an involvement of
RNAI in heterochromatin formation in the model system Drosophila melanogaster.
It appears that while there are numerous threads that connect heterochromatin for-
mation and gene silencing with the RNAi pathways in Drosophila, a direct role for
RNAI in particular in the targeting of heterochromatin formation is still lacking.
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methylated at lysine 9; HDAC: Histone deacetylase; HP1: Heterochromatin protein 1;
I-RNA: JTosine-containing RNA; LTR: Long terminal repeat; miRNA: microRNA;
MNase: Micrococcal nuclease; mRNA: Messenger RNA; PEV: Position effect
variegation; rasiRNA: Repeat associated small interfering RNA; RISC: RNA-
induced silencing complex; RITS: RNA-induced transcriptional silencing; RNA::
RNA interference; siRNA: Small interfering RNA; Su(var) Suppressor of variegation;
TSN: Tudor SN; VIG: Vasa intronic gene; ADAR: Adenosine deaminase

1 Definition of Heterochromatin

Cytologically, the genome can be divided roughly into two categories, heterochroma-
tin and euchromatin, based on the mode of chromatin packaging. Heterochromatin
was originally defined as the nuclear material that remains deeply stained (i.e., hetero-
pycnotic) by nucleic-acid specific dyes as the cell cycle progresses from metaphase
to interphase (Heitz 1928). In general, heterochromatin is associated with pericentric
and telomeric regions of chromosomes. Subsequent studies of this material have
expanded the definition of heterochromatin to include a cluster of characteristics,
each applicable in most, but not all cases. For example, heterochromatic regions con-
sist predominantly of repetitious DNA, including satellitte DNA and remnants of
transposable elements. While these regions contain substantially fewer genes than
euchromatin, in Drosophila they are not completely devoid of genes. Interestingly,
those genes that are present appear to depend on the heterochromatic environment for
optimal expression (Hearn et al. 1991; Lu et al. 2000). In addition, heterochromatic
regions are more densely packaged, replicate late in S phase, and show extremely low
or no meiotic recombination (Ashburner et al. 2005; Weiler and Wakimoto 1995).

Two key observations, namely X inactivation and position effect variegation
(PEV), have linked formation of the condensed heterochromatic state with the inac-
tivation of genes normally active in a euchromatic environment. X chromosome
inactivation affects one of the two X chromosomes in female mammals, silencing
the majority of genes on that chromosome. The inactive X cforms the Barr body,
readily observed in stained nuclei as a heteropycnotic domain (reviewed in Lyon
1999). While the initial decision of which X chromosome to inactivate appears to be
random, once the decision is made, it is clonally inherited. X inactivation unequivo-
cally demonstrates the effects of altered chromatin structure on gene expression and
confirms the general association of heterochromatin with a silent state.

PEV arises from a rearrangement of chromosomes that places a normally active
euchromatic gene adjacent to a breakpoint within the heterochromatin. This rear-
rangement causes silencing of genes adjacent to the breakpoint in a variegating pat-
tern, apparently as a consequence of a clonally inherited decision similar to X
inactivation (see Fig. 1). PEV occurs in many organisms but has been studied most
intensively in the fruit fly Drosophila melanogaster, where genes required for eye or
body pigmentation (white and yellow respectively) provide convenient markers for
the study of PEV (reviewed in Weiler and Wakimoto 1995). Larval polytene
chromosomes of individuals carrying such a rearrangement show that the genomic
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Chromosomal
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Fig. 1 Position effect variegation. In the original configuration of the Drosophila X chromosome
shown in the fop of the illustration, the white gene (red box) is far from the centromeric hetero-
chromatin (dark blue area on the right side of the chromosome diagram). White is strongly
expressed, leading to a fully red eye, as seen in the photograph on the right. If a chromosomal
inversion places the white gene close to a breakpoint in the centromeric heterochromatin (as illus-
trated in the bottom part of the figure), the white gene can be silenced and no longer expressed.
As this silencing is stochastic, and only occurs in a subset of cells, a mottled red pattern is
observed in the eye (photograph on the bottom right)

region containing the marker gene is indeed packaged in a dense, heterochromatic
form; however, this type of packaging is restricted to cells in which the gene is actu-
ally silenced (Zhimulev et al. 1986). Both this finding and mammalian X chromo-
some inactivation strongly support the connection between an altered chromatin
state, chromatin packaging, and gene silencing. In Drosophila, PEV is a commonly
used assay in heterochromatin studies, and it will feature prominently in this review.

Given a variegating phenotype, it is relatively simple to select for second site
mutations that alter the phenotype, leading to reduced or increased levels of silencing
[designated as Su(var) or E(var) alleles respectively]. Extensive screens in Drosophila
have led to the characterization of over 30 such loci, with many more mutations iden-
tified, estimated to represent a total of ca. 150 genes (see Schotta et al. 2003).
Heterochromatin protein 1 (HP1) was one of the first Su(var)-encoded proteins iden-
tified and characterized. Originally, HP1 was identified in a cytological screen using
monoclonal antibodies generated against tightly binding nuclear proteins. HP1 is
predominantly associated with the pericentric heterochromatin, telomeres, the small
fourth chromosome (considered entirely heterochromatic by several of the above cri-
teria), and some sites along the chromosome arms (James and Elgin 1986). A cloned
version of the gene was used to identify its chromosomal position; sequencing of
known Su(var) alleles mapping to this site confirmed that a mutation in the gene
encoding HP1, Su(var)2-5, leads to a loss of silencing (Eissenberg et al. 1990, 1992).
Several genes identified by Su(var) mutations code for proteins that play a structural
role in heterochromatin, while others encode enzymes that are required to shift the
histone modification state (Wallrath 1998). These enzymes include both those
required to remove modification marks associated with the active state (for example
HDACI, coded for by rpd3) and those required to add modification marks associated
with the inactive state [for example, the histone H3 lysine 9 methyltransferase, coded
for by Su(var)3-9] (reviewed in Grewal and Elgin 2002).
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Studies of PEV have demonstrated that genes closer to the breakpoint (i.e., the
heterochromatin mass) have a higher probability of being silenced, while this prob-
ability is less for genes further removed. This finding suggests one fundamental
characteristic of heterochromatin: this form of packaging can spread along the
chromosome. It appears that heterochromatin formation is initiated at multiple sites
within a domain and then spreads by a self-assembly process until either a barrier
is encountered or the process fails due to depletion of necessary structural compo-
nents (Locke et al. 1988). This hypothesis is supported by the observation that the
dosage of several heterochromatin proteins has “antipodal” effects on the level of
gene expression. For example, while loss of one copy of Su(var)2-5 (HP1) leads to
a loss of silencing, the presence of an extra copy of the gene results in increased
silencing of a heterochromatic white reporter gene (Locke et al. 1988). Similar
results have been obtained using the genes encoding HP2 (Shaffer et al. 2006),
SU(VAR)3-7 (Spierer et al. 2005), and SU(VAR)3-9 (Schotta et al. 2003), suggest-
ing that they all play a structural role in heterochromatin formation.

A potential mechanism for heterochromatin spreading has been suggested based
on the interactions of HP1. HP1 is a small protein (212 aa in D. melanogaster) with
two conserved domains, an N-terminal “chromodomain” and a related C-terminal
“chromoshadow” domain. The protein dimerizes through the chromoshadow
domain. This domain also interacts with several other proteins, including the three
mentioned above, HP2, SU(VAR)3-7, and SU(VAR)3-9. It was first reported in
mammals that the HP1 chromodomain binds specifically to histone H3 modified by
methylation at lysine 9 (H3K9me2/3; Bannister et al. 2001; Lachner et al. 2001).
This finding was the key observation leading to a model for the spreading of hetero-
chromatin silencing along the chromosome observed in PEV. Because HP1 can
recognize both the specific histone modification (H3K9me?2/3) and bind the modi-
fying enzyme [SU(VAR)3-9, a histone H3K9 methyltransferase], the modification
can be propagated, regenerated, and potentially inherited as an epigenetic mark (see
Fig. 2). Overall, the effects of the two chromatin modifiers HP1 and SU(VAR)3-9
are tightly linked, which is further demonstrated by the finding that the localization
of HP1 and SU(VAR)3-9 to pericentric heterochromatin is mutually dependent
(Schotta et al. 2002). While the interaction of SU(VAR)3-9 and HP1 provides a
model for propagating a heterochromatic nucleosome organization, it remains
unclear how this process is targeted to appropriate regions of the genome.

While PEV was originally discovered as a result of a chromosomal rearrange-
ment, the above biochemical studies suggest that insertion of a reporter gene into a
heterochromatic environment by transposition could also result in a variegating
phenotype. As in the case of chromosome rearrangements, gene silencing would
occur due to the spreading of the repressive chromatin structure (over the reporter
gene). This hypothesis has been confirmed by numerous experiments using
Drosophila (Wallrath and Elgin 1995), yeast (Allshire et al. 1994; Gottschling et al.
1990), and mammals (Festenstein et al. 1999). This approach has allowed the inves-
tigation of the chromatin structure of reporter genes in various chromatin environ-
ments. Using Drosophila embryos, micrococcal nuclease (MNase) digestion
experiments have shown that the nucleosome spacing associated with a silenced



A Role for RNAI in Heterochromatin Formation in Drosophila 189

Su(var)
~HP1 i

Su(var)  Su(var)
3-9 3-9

A/ //\//

Fig. 2 Spreading of heterochromatin. Due to the fact that HP1, one of the key structural compo-
nents of heterochromatin, can recognize H3K9me as well as recruit SU(VAR)3-9, the histone
methyl transferase generating this modification, once initiated, heterochromatin can spread as
shown in the diagram. Nucleosomes are shown in light blue, with the DNA represented in black.
For each nucleosome, one histone H3 tail is shown, which can be modified by methylation at K9
(purple circle). If H3K9me is present, HP1 (blue) can bind to it. In turn, SU(VAR)3-9 (yellow) can
bind to nucleosome-bound HP1. SU(VAR)3-9 can methylate the adjacent H3 at K9, propagating
the spread of heterochromatin. In addition, the transition from euchromatin to heterochromatin is
facilitated by the concomitant removal of active marks such as histone acetylation, for example,
by the RDP3 histone deacetylase (not shown; Carrozza et al. 2005; Keogh et al. 2005). Many other
chromosomal proteins contribute to maintaining a stable chromatin structure

(heterochromatic) reporter is much more regular than the spacing found for
euchromatic insertion sites, with smaller MNase cleavage targets (Sun et al. 2001;
Wallrath and Elgin 1995). The promoters of silenced transgenes also exhibit a loss
of DNase I hypersensitive sites (DH sites; nucleosome-free regions commonly
found at the 5" ends of genes and at other regulatory sites) and are more resistant to
DNase I digestion in general (Cryderman et al. 1999; Sun et al. 2001). Loss of DH
sites has been shown to be dependent on the presence of HP1. The changes in
nucleosome spacing, and the implied denser chromatin structure, may well contrib-
ute to a loss of accessibility, preventing RNA polymerase Il from recognizing
and/or accessing the reporter genes (Cryderman et al. 1999).

The studies cited above helped to define heterochromatin, albeit imperfectly, and
have led to a better biochemical understanding of the chromatin packaging that can
lead to gene silencing. However, they leave open the question of how heterochro-
matin formation is targeted in the cell nucleus. How is the decision made to inacti-
vate certain regions of the genome by this mechanism, and leave others accessible
for expression? One possible mechanism might be via proteins that bind specific
target DNA sequences. Such proteins have been identified. For example, D1 is an
AT-hook protein that binds to AT-rich satellite DNA in Drosophila, mutations of
which cause suppression of w™* variegation (Aulner et al. 2002). This type of binding,
however, seems an unlikely mechanism for targeting heterochromatin formation to
transposable elements, for example, which are more variable. Results from recent
studies in S. pombe and plants indicate that RNA interference (RNAI) is used to
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target gene silencing in these organisms. These findings provided an impetus to ask
whether or not a similar RNAi system might operate in Drosophila.

2 Biochemistry of RNAIi

The earliest evidence for the existence of the RNAi pathway was uncovered by
studies of gene silencing in plants, where it was noted that the introduction of mul-
tiple transgene copies often led to posttranscriptional gene silencing (Jorgensen
et al. 1996; Matzke et al. 1989; Napoli et al. 1990; van der Krol et al. 1990).
Eventually, double-stranded RNA (dsRNA) was implicated in this process (by
experiments carried out in plants and worms) and shown to be able to induce silenc-
ing of genes with homologous sequences (Fire et al. 1998; Metzlaff et al. 1997). In
particular, small RNA species were found to be involved in mediating the control
of gene expression from transgenes as well as from endogenous gene copies
(Hamilton and Baulcombe 1999). Soon it was recognized that the RNAi pathway
could provide a common mechanism for a number of disparate gene silencing phe-
nomena, including both transcriptional and posttranscriptional cases.

Posttranscriptional silencing is thought to occur via the action of the RNA-
induced silencing complex (RISC). While more recent evidence suggests that there
are most likely a number of functionally differentiated RISCs, the complex origi-
nally purified from Drosophila tissue culture cells contains the following protein
components: AGO2, an Argonaute family protein; TudorSN, a putative endonucle-
ase (TSN); VIG, the product of vasa intronic gene; and FXR, the Drosophila
homolog of the fragile X mental retardation protein (Caudy et al. 2002; Hammond
et al. 2001). To induce silencing, dsRNA is recognized by a Dicer protein, which
cleaves the dsRNA into 21- to 23-nucleotide (nt) small interfering RNA (siRNA).
One siRNA strand remains associated with the Dicer protein and subsequently is
loaded into the RISC complex, making contact with the other RISC components.
The siRNA, which is an integral part of the active RISC, targets the complex to
endogenous mRNA transcripts of complementary sequence. The mRNA molecules
identified by this process are then cut and degraded by the endonucleolytic activity
of RISC (in the case of Drosophila, the AGO2 subunit). Thus, the combined action
of a Dicer and RISC leads to posttranscriptional silencing of genes with homology
to dsRNA due to the degradation of their mRNA. Alternatively, Dicer-derived siR-
NAs can lead to posttranscriptional gene silencing by causing translational inhibi-
tion of homologous mRNAs. (For details on both of these processes, please see the
other chapters in this volume or the recent review by Sontheimer 2005.)

A second protein complex that participates in transcriptional gene silencing has
been isolated in yeast (S. pombe). This complex shows structural similarity to RISC
and is named RNA-induced transcriptional silencing (RITS) complex. It contains
CHP1 (a chromodomain protein, and a structural element of heterochromatin),
TAS3 (a protein of unknown function), and like RISC, an Argonaute class protein,
AGOL1, as well as siRNAs (Verdel et al. 2004). Similar to the siRNA found in RISC,
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the siRNA component of the RITS complex is generated by a Dicer protein (Verdel
et al. 2004). In the RITS complex, siRNAs serve to guide the complex to potentially
heterochromatic locations in the genome based on sequence homology. Once local-
ized, the RITS complex interacts with histone modifying enzymes such as CLR4
(the H3K9 methyltransferase), and SWI6, the yeast HP1 homolog (Motamedi et al.
2004; Noma et al. 2004). Through the recruitment of heterochromatin associated
proteins, and possibly chromatin remodeling factors, RITS can induce heterochro-
matin formation. An RNA-dependent RNA polymerase (RPD1/RDR1) is involved
in this pathway in addition to the RITS components (Sugiyama et al. 2005). RPD1
amplifies the siRNA response by generating additional dSRNA from nascent tran-
scripts, which can subsequently feed into the pathway after being processed by a
Dicer, thus reinforcing the transcriptional gene silencing. It is a rather curious fea-
ture of this process that it appears that transcription, presumably at low levels, is
thus used to ensure gene silencing.

Proteins that are part of the RNAi pathway have been identified in Drosophila,
in part due to their sequence similarity to known proteins in other model systems
(see Table 1 for a summary). The Drosophila genome encodes two Dicer proteins
(Bernstein et al. 2001): DCR-1, which is predominantly responsible for the
generation of microRNAs (miRNAs, small RNA species, derived from endogenous

Tablel RNAI pathway genes in Drosophila melanogaster. A “Yes” in the TEs column indicates
that mutations in this gene affect transposable element silencing. Entries in the PEV column indi-
cate the effect mutations in this gene have on PEV. References for the data summarized in this
table are given in the text

Gene Function TEs PEV?
Dcr-1 Dicer protein, preferentially miRNA processing ND ND
Dcr-2 Dicer protein, preferentially siRNA processing, viral ND ND
RNA processing
Agol Argonaute protein, miRNA processing Yes ND
Ago2 Argonaute protein, siRNA processing, viral RNA Yes  Suppresses
processing
Ago3 Argonaute protein, unknown function ND ND
Piwi Argonaute protein, heterochromatin formation, viral ~ Yes  Suppresses
RNA processing
Aubergine Argonaute protein Yes  Suppresses
Homeless/Spindle-E RNA helicase; heterochromatin formation Yes  Suppresses
Armitage RNA helicase; RISC maturation; stellate silencing ND ND
Rm62/Lip RNA helicase; heterochromatin formation Yes  Suppresses
R2D2 dsRNA binding protein, siRNA processing, viral RNA ND ND
processing
Drosha miRNA processing Yes ND
Loquacious/R3D1  dsRNA binding protein, miRNA processing, Stellate ND ND
Tudor-SN Endonuclease, component of RISC ND ND
FMRI Fragile X Protein orthologue, component of RISC ND ND
VIG Vasa intronic gene product, component of RISC, viral ND ND
RNA processing

ND, not determined
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hairpin transcripts, that function in developmental gene regulation), and DCR-2,
which mainly generates siRNAs (Lee et al. 2004). There are five Argonaute pro-
teins, AGO1, AGO2, AGO3, PIWI, and AUBERGINE (AUB). Similar to the sub-
functionalization seen with the Dicer proteins, one Argonaute protein, AGO1, is
primarily involved in the processing of miRNAs, while a second family member,
AGQ?2, is chiefly responsible for the processing of siRNAs. However, recent data
indicate that this division of labor is not complete, as both AGO1 and AGO2 can
degrade mRNA targets (Miyoshi et al. 2005; Okamura et al. 2004). AUB and PIWI
have been implicated in transposon silencing and appear to be involved in hetero-
chromatin formation as well (Kalmykova et al. 2005; Pal-Bhadra et al. 2004; Reiss
et al. 2004). AGO3 seems to be more similar in function to PIWI and AUB than to
AGOI1 or AGO2 (Brennecke et al. 2007). Three candidate RNA helicases are also
part of the RNAIi pathway in Drosophila: SPN-E (aka HOMELESS) and RM62 (aka
LIP) are involved in heterochromatin formation (Csink et al. 1994; Pal-Bhadra et al.
2004), while ARMITAGE (ARMI) is required for RISC maturation (Tomari et al. 2004).
Besides these three classes of proteins, the Drosophila RISC from S2 cells, which
has been studied in detail, also includes VIG, TSN, and FMR1 (Caudy et al. 2002).
While the Argonaute and Dicer proteins are essential for siRNA processing, it is
possible that VIG, TSN, and FMRI1 are only present in one or a few specialized
RISCs. An additional protein class in the RNAi pathway is dsSRNA binding pro-
teins, which in Drosophila include R2D2, which transiently binds the siRNA
duplex (Liu et al. 2003) and LOQUACIOUS (LOQS) (Forstemann et al. 2005;
Saito et al. 2005). In contrast to yeast and plants, Drosophila appears to lack an
RNA-dependent RNA polymerase activity, based on similarity searches against
public databases of the published genome sequence. The absence of this activity is
supported by the observation that targeting of a particular exon for posttranscrip-
tional gene silencing does not lead to the formation of upstream degradation sites
(Celotto and Graveley 2002; Roignant et al. 2003).

The following model has emerged for RNAi in Drosophila based on the genes
present in the Drosophila genome and the experimental data available (see Fig. 3).
In the case of siRNAs, the RNAi pathway is initiated by a long double-stranded
RNA, which is recognized by the Dicer protein DCR-2. DCR-2 cleaves the double-
stranded RNA into siRNAs. R2D2 (a double-stranded RNA binding protein
homologous to RDE4 from C. elegans) binds to the DCR-2-bound double-stranded
siRNA, and additional proteins are recruited to form the RISC-loading complex. R2D2
and the unnecessary siRNA strand (passenger strand) leave the complex. AGO?2,
VIG, TSN, and FMRI1 are among the proteins recruited to form RISC with the
bound siRNA, which serves as the agent for targeting specific mRNAs for degrada-
tion. Parallel to the processing of siRNAs is the pathway handling miRNAs, derived
from endogenous hairpin RNA. In this case, DROSHA and DCR-1 process the
hairpin RNA into fragments of approx. 21 nt (Lee et al. 2003). These fragments are
incorporated into a protein complex containing AGO1, which targets homologous
mRNAs for translational inhibition, sequestration, and/or degradation, thus contrib-
uting to developmental gene control. LOQS is a double-stranded RNA binding
protein that is required for the processing of miRNAs (Jiang et al. 2005; Saito et al.



A Role for RNAI in Heterochromatin Formation in Drosophila 193

2005). It is unclear to what extent the siRNA and miRNA pathways intersect, spe-
cifically to what degree the components of one pathway can substitute for compo-
nents of the other. These pathways each have distinct components, but also share
some components, and further work is needed to gauge the amount of crosstalk
between them (Murchison and Hannon 2004). A pathway for processing dsRNA to
target repetitious sequences for transcriptional gene silencing can be postulated;
however, we do not know the source of the initiating RNA (whether from a hairpin,
long double-stranded transcript, or the complementation of a single strand tran-
script), and are only beginning to identify components (see also Fig. 3).

A B c
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dml .
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pri-microRNA

pre- micraRMNA

Fig. 3 A-C Model of the RNAi-mediated pathways in Drosophila. A The long dsRNA pathway
primarily uses DCR-2 to generate siRNAs that are incorporated into AGO2-containing HoloRISC.
DCR-1-LOQS have some role in this pathway as well. siRNA-bound AGO2 interacts with target
RNAs and cleaves them. B Hypothetical pathway leading to heterochromatin formation. Long
dsRNA molecules, or alternatively hairpin RNAs, are processed into siRNAs. They are then recog-
nized by a double-stranded RNA binding protein and incorporated into a RISC-like complex, which
might include a double-stranded RNA binding protein, a Dicer protein, as well as an Argonaute
family member. Incorporated into a targeting complex, the siRNA serves to target specific regions
of the genome for heterochromatin formation and recruits chromatin-modifying enzymes such as
histone methyltransferases. Eventually, heterochromatin-associated proteins such as heterochroma-
tin protein 1 are recruited as well. PPD, Paz-PIWI domain protein. Note that the source of the criti-
cal small RNAs could also be the recently observed piRNAs, which are abundant in germline (for
arecent review see Lin 2007). C MicroRNA pathway, where long primary-mircroRNAs are cleaved
by DROSHA/PASHA to generate pre-microRNAs, which are further cleaved by DCR-1/LOQS to
generate ~22-nt microRNA duplexes. These are then loaded into AGO1-containing miRISC, which
inhibits translation by binding to complementary sequences in the 3’-UTR of corresponding
mRNAs. (Adapted from Leuschner et al. 2005 and Gregory et al. 2005)
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3 Links Between RNAi and Heterochromatin

Several observations linking gene silencing with altered chromatin structure also
suggest a connection to RNAi. Most important in establishing this connection have
been studies of cosuppression and of transcriptional gene silencing involving trans-
posable elements. “Cosuppression” denotes the observation that multiple copies of
the same gene, including both endogenous and transgenic copies, in a dispersed
(not tandem) configuration, exhibit a decrease (suppression) in gene expression
with increased gene dosage. This phenomenon was described initially in plants
(Napoli et al. 1990). In Drosophila, the first described case of cosuppression
involved a transgene consisting of the white promoter fused to an Adh reporter gene
(Pal-Bhadra et al. 1997). Quantitative Northern analysis demonstrated that mRNA
levels were reduced in homozygous flies (with two copies of the transgene) com-
pared to heterozygous individuals (with one copy). In general, multiple transgene
copies resulted in a form of gene silencing that was dependent on proteins encoded
by the Polycomb group of genes (Pal-Bhadra et al. 1997). This finding suggests that
the silencing might occur at the transcriptional level. In addition to white-Adh trans-
genes, the full-length Adh gene can participate in this copy number-dependent
silencing as well. However, silencing of the full-length Adh copies is posttranscrip-
tional. A role for the RNAi pathway was confirmed by the detection of siRNAs
from the Adh locus and the finding that silencing was disrupted by mutations in the
Argonaute family member piwi (Pal-Bhadra et al. 2002).

One possible explanation for the silencing observed might be found in the nature
of the transgenes. The various constructs were introduced into Drosophila using
P element-mediated transformation and contain the ends of a P element transposon.
As will be discussed in more detail later in this review, transposable elements are
often silenced at the level of transcription. It is possible that the P element remnants
associated with the transgene are able to recruit the machinery responsible for gene
silencing; this does not explain, however, the difference in silencing mechanisms
observed between the w-Adh and the full-length Adh constructs.

Interestingly, the Argonaute family member piwi, which is known to affect post-
transcriptional silencing phenomena, also has a strong effect on transcriptional
silencing of the white-Adh reporter gene construct. This impact of piwi was demon-
strated in an experimental system that included the w-Adh reporter gene construct,
the endogenous Adh gene, and a construct combining the Adh promoter with the
coding region of white named Adh-w. In this system, the addition of w-Adh copies
results in transcriptional silencing of Adh-w in a manner that is dependent on the
presence of the endogenous Adh gene. When the piwi mutation was introduced into
the background carrying these transgenes, it did not affect the transcriptional silenc-
ing of w-Adh/Adh. In contrast, based on eye color observations (white) and Northern
blot analysis (white), it was shown that the loss of piwi resulted in a partial restora-
tion of expression from the Adh-w transgene, which had also originally been tran-
scriptionally silenced. Thus, in piwi mutants, transcriptional silencing can be
alleviated in certain cases, a finding that links the RNAi pathway to transcriptional
gene silencing using the Polycomb proteins (Pal-Bhadra et al. 2002).
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Additional evidence for such a link has been uncovered in experiments with the
Polycomb response element (PRE)-containing regulatory element FAB-7. The
PREs recruit Polycomb complexes, thus contributing to silencing. Using immunos-
taining techniques, DCR-2, AGO1, and PIWI were shown to colocalize with
Polycomb bodies in interphase diploid nuclei. The three RNAi proteins are not
necessary for the recruitment of Polycomb complexes to FAB-7; however, mutants
in these genes were deficient in the long-range chromosome interactions that are
precipitated by FAB-7 elements (Grimaud et al. 2006). While the available data at
this point do not provide clear evidence for a specific mode of action for the RNAi
pathway in Polycomb-mediated silencing, it appears clear that the two processes
are linked at a minimum through shared protein components.

Another silencing phenomenon, reminiscent of cosuppression, has been seen in
studies of hybrid dysgenesis. Hybrid dysgenesis is observed in Drosophila when
males harboring certain transposable elements are crossed to females lacking them.
In the offspring of such crosses, high levels of transposition and sterility are
detected. These effects are due to the reactivation of the novel transposable element
and can be prevented by exposing the “naive” strain that lacks the transposon to any
portion of the element (Ashburner et al. 2005). The fact that expression of any por-
tion of the element can maintain silencing after the cross is reminiscent of the
silencing properties of the w-Adh construct mentioned in the previous section. In
addition, small RNA species matching the transposable element have been shown
to play a role in subsequent repression of the transposable element (Blumenstiel
and Hartl 2005). Finally, certain aspects of hybrid dysgenesis also are impacted by
the dosage of Su(var)3-9, which encodes an H3K9 methyltransferase (Dimitri et al.
2005), and Su(var)2-5, which encodes HP1 (Marin et al. 2000; Ronsseray et al.
1996). Both loci are critical for heterochromatin formation.

While hybrid dysgenesis overall is still poorly understood, and in fact might
represent more than one distinct phenomenon, the current data suggest that dysgen-
esis is the consequence of mobilization of a repetitious element due to a shift from
the element’s silent state to an active state. The presence of siRNAs matching the
reactivated transposable element provides a clear link to the RNAi pathway.
Because some forms of hybrid dysgenesis are also impacted by mutations in the
structural components of heterochromatin, they provide a link between heterochro-
matin formation and the RNAi machinery, suggesting that targeted heterochromatin
formation is normally used to silence the transposable elements.

Studies of the regulation of transposable elements provide additional evidence
for a link between the RNAi pathway, gene silencing, and heterochromatin forma-
tion. In Drosophila, the gypsy retrotransposon usually is silenced to prevent its
transposition. Many copies reside in heterochromatic areas of the genome. Northern
blot analysis shows the presence of siRNAs derived from gypsy elements. In addi-
tion, the silencing of gypsy elements is dependent on the presence of a functional
copy of piwi (Sarot et al. 2004). Lack of a functional piwi allele can cause increased
transposition of two other transposable elements, copia and mgdl, in the male
germline, indicating that piwi is required for transposon silencing in that instance
as well (Kalmykova et al. 2005). However, it is currently unknown whether the
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silencing observed is transcriptional or posttranscriptional. It is also possible that
the mechanism involves a combination of both, as a functional piwi product and
siRNAs have been associated with both types of silencing in the w-Adh and Adh
studies mentioned above.

Investigations into the regulation of other Drosophila transposons also testify to
the relationship between the RNAi pathway and heterochromatin formation. One case
of P element repression is dependent on the presence of (a second) P element inser-
tion into the subtelomeric heterochromatin of the X chromosome and occurs in the
absence of functional HP1. Mutations in aubergine were found to disrupt this specific
type of P element repression (Reiss et al. 2004). Aubergine has also been shown to
function in the silencing of additional long terminal repeat (LTR) transposons (mdg1,
1731), and non-LTR elements (F element), as well as the non-coding tandem repeat
mst40 in the germline (Aravin et al. 2001). Lack of a functional copy of spn-E allevi-
ates silencing of the heterochromatic GATE transposon and increases its expression
(Gvozdev et al. 2003). Similar results were obtained for copia elements in testes,
where mutations in spn-E increase expression (Stapleton et al. 2001). In addition, a
microarray study comparing gene expression of AGO1-depleted cells with expression
levels of AGO2-depleted cells uncovered a common set of mobile elements that is
misregulated in both cell lines (Rehwinkel et al. 2006). Thus, at least five RNAi-asso-
ciated proteins, AGO1, AGO2, SPN-E, AUB, and PIWI, are required for effective
retrotransposon silencing, indicating a role for RNAi in maintaining silencing of these
repetitious elements. It remains unclear, however, if the reactivation of transposable
elements is a direct effect of the defects in the RNAi pathway that impact posttran-
scriptional silencing, or is a consequence of unraveling the repressive structure of
heterochromatin, with associated loss of transcriptional silencing, or both.

Additional insights into the role of RNAi in maintaining transposable elements
in a silent state have been gained from recent work on viral invaders and RNAi.
While it has been known for some time from work in plants that the RNAi pathway
is involved in the degradation of viral RNA and thus the defense against viral infec-
tion, evidence for a similar pathway in Drosophila is still in its infancy. In a recent
study, where Drosophila cultures were infected with a birnavirus (Drosophila X
virus), it was shown that RNAIi plays a role in viral defense in Drosophila as well.
In particular, PIWI, VIG, AUB, ARMI, RM62, R2D2, and AGO2 were all required
for the successful initiation of this viral defense pathway (Zambon et al. 2006). Two
other classes of viruses, nodaviruses and picorna-like viruses, were used in a sec-
ond study to challenge wildtype flies and flies mutant in RNAi components to
assess their immune response. In this study, dcr-2, r2d2, and ago2 mutant flies were
shown to have a suppressed immune response, demonstrating the importance of the
RNAI pathway (Wang et al. 2006). Finally, the dependence of a successful immune
response to viral infection on RNAi was demonstrated for Sindbis virus, a member
of the o-virus family, by challenging dcr-2 mutant flies, which showed much
higher mortality than wildtype controls (Galiana-Arnoux et al. 2006).

The role of RNAI in the immune response to viral invaders appears to be con-
served from plants to insects and mammals and might offer an explanation for the
role of RNAI in maintaining transposable elements in a silent state. Transposable
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elements are likely derived from ancient viral invaders of the genome, and still
carry many characteristics that demonstrate their kinship with viral genomes. The
LTR-derived transposons have a dsRNA intermediate, which can serve as a sub-
strate for the RNAi machinery. Thus, the common aspects of viral replication and
transposition might explain the multiple roles the RNAi machinery assumes in
immune response and the regulation of transposable elements.

Some of these components of the RNAI system also are involved in the regula-
tion of other repeated sequences, for example the Stellate locus. Stellate is an
endogenous locus encompassing multiple tandem arrays of a transcript required for
male fertility in D. melanogaster. Expression of Stellate is regulated by the RNAi
pathway through the tandem repeats found at the Su(Ste) locus. These repeats
represent copies of the hoppel transposon, also known as 7360 element, interspersed
with a repeated fragment of the Stellate gene. The Su(Ste) repeats reside in the
Y chromosome heterochromatin, while Stellate itself is located on the X chromo-
some. The Su(Ste) tandem repeats are expressed in both sense and antisense direc-
tion, including regions of identity with the Stellate gene (Aravin et al. 2001).
Expression in the antisense direction utilizes a promoter from within a copy of the
1360 element. Spn-E mutants mimic deficiencies in the Su(Ste) locus, allowing for
the accumulation of excess Stellate transcript (Stapleton et al. 2001). Similarly, aub
mutations result in the derepression of Stellate (Aravin et al. 2001). Lastly, armi,
encoding a putative ATP-dependent helicase, also disrupts proper Stellate regula-
tion through the RNAi pathway, providing yet another link to the various silencing
pathways (Tomari et al. 2004). Overall, available evidence at this point is consistent
with posttranscriptional regulation of Stellate expression through the RNAi path-
way. However, the data are not sufficient to exclude the involvement of a transcrip-
tional component to the regulation of Stellate, mediated through the RNAi pathway’s
documented effect on chromatin structure.

While the evidence from Drosophila clearly shows that gene silencing is linked
to alterations in chromatin structure, and that many instances of gene silencing are
impacted by the RNAi pathway, experimental support for a direct connection
between RNAi and heterochromatin formation is strongest in other organisms. In
S. pombe, the relationship between heterochromatin formation and the RNAi
machinery has been probed through the use of heterochromatic reporter constructs.
These studies examined the effect of mutations in the Argonaute gene agol, the
RNase III gene dcrl, and the RNA-dependent RNA polymerase gene rdpl. When
any of these genes is nonfunctional, reporter genes in the pericentric heterochroma-
tin (which are usually silenced) are expressed. In addition, large transcripts from
the centromeric regions are recovered in the mutant strains. These large transcripts
are absent in wildtype strains. In contrast, large numbers of siRNAs derived from
the centromere are present in wildtype but absent in the mutants. The changes in
centromeric expression states in the three mutants reflect a biochemical change in
chromatin structure. Compared to wildtype, agol~, dcrl-, and rdpl- lines show
higher levels of H3K4 methylation, a mark of transcriptionally active chromatin, as shown
by chromatin immunoprecipitation experiments. These regions also show decreased
levels of H3K9 methylation, a mark of silenced chromatin, in the mutant lines.
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Chromatin immunoprecipitation experiments indicate that the RNA-dependent RNA
polymerase RDP1 physically associates with centromeric sequences, suggesting that
dsRNA is generated from any transcripts originating at the site (Volpe et al. 2002).
Additional data from a study of the mat locus confirm the involvement of agol,
dcrl, and rdpl in heterochromatin formation in this domain. Mutations in all three
loci lead to loss of silencing and loss of heterochromatic histone marks (Hall et al.
2002). Thus, the data available from S. pombe clearly link the RNAi pathway to
heterochromatin formation, as mutations in the genes required for RNAIi lead to
biochemically altered chromatin in normally heterochromatic domains. Further
details can be found in other chapters of this book.

In Arabidopsis, studies of RNA-directed DNA methylation also have provided a
connection between the RNAi pathway and chromatin structure. Similar to
Drosophila and other organisms, siRNAs homologous to the heterochromatic
regions of the Arabidopsis genome have been isolated, corresponding, for example,
to the 180-bp centromeric repeat and various transposable elements (Llave et al.
2002). Mutations in the RNAi pathway lead to increased transcription of hetero-
chromatic sequences such as transposable elements, e.g., AtSNI, and a loss of the
associated siRNAs (Xie et al. 2004). However, the strongest connection between
the RNAI system and chromatin structure is provided by tracking cytosine methyla-
tion. Various studies have shown that transgenes processed via the RNAi pathway
are targeted for cytosine methylation, and concomitant gene silencing, in a manner
dependent on the siRNAs (Aufsatz et al. 2002). Localized H3K9me is also observed
in association with cytosine methylation, a further mark of heterochromatin forma-
tion in plants (Jackson et al. 2002; Soppe et al. 2002; Tran et al. 2005). Thus, it
appears that the RNAIi system in Arabidopsis is directly involved in targeting hete-
rochromatin formation by affecting 5-methylcytosine levels.

While few results have been reported from vertebrates, recent data from chicken-
human hybrid cell lines have indicated that Dicer is required for proper sister chro-
matid cohesion. Loss of Dicer activity results in increased transcription from
centromeric heterochromatin in this system as well. Furthermore, two heterochro-
matin-associated proteins are mislocalized in dicer deficient cells, the RAD21
cohesion protein and the BubR1 checkpoint protein (Fukagawa et al. 2004).
Together, the evidence from S. pombe and plants indicates that there is a direct con-
nection between heterochromatin formation and the RNAi pathway that is pre-
served among diverse eukaryotes. Previous evidence cited above supports the
presence of a similar mechanism in Drosophila.

4 Experiments Testing an RNAi Connection in Drosophila

4.1 Tests Using PEV

The first set of experiments that indicate a possible connection between heterochro-
matin and the RNAi pathway in Drosophila investigated the impact of mutations in
known RNAi components on reporter genes showing PEV. PEV, shown in Fig. 1,
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can be used as an indicator of heterochromatic packaging as illustrated previously.
Thus, the response of a variegating reporter gene to second site mutations has been
used to identify genes whose products contribute to chromatin formation. Lines
carrying insertions of tandem-repeat reporter constructs are capable of inducing
local heterochromatin formation at the insertion site (Dorer and Henikoff 1994,
Fanti et al. 1998). These lines as well as lines with single white reporter genes
inserted within heterochromatin were used to test the involvement of RNAi in PEV.
Mutations in the RNAi pathway components piwi, spn-E, and aub relieve silencing
of the reporter gene, with spn-E showing the strongest effect (Pal-Bhadra et al.
2004). The impact of mutations in RNAi pathway components on PEV has been
confirmed with an independent reporter construct (Haynes et al. 2006). In addition,
the perturbation of heterochromatin structure was observed by immunohistochemi-
cal staining of polytene chromosomes (Pal-Bhadra et al. 2004). Thus, the RNAi
pathway proteins PIWI, AUB, and SPN-E affect characteristics of heterochromatin,
indicating that the RNAi machinery plays a role in its formation or maintenance in
Drosophila.

More recently, it has been shown that AGO2, a component of RISC in Drosophila,
impacts heterochromatin formation as well. In a study of ago2-mutant embryos,
chromosome segregation was found to be abnormal, as was the localization of the
centric histone H3 variant (CID, centromere identifier). This centromere defect was
reflected in abnormal HP1 staining of centric heterochromatin on polytene chromo-
somes. These chromosomes also exhibited defects in H3K9 methylation (Deshpande
et al. 2005). Studies of the eye phenotype in flies carrying a mini-white reporter gene
construct showing PEV confirmed the role of AGO?2 in heterochromatin formation.
In ago2/+ heterozygous flies, suppression of PEV is observed, leading to increased
expression from the mini-white reporter gene (Deshpande et al. 2005). These PEV
studies demonstrate the effects of defects in multiple RNAi-associated proteins on
heterochromatin formation, linking the two pathways.

4.2 Spectrum of siRNAs

Studies profiling the type and number of small RNA species present within an
organism also connect heterochromatin formation and RNAi. In Drosophila, a pro-
filing study that cloned and characterized over 4,000 small RNAs identified three
kinds of small RNAs. Besides the degradation products of cellular mRNA, which
are heterogeneous in size, 21- to 22-nt RNAs and 24- to 26-nt RNAs were also
found. These molecules represent miRNAs (based on their structure and annotation
in the Drosophila genome database) involved in developmental gene control, small
interfering RNAs (siRNAs mainly from viral sequences), and repeat-associated
small interfering RNAs (rasiRNAs, based on sequence similarity to known repeats).
rasiRNAs were recovered from all genomic regions commonly identified as hetero-
chromatin: centromeric repeats, pericentromeric sequences, including transposable
elements (retroelements and DNA transposons), and Su(Ste) repeats, as well as a
number of uncharacterized repeats. The contribution of rasiRNAs to the total small



200 N.C. Riddle, S.C.R. Elgin

RNA pool varies over developmental time and is highest in early embryogenesis.
In O- to 2-h and 2- to 4-h embryos, rasiRNAs are as abundant as miRNAs (Aravin
et al. 2003). During this same time period, heterochromatin domains are estab-
lished. While at ca. 100 min after fertilization (cell cycle 10) heterochromatin is not
detected by dense staining during interphase, it is easily seen at ca. 130 min after
fertilization (nuclear replication cycle 14; Foe et al. 1993). Thus, rasiRNAs are
present in high concentrations during the time period critical for heterochromatin
establishment and fall off sharply thereafter. These findings are consistent with the
idea that these siRNAs might play a role in directing heterochromatin formation.

During recent months, significant progress has been made in the characterization
of the three PIWI family members in Drosophila, PIWI, AUB, and AGO3. All three
function in the germline (Brennecke et al. 2007; Megosh et al. 2006). They associ-
ate with small RNAs, which have been termed PIWI-interacting or piRNAs (first
observed in rat; Lau et al. 2006). piRNAs may well correspond to the rasiRNA
population described in the previous paragraph (Brennecke et al. 2007; Gunawardane
et al. 2007; Saito et al. 2006; Vagin et al. 2006). piRNAs differ from siRNAs and
miRNAs as they are larger in size and exhibit distinct 3’/5” modifications. The gen-
eration of these germline RNAs in Drosophila is independent of dcr-1 and dcr-2,
but depends on at least three DNA helicases (rm62, spn-E, and armi; Vagin et al.
2006). piRNAs found in complexes with all three PIWI proteins originate from
repeated sequences (Brennecke et al. 2007; Saito et al. 2006; Vagin et al. 20006);
however, they differ in their orientation. AUB/PIWI-associated piRNAs derive
most often from the antisense strand of transposons, while AGO3-associated RNAs
derive from the sense strand. In addition, computational analyses indicate that most
piRNAs are derived from a relatively small number of master regulatory loci
(Brennecke et al. 2007). Based on these data, a model emerges where long tran-
scripts are produced from master regulator loci and are processed into small RNAs
by PIWI proteins. The piRNA then serves as guide to target other transcripts for
degradation. The different strand specificity of AGO3 and AUB/PIWI piRNAs
allows for the possibility of a self-reinforcing loop (ping-pong mechanisms; for
details see Brennecke et al. 2007). One interesting hypothesis based on the sugges-
tion that piRNAs may persist in the early embryo is that they may serve to initiate
the establishment of a heterochromatic structure at TE locations that then is propa-
gated independently.

4.3 Fourth Chromosome Mapping

Chromosome four of D. melanogaster is exceptional in that it exhibits character-
istics of both euchromatin and heterochromatin under the classical definition. It is
the smallest chromosome at ca. 4.2 Mb (Locke and McDermid 1993). In addition
to its centromeric portion and heterochromatic short arm, it has a 1.2-Mb chromo-
some arm that is replicated in polytene chromosomes to a similar degree as the
euchromatic chromosome arms (Celniker and Rubin 2003). With 82 genes, the
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gene density of this arm is similar to that of other euchromatic chromosome arms.
In contrast to the other autosomes, however, the fourth chromosome is late replicat-
ing (Barigozzi et al. 1966) and does not undergo meiotic recombination (Sandler
and Szauter 1978). The fourth chromosome is strongly associated with HP1 as well
as with H3K9 di/trimethylation based on immunofluorescent staining of polytene
chromosomes (Haynes et al. 2004; James et al. 1989). Thus, in these latter charac-
teristics the banded portion of the fourth chromosome resembles classical hetero-
chromatin, despite being more like euchromatin in terms of gene density.

The mosaic nature of chromosome four is reflected in studies probing the chro-
matin domains of the fourth chromosome with a white reporter gene driven by an
hsp70 promoter. Drosophila lines exhibiting a red-eye phenotype were recovered
from reporter gene insertion in four separate, presumably euchromatic, domains on
the banded portion of chromosome four. In contrast, over 20 lines with insertions
on chromosome four have been recovered with the reporter in heterochromatic
domains, as shown by variegating eye phenotype. The chromatin structure of the
reporter in variegating lines was found to be less accessible to nucleases. In addi-
tion, eye color variegation was suppressed in a Su(var)2-5 mutant background,
indicating that the silencing observed in the variegating lines is dependent on hete-
rochromatin formation, specifically on HP1. Sequence analysis of the insertion
sites associated with variegating reporter genes revealed that these sites are often
close to genes, most within 2 kb of an annotated expressed gene. Eleven lines with
variegating eye phenotype actually have an insertion within the transcribed portion
of a gene, raising the possibility that even transcribed regions on the fourth chromo-
some can have a heterochromatic or silencing effect on the white reporter gene.
Alternatively, these genes may be active at a different developmental time or in a
different tissue, where heterochromatin formation has been circumvented. Further
genetic analysis revealed that most variegating inserts are in close proximity to a
1360/hoppel transposon, suggesting that this element might be a target for hetero-
chromatin formation (Haynes et al. 2004; Sun et al. 2000, 2004). A direct test of
the contribution of /360 to heterochromatin formation was carried out by including
a copy of 1360 in a P element reporter construct (Haynes et al. 2006). This study
found that /360 alone is insufficient to induce heterochromatin formation in all
sequence contexts, but /360 contributes to heterochromatin formation as its pres-
ence can increase the strength of PEV (Haynes et al. 2006).

A comparative analysis of sequences from the fourth chromosome in D. melanogaster
and its homolog in D. virilis has also contributed to our understanding of hetero-
chromatin formation. In contrast to the fourth chromosome in D. melanogaster, the
D. virilis chromosome can be considered euchromatic based on its lack of associa-
tion with HP1 and H3K9me. Both chromosomes contain a large number of repeti-
tive sequences and exhibit similar gene density. They differ, however, in the density
of DNA transposons, with the fourth chromosome of D. melanogaster having a
significantly higher density of this class of repetitious elements. Interestingly, /360,
a candidate element for heterochromatin initiation identified in the PEV studies, is
among the most common DNA elements in D. melanogaster, but appears only
rarely in D. virilis; the same is true for a second transposon-derived element, DINE
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(Slawson et al. 2006). This finding again suggests a role for /360 in heterochroma-
tin formation. siRNAs matching the /360 element were found among the rasiRNA
molecules identified in the D. melanogaster small RNA pool (Aravin et al. 2003)
as well as among piRNAs (Saito et al. 2006; Vagin et al. 2006). Together, these
studies suggest a link between repeated sequences such as /360, heterochromatin
formation, and RNAI.

4.4 Involvement of RNA Editing via ADAR

Work in recent years has uncovered a link between the RNA editing machinery,
DNA repair, and heterochromatin, suggesting the possibility of an interaction with
the RNAi pathway as well. The identification of the dodeca-satellite binding pro-
tein 1 (DDP1) in Drosophila provided the first hints of this link. DDPI is a protein
that binds specifically to single-stranded nucleic acids and preferentially interacts
with centromeric sequences (Cortes et al. 1999). DDP1 is in the vigilin class of
proteins, which contain large numbers of tandem K-homology (KH) domains,
thought to be involved in protein-nucleic acid and protein-protein interactions. In
Drosophila, DDP1 associates with centromeric and pericentromeric heterochroma-
tin based on chromatin immunoprecipitation experiments (ChIP; Wang et al. 2005).
It also colocalizes with HP1 on polytene chromosomes (Huertas et al. 2004). When
polytene chromosomes from DDP] mutants are assayed, a reduction in HP1 stain-
ing at the chromocenter is noted, as well as a decrease in H3K9 methylation. In
addition, the chromosome structure is altered, and problems with chromosome
condensation and segregation occur at a high frequency. These biochemical studies
and the finding that mutations in DDPI act as dominant suppressors of PEV, indi-
cate that the vigilin class of proteins is involved in heterochromatin formation.

Recent biochemical studies have provided a possible model for the role of vigilin/
DDP1 in heterochromatin formation. Using inosine-containing RNA (I-RNA) as bait,
vigilin was identified as an I-RNA binding protein, in addition to p54™, PSF, and
Matrin. Other components of this complex are Ku86, Ku70, and the DNA-dependent
protein kinase DNA-PKcs, as well as the RNA helicase RHA and the ADARI protein
(Wang et al. 2005). Interestingly, ADAR1 is a dsSRNA-specific adenosine deaminase
(ADAR). Its activity causes the deamination of adenosines in dsRNA, leading to the
formation of I-RNA. Thus, through its association with HP1 and ADARI1, DDP1
provides a link between heterochromatin formation and RNA editing.

The vigilin complex has kinase activity, and its targets include HP1 as well as the
histone variant H2AX. The kinase activity of the vigilin complex can be abolished
by RNase treatment, indicating a requirement for an RNA entity for part of its func-
tion (Wang et al. 2005). However, the localization of DDP1 to the chromocenter of
polytene chromosomes is independent of RNA (Cortes et al. 1999). Overall, these
results demonstrate that DDP1 and the vigilin complex play a role both in hetero-
chromatin formation and RNA editing. They interact with components of both
pathways and provide a link to the RNAi pathway as well, which is involved in
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heterochromatin formation. Increasingly, experimental evidence suggests that RNA
editing, RNAi, and DNA repair mechanisms all can impact heterochromatin forma-
tion. It is unclear at this point how exactly these three pathways intersect, but it has
been suggested that they all might be part of a genome defense mechanism that
originally arose to manage transposable elements (Fernandez et al. 2005).

5 Outlook

In this review, we have summarized the available evidence for a role of RNAI in
heterochromatin formation in D. melanogaster. While these results provide ample
indirect evidence for a link between RNAI1 and heterochromatin formation, direct
evidence is lacking. The isolation of further RISC or RITS-like complexes is
needed to clearly establish how the various proteins in the RNAi pathway interact
and to identify binding partners. Biochemical studies will provide insights into how
the RNAi machinery carries out such different functions as heterochromatin forma-
tion and genome defense.

One of the biggest questions remaining concerning heterochromatin formation is
how the decision is made to package a given region of the genome as heterochroma-
tin. While our understanding of heterochromatin structure and its maintenance has
increased immensely, particularly with the recent focus on histone modifications,
very little is known about the initiation or targeting of heterochromatin formation.
This initial step leading to heterochromatic packaging is potentially a key step where
the RNAi machinery could play a role. RNAI could provide sequence-specificity to
target heterochromatin formation by using siRNAs from repetitive regions of the
genome as guides. This mechanism is suggested by the data from S. pombe, but fur-
ther experimental work is needed to resolve this issue in D. melanogaster.

There is also a question regarding the origin of the various RNAi pathways. It
seems likely that RNAI originally arose as a genome defense mechanism to control
viral invaders that could be recognized by the dsRNA that they produce. While
posttranscriptional gene silencing is sufficient for control of newly invading viruses,
transcriptional silencing provides a more permanent means of control for viral par-
ticles that are already integrated in the genome. It is unclear how exactly transposa-
ble elements are silenced by the RNAi machinery in D. melanogaster, whether this
is posttranscriptional, transcriptional, or both. It is also possible that new transpos-
able elements are initially posttranscriptionally silenced and then transition to a
transcriptionally silenced state. The association of the RNAi pathway with the
DNA repair machinery also allows for the possibility that these repetitious elements
are actively degraded, leading to a loss of the ability to transpose.

The last question to consider is the role of heterochromatin in genome organiza-
tion. One of the main consequences of the heterochromatic structure is transcrip-
tional repression, but there are likely additional reasons for the existence of
heterochromatin. We know that transcriptional repression can be caused by a
number of mechanisms independent of the formation of a heterochromatic structure.
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Thus it seems unlikely that transcriptional repression is the ultimate reason for the
existence of heterochromatin. The heterochromatic packaging also provides stabil-
ity for the genome by preventing recombination. Thus, heterochromatin might have
a more “‘structural” role in maintaining a genome. A further role is the contribution
of heterochromatin structure to centromere function. It has been demonstrated in
yeast that HP1 and the specific chromatin structure it is associated with are required
to recruit cohesin to centromeres (Pidoux and Allshire 2005). Although the main
significance of heterochromatin is unknown, it is clearly necessary for an organ-
ism’s ability to successfully manage its genome throughout the life cycle, espe-
cially during cell division. Thus, what perhaps started as a viral defense mechanism
may have led to a type of chromatin structure that has been co-opted for many roles
in the large genomes characteristic of eukaryotes. Indeed, these large genomes are
primarily the consequence of large amounts of repetitious DNA; thus, the ability to
silence viral invaders may have condemned the organism to carry this DNA along
in the genome in an uneasy (and easily perturbed) silent state. Comprehending the
role of RNAI in heterochromatin formation will help us to develop an understand-
ing of the significance of heterochromatin in maintaining genome stability and shed
light on the origin of this form of chromatin packaging.
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Abstract The utilization of small interfering RNAs (siRNAs) represents a new
paradigm in gene knockout technology. siRNAs can be used to knockdown the
expression of a particular gene by targeting the mRNA in a post-transcriptional
manner. While there are a plethora of reports applying siRNA-mediated post-tran-
scriptional silencing (PTGS) therapeutically there are apparent limitations such as
the duration of the effect and a saturation of the RNA-induced silencing complex
(RISC). Recently, data have emerged that indicate an alternative pathway is opera-
tive in human cells where siRNAs have been shown, similar to plants, Drosophila,
C. elegans, and S. Pombe, to mediate transcriptional gene silencing (TGS). TGS
is operative by the antisense strand of the siRNA targeting chromatin remodeling
complexes to the specific promoter region(s). This siRNA targeting results in epi-
genetic modifications that lead to a rewriting of the local histone code, silent state
chromatin marks, and ultimately heterochromatization of the targeted gene. The
observation that siRNA-directed TGS is operative via epigenetic modifications
suggests that similar to plants, and S. Pombe, human genes may also be able to be
silenced more permanently or for longer periods following a single treatment and
may in fact offer a new therapeutic avenue that could prove robust and of immeas-
urable therapeutic value in the directed control of target gene expression.
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1 Introduction

1.1 RNAi-Mediated PTGS

RNA interference (RNALI) is the process in which double-stranded small interfering
RNAs (siRNAs) modulate gene expression. Termed co-suppression, RNAi was first
described in plants (reviewed in Tijsterman et al. 2002). RNAi can suppress gene
expression via two distinct pathways involving siRNAs: transcriptional gene silenc-
ing (TGS) and post-transcriptional gene silencing (PTGS) (Pal-Bhadra et al. 2002;
Sijen et al. 2001). Small interfering RNAs are generated by the action of the ribo-
nuclease (RNase) III-type enzyme Dicer (Bernstein et al. 2001) on double-stranded
RNAs (dsRNAs). Dicer is in a complex that also contains the human immunodefi-
ciency virus type 1 (HIV-1) transactivating-response (TAR) RNA-binding protein
(TRBP), Argonaute 2 (Ago-2), and the dsRNA-binding protein PACT (Lee et al.
2006; Fig. 1). The dsRNAs are processed by Dicer into siRNAs that are approx.
21-27 bp in length and which can then pair with the complementary target mRNA
where cleavage of the mRNA is instigated by the action of Ago-2 (Liu et al. 2004).
The Argonaute proteins, specifically Ago-2, constitute the major component of the
RNA-induced silencing complex (RISC) and contains three highly conserved
domains: the amino-terminal PAZ domain, core conserved domain, and carboxyl-
terminal PIWI domain (Song et al. 2004). Ago-2 interacts specifically with the 3’
end of one of the siRNA strands via the Ago-2 conserved PAZ domain (Song et al.
2004). RNAi-mediated PTGS involves siRNA targeting of mRNA and in human
cells is operable in both the cytoplasm and nucleus (Langlois et al. 2005; Robb
et al. 2005).

1.2 RNAi-Mediated TGS

Double-stranded RNAs can also produce TGS of homologous genomic regions
(regions complementary to the siRNAs) in Arabidopsis, Schizosaccharomyces
pombe, Drosophila, and mammalian cells (reviewed in Matzke and Birchler 2005).
TGS was first observed when doubly transformed tobacco plants surprisingly
exhibited a suppressed phenotype of a transgene. Closer examination indicated that
observed suppression of the transgene was the result of directed DNA methylation
at the transgene loci (Matzke et al. 1989). As it turned out the observed TGS in
plants was mediated by dsRNAs, which was substantiated in viroid-infected plants
(Wassenegger et al. 1994) and shown to be the result of RNA-dependent DNA
methylation (RADM). The action of RADM requires a dSRNA that is subsequently
processed to yield short RNAs (Wassenegger et al. 1994; Mette et al. 2000).
Interestingly, it was these short dsSRNAs in the doubly transformed tobacco plant
that happened to include sequences that were identical to genomic promoter regions
involved in the transgene expression and ultimately led to TGS via methylation of
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i,
Gene silenced transcriptionally,,

Gene silenced post-transcriptionally

Fig. 1 Post-transcriptional vs transcriptional gene silencing. Synthetic siRNAs transfected
directly into the cell can modulate not only post-transcriptional gene silencing (PTGS) via Dicer
and RISC but also direct epigenetic modifications to the corresponding genomic loci (the DNA
that codes for the targeted mRNA). This nuclear component appears to involve Ago-1. To direct
PTGS, the transfected siRNA is processed by Dicet/TRBP/PACT (1) and then enters into the Ago-
2-containing RISC complex (2) where the target mRNA is sliced by the action of Ago-2 (3).
Alternatively, synthetic sSiRNAs can localize to the nucleus in an Ago-1 dependent manner (A) and
specifically target the homologous genomic sequence to induce chromatin modifications such as
H3K9™* or H3K27™** (B) which are known to result in the conversion of euchromatin to hetero-
chromatin and subsequent transcriptional gene silencing

the homologous promoter and the observed reduction in transgene expression
(Matzke et al. 1989). In general, transcriptional gene silencing in plants is carried
out by a larger size class of siRNAs, 24-26 nucleotides (nt) in length (Hamilton
et al. 2002; Zilberman et al. 2003).

Recently members of the Argonaute protein family in Arabidopsis have been
shown to play an essential role in RADM of promoter DNA and transposon silenc-
ing (Lippman et al. 2003). Specifically, Ago-4 is known to direct siRNA-mediated
silencing, and Ago-4 mutants display reactivation of silent SUP alleles, along with
a corresponding decrease in both CpNpG DNA and H3K9 methylation (Zilberman
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et al. 2003). Consequently, in plants, siRNAs that include sequences with homology
to genomic promoter regions are capable of directing the methylation of the homol-
ogous promoter and subsequent transcriptional gene silencing.

1.3 TGS in S. Pombe

TGS is not solely endogenous in plants. The fission yeast S. Pombe also employs
TGS via Dicer-generated siRNAs to silence heterochromatic regions that exhibit
bi-directional transcription (Fig. 2). Mechanistically, however, S. Pombe lacks the
epigenetic mechanism of DNA methylation. Instead, S. Pombe utilizes Argonaute
1 (Ago-1) to direct histone methylation and heterochromatin formation (Lippman
et al. 2003).

In S. Pombe and human cells, as well as many other organisms, DNA is pack-
aged into chromatin. Chromatin is basically composed of the genomic DNA
wrapped in approx. two full turns, or 146 bp of DNA, around an octameric histone
core composed of two of each histone protein (histones: H2A, H2B, H3, and H4)
to constitute nucleosomes. Chromatin can exist in various states such as euchroma-
tin or heterochromatin. Typically, euchromatin is depicted as being less condensed
and relatively transcriptionally active. Euchromatin is generally associated with
acetylated histones and with histone H3 di-methylation on lysine 4 (H3mLys-4),
whereas heterochromatin is generally more condensed and relatively transcription-
ally inactive. Heterochromatin is generally associated with histone H3 di-methyla-
tion on lysine 9 (H3mLys-9) (Lippman et al. 2004). The acetylation of histone tails
by histone acetyltransferases (HAT) results in relaxing the chromatin and a disrup-
tion of histone-DNA interactions. The relaxing of the histone—-DNA interaction is
thought to allow for gene activation while the deacetylation of histones by histone
deacetylases (HDACS) result in histones that are susceptible to methylation, the
condensation of the chromatin, and subsequent transcriptional repression (reviewed
in Lusser 2002). Histone H3 Lys-9 di-methylation is generally associated with
transcriptional repression and can directly recruit Swi6/HP1 (mammalian hetero-
chromatin protein 1). The recruitment of Swi6/HP1 coincides with spreading in H3
Lys-9 methylation in cis (Hall et al. 2002) and subsequent transcriptional suppres-
sion and gene silencing.

RNAi-mediated TGS in S. Pombe operates specifically through histone 3 lysine-
9 methylation (H3K9) (Volpe et al. 2002). In S. Pombe mutants in dcrl (Dicer
homolog) and the only known Argonaute (Ago-1) were shown to be reduced in
centromeric repeat H3K9 methylation, which is necessary for centromere function
(Volpe et al. 2002). These data suggested a link between RNAi and directed target-
ing of specific histone modifications to the corresponding genomic sequences,
which were homologous to the siRNAs. Thus, dcrl and Ago-1 were required to
generate the siRNA-directed histone modifications that were required for the sec-
ondary recruitment or interaction, with Swi6 resulting in regulation of the hetero-
chromatic state (Volpe et al. 2002).
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Additional investigation demonstrated that the dcril-processed dsRNAs, which
correspond to centromeric repeats in S. Pombe, interact with Ago-1, Chipl
(chromodomain protein), and Tas1 (previously uncharacterized) to form the RNA-
induced transcriptional silencing (RITS) complex (Verdel et al. 2004; Fig. 2). The
presence of these siRNAs in the RITS complex was shown to require Rdpl, Hrrl
(helicase required for RNA-mediated heterochromatin assembly 1) and Cid12 (a
38-kDa protein involved in mRNA polyadenylation) (Motamedi et al. 2004;
Fig. 2). The siRNA-loaded RITS complex then associates with the chromatin-
binding factors Swi6 and Clr4 (Suv39H6 human homolog) to silence targeted
genomic regions (Verdel et al. 2004) in an RNA polymerase II-dependant fashion
(Kato et al. 2005). The siRNA targeting of RITS to the dSRNA-producing genomic
region is mechanistically active in silencing by the action of Ago-1-mediated slic-
ing of the centromerically expressed RNAs (Irvine et al. 2006) as well as silencing
through the recruitment of histone methylation of the corresponding centromeric
region (Fig. 2).
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Fig. 2 TGS in S. Pombe. DsRNAs are generated from the transcription of centromeric DNA
repeats [cen DNA repeats, (1)] that are then processed by Dicer (2) to 21- to 22-bp siRNAs (3).
Next, the Dicer-processed siRNAs are loaded into the RITS complex (4). The RITS complex
then interacts with the RNA-dependent RNA polymerase complex [RDRC, (5)] and the histone
methyltransferase Clr4, which can then lead to H3K9 methylation (5) and silencing of the
siRNA-targeted cen DNA repeat regions and/or swi-6-dependent heterochromatin formation
(6). The siRNA-targeted cen DNA repeat RNAs are also targeted by the action of Ago-1 and
sliced (6)
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1.4 TGS in C. Elegans, Drosophila, and Neurospora

As it turns out, RNAi-mediated TGS is pervasive throughout many biological sys-
tems. While the majority of work to date has been performed on S. Pombe and
plants, other model organisms have demonstrated siRNA-mediated TGS with slight
variations in the underlying theme. In the fungi Neurospora crassa the silencing of
homologous sequences has been termed quelling (Romano 1992). Interestingly, in
Neurospora the PTGS and TGS pathways both utilize histone 3 Lys-9 di-methyla-
tion and moreover appear to be distinct from one another (Chicas et al. 2005),
whereas in Drosophila the two pathways of RNAi, PTGS and TGS, appear con-
nected via the Piwi protein (Pal-Bhadra et al. 2002). The Piwi family of proteins
have several homologs (Piwi/Sign/elF2C/Rdel/Argonaute) and are conserved from
plants to animals (Fagard et al. 2000; Tabara et al. 1999; Grishok et al. 2001).
Interestingly, in the nematode Caenorhabditis elegans the PAZ-Piwi-like protein
Rde-1 has been shown to play an essential role in RNA-mediated silencing in the
soma of C. elegans, whereas other RNA-mediated silencing mechanisms that are
operative in the germline do not appear to require Rde-1 (Dernburg et al. 2000;
Ketting and Plasterk 2000).

More recently, RNA-mediated transcriptional silencing of somatic transgenes in C.
elegans has been shown to be the result of ADAR-encoding genes, adr-1 and adr-2,
and is dependent on Rde-1 (Grishok et al. 2005). The observed silencing and require-
ments for both Adr-1 and -2 as well as Rde-1 was the result of siRNA targeting of pre-
mRNAs and corresponded with a decrease in both RNA polymerase II and acetylated
histones at the targeted genomic region (Grishok et al. 2005). Interestingly, following
an RNAI screen in C. elegans, genes encoding RNA-binding, Polycomb, and chromo-
domain proteins as well as histone methyltransferases were detected (Grishok et al.
2005). These data were essentially recapitulated in C. elegans in an interesting set of
experiments that demonstrated long-term transcriptional gene silencing by RNAi. In
essence one dose of siRNAs was capable of inducing gene silencing that was inherited
indefinitely in the absence of the original siRNA trigger (Vastenhouw et al. 2006). This
long-term inheritance of siRNA-mediated TGS appeared to require had-4 (a class I
histone deacetylase), KO3D10.3 (a histone acetyltransferase of the MYST family),
isw-1 (a homolog of the yeast chromatin-remodeling ATPase ISW1), and mrg-1 (a
chromodomain protein) (Vastenhouw et al. 2006). Taken together these data strongly
suggest that RNA-mediated TGS in C. elegans contains a convergence of pathways
that include epigenetic modifying factors as well as RNA. Overall, one cannot help but
notice that indeed RNA is more intricately involved in the regulation of gene expres-
sion than has previously been envisioned.

1.5 TGS in Human Cells

A few commonalities can be discerned from the work performed in Plants, S.
Pombe, C. elegans, and Drosophila. To begin with, siRNAs can (1) direct transcrip-
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tional gene silencing in a specific and directed manner, (2) the directed silencing
correlates with epigenetic modifications such as histone methylation at the chromatin
of the particular siRNA targeted gene, and (3) PIWI-related proteins appear to be
involved and required for siRNA-directed TGS. As such, and based on the relative
conservation in biology, i.e., the theory of evolution and natural selection, one can-
not help but also expect to observe similarities or conserved commonalities between
plants, C. elegans, S. Pombe, Drosophila, and humans.

Observations of siRNA-mediated TGS in mammalian cells has lagged behind
the work done in other model organisms such as Arabidopsis (plants) and S. Pombe
(yeast) (Morris et al. 2004). However, recent studies by our group and others have
revealed that siRNA-mediated TGS in mammalian cells does occur and appears to
be the result of the siRNA-directed H3K9 and H3K27 methylation, specifically
H3K9me?2 and H3K27me3, at the corresponding siRNA-targeted promoter (Morris
et al. 2004; Castanotto et al. 2005; Biihler et al. 2005; Janowski et al. 2005; Suzuki
et al. 2005). While some DNA methylation has also been observed at the siRNA-
targeted promoters, the role in which DNA methylation plays in the observed
silencing is debatable (Janowski et al. 2005; Park et al. 2004; Svoboda et al. 2004;
Ting et al. 2005). Indeed, the ability of siRNAs to direct targeted DNA methylation
could result in a much greater duration of suppression, as DNA methylation tends
to correlate more robustly with long-term suppressed genes than does histone meth-
ylation. However, to date little is known regarding how long siRNA-directed TGS
of RNA polymerase II promoters (RNAPII) can persist in human cells. The major-
ity of siRNA-directed TGS experiments in human cells have been carried out so far
with synthetic siRNAs targeted to RNAPII promoters (Morris et al. 2004;
Castanotto et al. 2005; Janowski et al. 2005; Suzuki et al. 2005; Ting et al. 2005;
Janowski et al. 2006; Kim et al. 2006; Weinberg et al. 2005; Zhang et al. 2005) or
constitutive-expressing short-hairpin RNA (shRNA) expressing stable lentiviral
transduced cell lines (Castanotto et al. 2005). Nonetheless, the observation that
siRNA-directed TGS is operative via epigenetic modifications argues favorably for
a longer term effect relative to siRNA-directed PTGS, provided the siRNAs are
efficiently delivered to the nucleus. However, experimental evidence supporting
this claim is still lacking.

While the duration of the siRNA-directed effect remains to be determined, what
has become evident recently is that siRNAs directed to RNAPII promoter regions
can mediate transcriptional silencing in human cells and that a repressive histone
methyl mark is observed at the targeted promoter (Morris et al. 2004; Biihler et al.
2005; Ting et al. 2005; Weinberg et al. 2005). Furthermore, only the antisense
strand of the siRNA is required to mediate histone methylation and silencing of the
targeted RNAPII promoter (Weinberg et al. 2005). Moreover, RNAPII appears
required for siRNA-mediated TGS and DNA methyltransferase 3A (DNMT?3a) co-
immunoprecipitates (co-IP) with biotin-linked siRNAs at the H3K27™3*-targeted
promoter (Weinberg et al. 2005). Recently, Ago-1 (and possibly also Ago-2) has
been shown to be involved in siRNA-mediated TGS in human cells (Janowski et al.
2006; Kim et al. 2006). Ago-1 was shown to co-IP with RNAPII, and an enrichment
of EZH2 and TRBP has also been observed along with Ago-1 at siRNA-targeted
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promoters (Kim et al. 2006). Furthermore, the suppression of Ago-1 functionally
inhibits siRNA-mediated TGS in human cells (Kim et al. 2006). Clearly, in human
cells, similar to observations in other organisms such as S. Pombe and Arabidopsis,
Argonaute proteins and H3K9 methylation are required for transcriptional silenc-
ing, linking the RNAi and chromatin silencing machinery.

1.6 Model of TGS in Human Cells

A model for the mechanism of how siRNA-directed TGS is directed and initiated
in human cells has begun to emerge and appears to exhibit many similarities as well
as some distinct differences with the previously established models for TGS in S.
Pombe and plants. Similar to S. Pombe, siRNA-mediated TGS in human cells
involves the siRNAs, particularly the antisense strand, RNAPII, and histone meth-
ylation (Janowski et al. 2006; Kim et al. 2006; Morris 2005, 2006; Fig. 3A and B).
However, in human cells DNMT3a has been shown to co-immunoprecipitate along
with the antisense strand of the promoter-specific siRNA at the siRNA-targeted
promoter (Weinberg et al. 2005). Interestingly, DNMT?3a has also been shown to
bind siRNAs in vitro (Jeffery and Nakielny 2004). Similar to observations in S.
Pombe (Kato et al. 2005), TGS in human cells requires RNAPII (Weinberg et al.
2005), possibly suggesting that the promoter region is transcribed and either that an
RNAPII-expressed transcript covers or corresponds with the siRNA-targeted gene/
chromatin (Fig. 3A) or that during transcription RNAPII unwinds the targeted gene
and subsequently allows access of the antisense strand of the siRNA (Fig. 3B) to
the targeted gene. Either mechanism would explain how the antisense strand of the
siRNA can localize to the particular targeted gene promoter region and fundamen-
tally recruit and/or direct chromatin modifications that ultimately result in TGS.

Interestingly, preliminary evidence from siRNA-mediated TGS of the EF1-o
and HIV-1 promoters has demonstrated a paradigm for the underlying mechanism
in which the antisense strand of the siRNA by itself can direct TGS via the induc-
tion of a corresponding silent histone methyl-mark at the targeted promoter
(Weinberg et al. 2005). This siRNA- and/or antisense RNA-directed histone meth-
ylation is capable of spreading distal in a 5’ to 3" direction from the original targeted
region corresponding to the homologous siRNA. This observed spreading of his-
tone methylation might be due to an interaction with Ago-1 and RNAPII (Kim et
al. 2006). Furthermore, the observed spreading of histone methylation, specifically
H3K9™*, and the observed H3K27™* methyl mark at the siRNA-targeted pro-
moter, is reminiscent of those phenotypes observed in the X-inactivation-like path-
way. One cannot help but wonder if siRNA-mediated RNAi-like responses in the
cell (PTGS and TGS) are simply a remnant of a more ancient pathway utilized by
the cell to deal with competing genes, such as is observed in mammalian
X-inactivation.

The observation that RNAPII is involved in siRNA-mediated TGS in both
S. Pombe and more recently in human cells (Kim et al. 2006; Weinberg et al. 2005)
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Fig.3 A, B Proposed mechanisms for TGS in human cells. Two models for siRNA-mediated
TGS have been proposed; either an RNA/RNA- or an RNA/DNA-mediated mode of silencing. A
The RNA/RNA model might operate via the siRNAs interacting with a low-copy, possibly non-
coding, RNA transcript that spans the chromatin of the targeted promoter region. One notion is
that the siRNAs are unwound, possibly by action of an Ago-1 containing complex (although cur-
rently there are no data supporting this function in Ago-1). The unwinding of the siRNA might
then allow interactions with a complex also containing DNMT3a. Thus the antisense strand of the
siRNA, Ago-1 (Kim et al. 2006) and DNMT3a (Weinberg et al. 2005; Jeffery and Nakielny 2004),
as well as factors previously shown to bind DNMT3a such as HDAC-1 and Suv39H1 (Fuks et al.
2001; Fuks et al. 2000) and possibly EZH2 (Viré et al. 2005), might all localize to the targeted
promoter region possibly by interacting with a low-copy RNA being produced by RNAPII during
transcription of the siRNA-targeted gene. The result of targeting these factors to this region would
be the methylation of the local histones, H3K9™* and H3K27™, ultimately resulting in targeted
TGS. B Alternatively, siRNA-mediated TGS might function through an RNA/DNA intermediate.
The RNA/DNA model would be expected to function by the antisense strand of the siRNA gaining
access to the targeted DNA by the effects of RNAPII unwinding the targeted genomic region,
which would then allow the Ago-1, DNMT3a (Fuks et al. 2001), HDAC-1, Suv39H1 (Fuks et al.
2003), and possibly EZH2 chromatin remodeling factors to gain access, ultimately leading to gene
silencing of the siRNA-targeted promoter
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suggests two potential models. The first—the RNA/RNA model—proposes that
there is an RNAPII-expressed non-coding transcript that is homologous to the
targeted promoter/gene that somehow remains associated with the local chromatin
corresponding to the targeted gene (Fig. 3A). This non-coding RNA might some-
how remain affiliated with the nucleosome(s)—and as such would permit the RNAi
machinery to direct chromatin modifications—or a chromatin-modifying complex
to the targeted genomic region, ultimately leading to TGS. This putative non-cod-
ing RNA could be envisioned to act as a local “address” to allow chromatin and
RNAIi modification complexes, guided by siRNAs, access to the targeted gene
(Fig. 3A). Supporting the RNA/RNA model is the observation that heterochromatin
formation in mouse cells involves HP1 proteins and treatment with RNase causes a
dispersion of HP1 proteins from pericentromeric foci (Muchardt et al. 2002) and
higher order chromatin structures appear to contain an uncharacterized RNA com-
ponent that might function as a scaffolding in chromatin remodeling (Maison et al.
2002). Whether such a non-coding RNA exists—if the siRNAs target this non-cod-
ing RNA during RNAPII transcription or if the non-coding RNA somehow associ-
ates with local chromatin—remains to be determined.

An alternative model, the RNA/DNA model, could also be envisioned to operate
in an RNAPII-dependent manner where RNAPII essentially unwinds the targeted
DNA and permits the intercalation of the antisense strand of the siRNA as well as
RNAIi and chromatin remodeling machinery to access to the targeted promoter
region (Fig. 3B). Supporting this model is the observation that RNAPII has been
shown to associate with complete unfolding of 1.85 out of 3 nucleosomes upstream
of the transcription start site for the PHO5 promoter (Boeger et al. 2005) and that
the siRNA EF52 target site, shown to initiate TGS in human cells, is approx. one
nucleosome upstream of the TATAA transcriptional start site (Morris et al. 2004).
Moreover, RNA Pol-II is associated with nearly 60 subunits and a mass exceeding
3,000 kDa (Boeger et al. 2005). Overall, these reports suggest, at least in human
cells, that a good, albeit speculative, hypothesis for the role of RNAPII in siRNA-
mediated TGS might be to essentially unwind the targeted promoter region to allow
the promoter-directed siRNAs access to their respective target.

1.7 Endogenous Small RNAs Involved in Gene Regulation

While it is becoming apparent in human cells that there is a mechanism in place by
which siRNAs or small, 21-nt-long antisense RNAs can transcriptionally modulate
gene expression, it is less clear what the endogenous signal utilizing this pathway
might be, i.e., siRNA, small antisense RNAs, microRNAs, etc. In C. elegans, deep
sequencing has recently revealed a class of 21 U-RNAs that consist of 21-nt-long
RNAs containing a uridine 5’-monophosphate and 3’-terminal ribose (Ruby et al.
2006). These 21 U-RNAs were found to correlate with 5,700 genomic loci and were
essentially dispersed between regions involved in protein-coding regions (Ruby et
al. 2006). Overall, these data suggested that non-coding regions of the genome,
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while not necessarily coding for a protein, appear to express RNAs that might be
involved in gene regulation. As many of these small 21 U-RNAs matched non-cod-
ing regions it is possible that they are involved in transcriptional modulation of C.
elegans gene expression (Ruby et al. 2006). In human cells, however, far less is
known, and the majority of inferences have been surmised from computationally
based approaches. One recent observation involved the discovery and characteriza-
tion of a vast array of small (21- to 26-nt), non-coding RNAs that fundamentally
suggested that there is an RNA component, possibly involved in gene regulation,
i.e., siRNA-mediated TGS, within the basic fabric of human cells (Katayama et al.
2005). Another interesting observation was noted when the intergenic regions of
the human genome were assessed. Interestingly, a subset of approx. 127,998 pat-
terns, that were essentially approx. 22 nt in length, was discerned and termed
“pykons” (Rigoutsos et al. 2006). Many of these pykons were overlapping genes
involved in cell communication, transcription, regulation of transcription, and cell
signaling (Rigoutsos et al. 2006). Overall, these data indicate that there may well
be another layer of complexity that is operative in the genome of many organisms
and supports a paradigm in which RNA is actively involved in the regulation of
DNA. One cannot help but contemplate the concept that DNA and genomes are
simply repositories of information actively being managed by RNA. Oddly enough,
these RNAs are encoded from the DNA/genes that they are actively managing, a
sort of chicken and egg scenario.

2 Conclusion

The observation in human cells that siRNAs, particularly the antisense strand alone,
can direct TGS and that this event involves DNMT3a, histone methylation, and
RNAPII strongly suggests that siRNAs can be used to specifically direct epigenetic
modifications in human cells. Indeed, the modification of histone tails, such as via
methylation, results in a “histone code.” The “histone code” hypothesis argues that
the local histone environment (specifically in the nucleosomes) can have an effect
on the expression profile of the corresponding local gene (Jenuwein and Allis
2001). These “marked” histone tails are then capable of dictating the recruitment of
various specialized chromatin remodeling factors (Strahl et al. 1999; Turner 2000).
To date the histone code is best exemplified by the sheer multiplicity of modifica-
tions that can occur to histones (reviewed in Fuks et al. 2002). Interestingly, the
fundamental underlying mechanism responsible for governing the histone code is
not yet well understood. One potential mechanism for regulating the histone code
could be mediated by siRNAs and in particular small antisense RNAs. Interestingly,
the recent discovery and characterization of a vast array of small (21- to 26-nt) non-
coding RNAs suggests that there is an RNA component, possibly involved in gene
regulation, i.e., siRNA-mediated TGS, that is weaved into the basic fabric of the
cell and has been to date overlooked (Katayama et al. 2005). While it is becoming
apparent that RNAi goes beyond the confines of the cytoplasm, the observations
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with siRNA-mediated TGS are evocative of an antisense-related phenomenon that
is deeply seeded in the fabric of the cell. Indeed, one day it may be possible to har-
ness RNA to direct permanent epigenetic modifications resulting in superlative
control of the human genome.
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Abstract RNA silencing is a common term for homology-dependent silencing
phenomena found in the majority of eukaryotic species. RNA silencing pathways
share several conserved components. The common denominator of these pathways
is the presence of specific, short (21-25 nt) RNA molecules generated from differ-
ent double-stranded RNA substrates by a specific RNase III activity. Short RNA
molecules serve as a template for sequence-specific effects including transcrip-
tional silencing, mRNA degradation, and inhibition of translation. This review
will discuss possible roles of RNA silencing pathways in mouse oocytes and early
embryos as well as the use of RNA silencing for experimental inhibition of gene
expression in this model system.
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1 Introduction

Mammalian cells accommodate several pathways that respond to double-stranded
RNA (dsRNA). These pathways include the interferon pathway, RNA editing by
adenosine deaminases, and RNA silencing (Fig. 1). RNA silencing is a general term
for a conserved group of pathways that induce sequence-specific gene silencing by
mRNA degradation, translational repression, or transcriptional silencing. The
common feature of RNA silencing pathways are trans-acting short RNA molecules
generated from different dSRNA substrates by Dicer, an RNase III family member.

Sequence-specific RNA silencing
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Fig. 1 Pathways responding to dsSRNA in mammalian cells. In the sequence-independent interferon
response, dsRNA activates protein kinase R (PKR) that catalyzes phosphorylation of translation
initiation factor eIF20., which in turn inhibits translation. PKR is also involved in interferon induc-
tion (through NF-xB). Interferon and dsRNA also activate 2’,5"-oligoadenylate synthetase (2,5’-
OAS) that produces 2’,5” oligoadenylates that subsequently induce activation of RNase L that is
responsible for general RNA degradation. Both PKR and 2’, 5-OAS are essential for the apoptotic
response to dsRNA. The sequence-specific RNA silencing is triggered either by long dsRNA or
by specific short hairpin microRNA (miRNA) precursors. Processing of primary miRNA tran-
scripts by Drosha occurs in the nucleus, pre-miRNA and long dsRNA substrates are subsequently
processed into short RNAs by cytoplasmic Dicer. Short RNAs then guide translational inhibition
and/or mRNA degradation. Data on the nuclear role of mammalian Dicer are inconclusive.
DsRNA can be also recognized and processed by ADAR (adenosine deaminases that act on
RNA), resulting in inhibitory effects on Drosha and Dicer processing as well as prevention of
induction of the interferon response
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The main goal of this review is to provide a comprehensive picture of RNA
silencing in mammalian oocytes and early embryos. The first part provides an
introduction to dsRNA-induced pathways in mammals and highlights features of
these pathways in oocytes and early embryos. It also covers possible natural roles
of RNA silencing. The second part reviews the use of RNA silencing to experimen-
tally inhibit gene expression in order to study gene function in oocytes and early
embryos. In addition, interferon response and RNA editing pathways can antago-
nize, modulate, or mask sequence-specific effects of RNA silencing. Therefore,
these two pathways are also briefly discussed.

2 Mechanisms of RNA Silencing

Posttranscriptional RNA silencing pathways, RNA interference (RNAi), and micro-
RNA (miRNA) pathways regulate gene expression by inducing degradation and/or
translational repression of target mRNAs. These pathways are initiated by different
forms of dsRNA that are processed by Dicer, an RNase III endonuclease, into 21-
to 22-nucleotide-long RNA molecules that serve as sequence-specific guides for
silencing (reviewed in Sontheimer and Carthew 2005; Zamore and Haley 2005).

2.1 Production of Short RNAs in RNAi and miRNA Pathways

RNAI is induced by a long dsRNA that is cut by Dicer into numerous short interfering
RNAs (siRNA), which in turn guide recognition and degradation of base-pairing
mRNAs. In invertebrates, such as Caenorhabditis and Drosophila, RNAi functions
as a defense mechanism against viruses and parasitic sequences in the genome
(reviewed in Buchon and Vaury 2006; Saumet and Lecellier 2006). RNAi also operates
in mammalian cells but its role is not known. In most mammalian cells, long
dsRNA triggers the interferon pathway, resulting in a global inhibition of protein
synthesis and RNA degradation (reviewed in Wang and Carmichael 2004). However,
in mammalian oocytes, early embryos, and a few other cell types, experimental
delivery of long dsRNA specifically induces RNAi (Billy et al. 2001; Gan et al.
2002; Svoboda et al. 2000; Wianny and Zernicka-Goetz 2000; Yang et al. 2001).

The vast majority of mammalian Dicer-generated short RNAs found in a cell are
miRNAs (Cummins et al. 2006; Mineno et al. 2006). Cloning data provide evi-
dence for hundreds of miRNAs in mammals (Griffiths-Jones et al. 2006). A
miRNA originates from a stem-loop structure in a primary endogenous transcripts
(pri-miRNA). The stem loop is released as a pre-miRNA after cleavage of pri-
miRNA by Drosha, a nuclear RNase III. The pre-miRNA is transported to the
cytoplasm where it is processed by the Dicer-containing complex into a short RNA
duplex composed of a miRNA and a passenger strand. Mammals have only one
Dicer protein producing siRNAs and miRNAs (reviewed in Kim 2005).
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The major difference between mammalian RNAi and miRNA pathways is the
origin of Dicer products. Both pathways are closely related and, as will be dis-
cussed later, the type of posttranscriptional silencing effect depends more on the
sequence homology with a cognate mRNA than on the origin of the short RNA.
Mammalian RNAi and miRNA pathways can be viewed almost as a single bio-
chemical pathway in which short RNAs of different origins target homologous
RNAs through similar, if not identical, effector complexes. However, it should be
kept in mind that both pathways have different roles and occasionally (for example
in Drosophila) have genetically diverged from each other (Lee et al. 2004).

2.2 Effector Complexes in RNAi and miRNA Pathways

Short RNAs produced by Dicer are subsequently incorporated into effector
complexes. Dicer interacts with the TRBP (human immunodeficiency virus TAR
RNA binding protein), which facilitates loading of short RNAs onto an Argonaute
(Ago)-containing effector ribonucleoprotein (RNP) complex, referred to as miRNP
or RISC (RNA-induced silencing complex) (Chendrimada et al. 2005; Haase et al.
2005). TRBP has several roles including translational regulation during sperma-
togenesis (Lee et al. 1996; Zhong et al. 1999) and inhibition of protein kinase R
(PKR) (Park et al. 1994), a dsRNA-dependent protein kinase, which is a central
player in the interferon response. It has been reported that a robust PKR response
correlates with lower levels of TRBP and vice versa (Ong et al. 2005), suggesting
that TRBP may also control the balance between RNA silencing and sequence-
independent response to dsRNA.

The RISC complex is loaded with a single-stranded short RNA that guides rec-
ognition of target mRNAs. The passenger strand is removed and degraded
(Matranga et al. 2005). The key components of the RISC are Ago proteins. The
mammalian Ago protein family consists of eight members, four of which are ubiq-
uitously expressed (Ago subfamily) while the remaining four (Piwi subfamily) are
expressed in germ cells (Hall 2005). All four mammalian Ago proteins, Agol
through Ago4, associate with miRNAs and are implicated in translational repres-
sion (Liu et al. 2004; Meister et al. 2004; Pillai et al. 2004). However, only Ago2
specifically cleaves an mRNA in the middle of the sequence that base-pairs with a
short RNA (Liu et al. 2004; Meister et al. 2004; Song et al. 2004).

Whether a short RNA will cause mRNA cleavage via the RNAi mechanism or will
act as a miRNA-inducing translational repression depends on the degree of comple-
mentarity between the short RNA and mRNA. The Ago2-mediated endonucleolytic
cleavage requires formation of a perfect or nearly perfect siRNA-mRNA duplex,
while imperfect base-pairing generally results in translational repression (reviewed in
Sontheimer 2005). The predicted hybrids between animal miRNAs and their cognate
mRNAs typically contain bulges and mismatches and result in translational repres-
sion. On the other hand, the extensive pairing of mir-196 with HoxB8 mRNA results
in the mRNA cleavage by the RNAi mechanism (Yekta et al. 2004).
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Importantly, miRNAs can induce substantial mRNA degradation even in the
absence of extensive base-paring to their targets (Bagga et al. 2005; Lim et al.
2005). Repressed mRNAs, miRNAs, and Ago proteins localize to discrete cyto-
plasmic foci known as P-bodies, likely as a consequence of translational repression
(Liu et al. 2005b; Pillai et al. 2005). P-bodies contain mRNA degrading enzymes
and it is conceivable that the observed degradation of some miRNA targets is a
consequence of their relocation to these structures (reviewed in Anderson and
Kedersha 2006; Newbury et al. 2006; Valencia-Sanchez et al. 2006).

2.3 Sequence-Specific Transcriptional Silencing

The RNAIi pathway or its components have been linked to transcriptional silencing
and heterochromatin formation in fungi, plants, and animals (reviewed in Bayne
and Allshire 2005; Matzke and Birchler 2005; Verdel and Moazed 2005). Transcriptional
silencing mediated by siRNAs has also been documented in mammalian cells
(Morris et al. 2004; Ting et al. 2005). A primary silencing mechanism involves
changes in the chromatin structure but not DNA methylation (Ting et al. 2005). The
absence of sequence-specific DNA methylation has also been observed in mouse
oocytes that show an RNAI effect upon dsRNA expression during oocyte growth
(Svoboda et al. 2004b). The natural role of sequence-specific transcriptional silenc-
ing is largely unknown. It is likely that regulation of heterochromatin by short
RNAs plays a role at specific loci, such as centromeres, as described in embryonic
stem (ES) cells lacking Dicer (Kanellopoulou et al. 2005). At the same time, it is
unlikely that this mechanism extensively controls expression of protein-coding
genes as suggested by the absence of promoter-derived siRNAs in miRNA cloning
experiments (Mineno et al. 2006).

3 Other dsRNA-Responding Pathways

3.1 Interferon Pathway

The interferon pathway is the most ubiquitous sequence-independent pathway
induced by dsRNA in mammalian cells (reviewed in de Veer et al. 2005). It has
been known for over 30 years that an exposure of mammalian cells to dsRNA trig-
gers a global, sequence-independent repression of protein synthesis (Hunter et al.
1975). Exposure of mammalian cells to dsRNA activates PKR that blocks transla-
tion by phosphorylating translation initiation factor eIF2o.. PKR is also involved in
the regulation of nuclear factor (NF)-xB, which plays a key role in interferon induc-
tion. Interferon and dsRNA activate 2’,5"-oligoadenylate synthetase (2°,5"-OAS)
that produces 2’,5” oligoadenylates with 5’-terminal triphosphate residues that
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subsequently induce activation of RNase L; a protein responsible for general RNA
degradation (Fig. 1, reviewed in Barber 2001). When RNAi was first discovered in
Caenorhabditis elegans in 1998 (Fire et al. 1998), the interferon response to
dsRNA was a cause of skepticism about the conservation of RNA silencing in
mammals. The current view is that some types of RNA-silencing substrates (exog-
enous dsRNA substrates of different lengths and structures delivered to cells to
experimentally silence a gene) can trigger the interferon pathway (reviewed in de
Veer et al. 2005). However, there are mammalian cell types, such as oocytes and
cells of early embryos, that are refractory to the interferon induction and do not
exhibit any sequence-independent dsRNA response (Billy et al. 2001; Stein et al.
2005; Svoboda et al. 2000; Wianny and Zernicka-Goetz 2000; Yang et al. 2001). It
should be also noted that experiments documenting that dSRNA induces PKR
response are typically based on exposure of cells or lysates to an exogenous
dsRNA. The evidence for PKR activation by dsRNA expression is inconclusive.
Some reports demonstrate sequence-independent effects such as nonspecific reduc-
tion of reporter expression (Yang et al. 2001) or activation of interferon-stimulated
genes with certain plasmids expressing short hairpin RNA (shRNA) (Bridge et al.
2003). On the other hand, dsRNA has been detected in somatic cells on several
occasions (Kim and Wold 1985; Kramerov et al. 1985; Okano et al. 1991; Schmitt
et al. 1986) and dsRNA expressed in NIH 3T3 cells induced a specific knockdown
(Wang et al. 2003) while apoptosis mediated by the PKR/interferon response to
exogenous dsRNA in NIH 3T3 cells is well documented (McMillan et al. 1995;
Srivastava et al. 1998).

PKR and 2’,5-OAS pathways seem to be suppressed in mouse oocytes as
expression levels of PKR proteins and mRNAs of active 2’,5’-OAS isoforms of are
low while mRNA levels of inactive 2’,5-OAS isoforms are enhanced (Stein et al.
2005). These data are in perfect agreement with the Genome Institute of Norvartis
Research Foundation (GNF) Symatlas data (Su et al. 2002) for mRNA expression
of PKR and 2’,5-OAS pathway components in oocytes, zygotes, and blastocysts
(Fig. 2). Transcript levels of numerous genes inhibiting the PKR and 2’,5-OAS
pathway (Pkrir, Oaslc, Oasld, Oasle, and Oaslh) are greatly enhanced in oocytes
and zygotes. In fact, inhibitory OAS1 isoforms are among the most abundant tran-
scripts in mouse oocytes. The role (if any) that the suppression of the interferon
pathway plays in the oocyte is unclear.

3.2 Adenosine Deamination

The second pathway responding to dsRNA is RNA editing by “adenosine deaminases
that act on RNA” (ADAR). ADARs are metazoan RNA editing enzymes that con-
vert adenosine to inosine (which is recognized as guanosine) in double-stranded
regions of RNA molecules. RNA editing has been implicated in alternative splic-
ing, RNA stability, codon change, and other processes (reviewed in Bass 2002;
Maas et al. 2003). RNA editing by ADARSs appears important but nonessential in
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Drosophila or Caenorhabditis, where strains lacking ADAR activity exhibit behav-
ioral defects (Palladino et al. 2000; Tonkin et al. 2002). Mice lacking ADAR die
embryonically (adarl™) or shortly after birth (adar2~-) (Higuchi et al. 2000;
Wang et al. 2000).

RNA silencing and RNA editing can operate on the same or similar substrates.
Several ADAR substrates in Caenorhabditis form long hairpin structures in their
3’-untranslated regions (UTRs) (Morse and Bass 1999; Morse et al. 2002). A
mammalian ADAR substrate harboring a longer inverted repeat has been also
described (Prasanth et al. 2005). The mouse cationic amino acid transporter 2
(mCat2)-transcribed nuclear RNA (CTN-RNA), an alternative product of mCat2,
contains an approximately 100-bp stem-loop structure, which is edited but does
not induce RNAi (Prasanth et al. 2005). Furthermore, a systematic study of
ADAR substrates in mammals (which indirectly provides insight into dsRNA
expression in mammals) revealed that the vast majority of editing sites occurs in
Alu (92%) sequences (Levanon et al. 2005), where editing typically targets
intramolecular duplexes (Athanasiadis et al. 2004). Interestingly, transgenic
RNAI in the oocyte is based on a transcript carrying a long dsRNA hairpin (>500
bp) in the 3’-UTR (Stein et al. 2003b). It is not known whether this transcript is
targeted by ADARSs in the oocyte. In any case, it efficiently enters the RNAi
pathway as documented by successful transgenic RNAi experiments in the mouse
oocyte (Table 1).

Hyperediting by ADARSs can antagonize RNAi. Chemotaxis defects in ADAR-
deficient Caenorhabditis can be rescued by mutations in the RNAi pathway
(Tonkin and Bass 2003). However, ADARs do not always prevent RNAi as
shown by RNAI effects in worms expressing long RNA hairpins from a transgene
(Tavernarakis et al. 2000). RNA silencing and editing pathways also intersect in
mammals. While RNAi and ADAR pathways have antagonistic relationship, they
share Tudor staphylococcal nuclease (Tudor-SN). Tudor-SN has been described
as a component of unknown function in the RISC complex in Drosophila,
Caenorhabditis, and mammals (Caudy et al. 2003) while it also specifically inter-
acts with and promotes the cleavage of hyperedited dsRNAs (Scadden 2005).
Hyperediting of short hairpins of specific miRNA precursors leads to inhibition
of the Drosha-mediated cleavage and subsequent degradation of hyperedited pri-
miRNA (presumably by Tudor-SN) (Yang et al. 2006). Mature edited miRNAs
were also detected (Blow et al. 2006), which could result in a broader range of
targets for individual miRNAs. Mammalian ADAR1 RNA also limits siRNA
efficacy (Yang et al. 2005). Therefore, it is somewhat counterintuitive that
murine ADAR1 mRNA is five times more abundant in the oocyte than in other
tissues (Fig. 2). This raises a question of whether ADAR1 antagonizes the endog-
enous RNAi or miRNA pathways. One hypothesis could be that if miRNAs play
a role in removal of maternal mRNAs, miRNA editing could facilitate maternal
mRNA clearance by increasing the number of targeted mRNAs. An alternative
hypothesis would be that maternal miRNAs themselves need to be degraded and
RNA editing is employed in this process.
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4 RNA Silencing in Mouse Oocytes and Early Embryos

Mouse oocytes and early embryos were the first mammalian tissues where RNAi
was documented (Svoboda et al. 2000; Wianny and Zernicka-Goetz 2000). Features
of mammalian RNAi discovered in mouse oocytes include the ability to target
untranslated mRNAs (Svoboda et al. 2000; Wianny and Zernicka-Goetz 2000) and
the lack of RNA-dependent RNA polymerase (Stein et al. 2003a), which is thought
to serve as an amplifier of RNAI in several other species (Sijen et al. 2001). A spe-
cific feature of mouse oocytes and early embryos is the apparent absence of inter-
feron response to long dsRNA. Consequently, oocytes and early embryos are the
only mammalian cells where long dsRNA is routinely used to trigger RNAI.

Interestingly, GNF Symatlas microarray data (Su et al. 2002) show that mouse
oocytes express enhanced levels of Dicer, TRBP2, and several P-body components,
but specific miRNA pathway components are not overrepresented (Fig. 3). Dicer
mRNA is highly abundant in the oocyte and the relative amount of Dicer mRNA in
the oocyte is the highest among all tissues in the GNF dataset (Su et al. 2002).
Immunofluorescence and RT-PCR also showed high expression of Dicer in mouse
oocytes (M. Drozdz, P. Svoboda, and T. Zoller, unpublished data). Interestingly,
Dicer mRNA is also strongly expressed in zebrafish oocytes (Wienholds et al.
2003). Why Dicer expression in mouse oocytes is so high remains a puzzle.

Ago expression seems to be either low (Ago3 and -4 ) or underrepresented in the
mouse oocyte (Ago2). Similarly, mRNA level of GW 182, a component of P-bodies
required for miRNA-mediated silencing (Jakymiw et al. 2005; Liu et al. 2005a;
Rehwinkel et al. 2005), is not different from other tissues. However, mRNAs of
several other P-body components are strongly overrepresented. Enhanced mRNA
levels of P-body components in the oocyte, thus, seem likely related to an extensive
mRNA turnover during maturation and fertilization (Bachvarova et al. 1985) rather
than to a higher activity of the miRNA pathway.

The following two sections will discuss the roles of RNA silencing pathways
during early mammalian development and the possible biological implications of
the domination of an RNAI response to long dsRNA over the interferon pathway.

4.1 miRNAs Regulating Early Development?

Direct cloning of miRNAs from mouse oocytes identified a small set of miRNAs
(let-7a, -b, -c, -i, miR-20b, miR-320, miR-503) (Watanabe et al. 2006). However,
direct cloning of miRNAs is difficult because of the limited amount of obtainable
material. Therefore, two other groups opted for analyzing expression of already
known miRNAs by RT-PCR-based methods (Murchison et al. 2007; Tang et al.
2007). These data indicate that oocytes (and early embryos) express tens of differ-
ent miRNAs (Table 2). Cloning experiments from the zebrafish and the Xenopus
suggest that there are no conserved, abundant, oocyte-specific miRNAs in vertebrates,
and miRNAs found in the oocytes are typically found in embryos and tissues
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(Watanabe et al. 2005; Wienholds et al. 2005). Thus, it is likely that miRNAs
found in the mouse oocyte-so far-represent a relatively comprehensive set of mater-
nal miRNAs.

Is there a specific role for the miRNA pathway in the oocyte? Although maternal
miRNAs are found in other tissues, the loss of Dicer in the oocyte leads to a unique
phenotype as Dicer”™ oocytes show defects in spindle formation during meiotic
maturation (Murchison et al. 2007; Tang et al. 2007). Numerous transcripts associ-
ated with spindle regulation are upregulated in Dicer”- oocytes and are potential
targets for miRNAs detected in the oocyte (Murchison et al. 2007). This result
demonstrates that specific roles of the miRNA pathway are given by the combina-
tion of miRNAs and their targets and cannot be elucidated just from the set of
miRNAs found in a specific cell type.

Is the miRNA pathway also involved in deadenylation and clearance of maternal
mRNAs, as has been demonstrated for the miR-430 family in the zebrafish embryo
(Giraldez et al. 2006)? Not exactly. There are differences suggesting that the miR-
430 family in the zebrafish has adopted a more specialized role compared to its
counterparts in mammals.

The miR-430 family is related to several mammalian miRNA families: miR-
302, miR-290/372, and miR-17/20/106 (Giraldez et al. 2005). Some of these miR-
NAs were cloned from murine and human ES cells, which originate from the inner
part of the blastocysts (Houbaviy et al. 2003; Suh et al. 2004). In addition, the
murine miR-290 family was also found to be highly expressed during preimplanta-
tion development (Tang et al. 2007). However, mammalian early development is
different from that of the zebrafish and it is unclear if it would require a similar
mechanism for removing maternal mRNAs.

The zebrafish development occurs at much faster rate: the zygotic transcription
in the zebrafish starts soon after fertilization, the blastocyst stage is reached within
several hours, and the embryo is already undergoing segmentation 12 h after ferti-
lization (Kimmel et al. 1995). Zygotic expression of miR-430 is detected 2.5 h after
fertilization, at the 256-cell stage, and the subsequent miR-430-driven clearance of
maternal transcripts occurs within a few hours (Giraldez et al. 2006). In contrast, a
12 h-old mouse embryo is completing the one-cell stage while the zygotic genome
is still silent (reviewed in Schultz 2002). The blastocyst stage is reached within
approximately 3.5 days after fertilization (4 h in the zebrafish).

The miR-430 cluster expression is zygotic, not maternal. The zygotic transcrip-
tion in the zebrafish starts shortly after fertilization while the zygote still contains
a high amount of maternal mRNA. In contrast, by the time zygotic transcription is
activated in the two-cell mouse embryo, maternal transcripts are already exten-
sively degraded (Bachvarova et al. 1985; Paynton et al. 1988; Schultz 2002).
Degradation of maternal mRNAs in the mouse occurs in a step-wise manner,
involving induction of degradation by meiotic maturation, fertilization, or both
(Alizadeh et al. 2005; Oh et al. 2000; Sakurai et al. 2005), prior to the zygotic
genome activation. Since the transition between the maternal and zygotic phases of
gene expression is slow in mammals, the pressure to precisely synchronize gene
expression in a short time window is not that strong. Therefore, the mouse embryo
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may not need the miRNA pathway for a rapid, extensive clearance of maternal
miRNAs. Zygotic miRNAs, such as the miR-290-295 cluster, may be needed to
lower expression of some genes highly expressed in the oocyte, but such function
would be different from removing maternal transcripts.

Transition between the oocyte and the two-cell embryo with activated zygotic
genome (oocyte-to-zygote transition) occurs without transcription. Thus, any proc-
ess affecting mRNA stability, such as the miRNA pathway, will contribute to
maternal mRNA degradation. However, while maternal miRNAs potentially target
hundreds of genes (Murchison et al. 2007; Tang et al. 2007), they likely have only
a limited role in direct mRNA degradation during the oocyte-to-zygote transition.
Motif analysis of 3’-UTRs from Dicer~- oocytes (Murchison et al. 2007) indicates
that the most enriched motifs associated with destabilization of maternal mRNAs
do not represent complements of miRNA seeding regions. The most enriched
motifs found in degraded maternal mRNAs are AU-rich, while putative miRNA
binding sites show several orders of magnitude lower scores (Murchison et al.
2007). In addition, microarray data related to mRNA stability during oocyte-to-
zygote transition indicate that transcripts whose downregulation is a function of
time (many of which are presumably candidates for miRNA targets in the oocyte)
do not overlap with transcripts downregulated upon resumption of meiosis and fer-
tilization (Puschendorf et al. 2006; Zeng et al. 2004; Zeng and Schultz 2005). Thus,
maternal miRNAs contribute to maternal mRNA degradation to some extent, but
the bulk of maternal mRNAs is degraded by another mechanism(s).

4.2 Silencing of Mobile Elements and Viruses
by RNAi in Mammals?

It has been mentioned previously that, unlike most mammalian cells, oocytes and
early embryos apparently suppress interferon response to dsRNA, which efficiently
and specifically triggers RNAI in these cells (Billy et al. 2001; Stein et al. 2005;
Svoboda et al. 2000; Wianny and Zernicka-Goetz 2000; Yang et al. 2001).
Does RNAI recognize endogenous long dsRNA and downregulate homologous
transcripts?

RNAI is unlikely involved in antisense regulation of overlapping transcripts.
The mammalian genome produces a significant number of overlapping transcripts
that, in numerous cases, appear to be functionally related (Shendure and Church
2002; Yelin et al. 2003). However, evidence does not support the processing of
naturally occurring sense antisense transcripts by RNAi (Faghihi and Wahlestedt
2006; Houbaviy and Sharp 2002). In addition, a large-scale analysis of small RNAs
in postimplantation mouse embryos identified only two repeat sequences, which
would fit criteria of an endogenous siRNA (Mineno et al. 2006). It is interesting
that strong RNAi mutants in Caenorhabditis appear otherwise healthy (Tabara et al.
1999), and a germline RNAi-resistant population of Caenorhabditis has been found
in the nature (Tijsterman et al. 2002). This further argues against a role of RNAi in
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regulating expression of bona fide endogenous genes. Nevertheless, the RNAi pathway
is found in almost all eukaryotes, suggesting that it provides benefits leading to its
conservation through evolution. RNAI in invertebrate species acts as a protecting
mechanism against parasitic sequences such as viruses and mobile elements
(Kalmykova et al. 2005; Lu et al. 2005; Tabara et al. 1999; Wang et al. 2006; Wilkins
et al. 2005). Could this apply to some extent to mammals?

Viruses interact with mammalian RNA silencing machinery, as is evidenced by
miRNAs and RNAi suppressors encoded by mammalian viruses (reviewed in Li
and Ding 2005). However, it is not clear how important RNALI is in combating viral
infection in mammals. Since oocytes (and presumably early developmental stages)
exhibit suppressed PKR/interferon response to dsRNA (Stein et al. 2005), it is
tempting to speculate that RNALI in these cells substitutes the antiviral interferon
response. Ovulated eggs and preimplantation embryos are directly exposed to the
external environment in the reproductive tract and could be infected by viruses
introduced to the reproductive tract, for example, by the seminal fluid. Evidence
exists that viral infection can possibly occur in mammalian oocytes or early
embryos, but it is rare and often indirect (Bertrand et al. 2004; Bielanski et al. 2004;
Botquin et al. 1994; Devaux et al. 2003; Fray et al. 1998; Papaxanthos-Roche et al.
2004; Richoux et al. 1989). It is interesting to note that some experiments in
oocytes or early embryos indicate certain resistance to viruses (Baccetti et al. 1999;
Cortez Romero et al. 2006; Tebourbi et al. 2002; Tsuboi and Bielanski 2005). What
advantage RNAi would offer over the interferon response is not clear. It is specu-
lated that the interferon response could be more harmful because its activation
would have an invariable negative effect on the viability of an embryo while RNAi
would provide a chance for blocking the virus while maintaining normal development.
If this were the case, RNAI substituting the interferon response would provide a
selective advantage.

Mobile elements in the genome represent another candidate target for RNAI in
mammalian cells. Approximately 40% of mammalian genomes are sequences of
transposable elements (TEs) (Jurka et al. 2005; Lander et al. 2001; Waterston et al.
2002). Most TEs are retroelements that retrotranspose through a “copy and paste”
mechanism that utilizes an RNA intermediate. TEs have the capacity to cause dele-
terious mutations and they are often viewed as harmful parasites (Bestor 1999).
Numerous mechanisms operate to silence TEs in animals including transcriptional
silencing mediated by DNA methylation (Bourc’his and Bestor 2004; Hata and
Sakaki 1997; Walsh et al. 1998), chromatin changes (Huang et al. 2004; Martens
et al. 2005), and possibly RNAi.

Interestingly, mRNA level of Miwi, another Ago family member, is enhanced in
the oocyte and the zygote (Fig. 3). Miwi and its human ortholog, Hiwi, are related
to Ago proteins involved in miRNA silencing, but their expression is restricted to
the germline. Unlike Ago proteins, Hiwi does not induce translational repression
(Pillai et al. 2004). Piwi, a homolog of Miwi in Drosophila, is involved in the
repression of retrotransposons (Kalmykova et al. 2005). Miwi is highly expressed
in spermatocytes and spermatids and it is essential for spermatogenesis (Deng and
Lin 2002). The function of Miwi in the oocyte is unknown. Miwi (—/—) females are
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viable and fertile but activity of retrotransposons in oocytes lacking Miwi has not
been addressed.

Mammalian TEs apparently can generate dsSRNA (Kramerov et al. 1985; Peaston
et al. 2004; Svoboda et al. 2004a; Svoboda and Cara 2006), and expression of several
retrotransposons occurs in mammalian oocytes and early embryos (Park et al. 2004;
Peaston et al. 2004; Piko et al. 1984). It has been proposed that function of RNAI in
oocytes and early embryos could constrain expression of TEs, thereby limiting their
activity in mammalian germ-line cells (Svoboda et al. 2004a). Indeed, inhibiting
Dicer in preimplantation mouse embryos or deleting it in ES cells results in an
increased abundance of mRNAs of retrotransposons L1, IAP, and MuERV-L
(Kanellopoulou et al. 2005; Svoboda et al. 2004a). In addition, putative L1 and IAP
siRNAs were cloned from mouse oocytes (Watanabe et al. 2006), while L1 and IAP
transcripts showed instability in the oocyte (Puschendorf et al. 2006). However, other
data do not provide evidence that RNAi functions in oocytes and early embryos to
constrain mobile elements. Increased abundance of TE transcripts was not observed
in two independent conditional knockouts of Dicer in the oocyte (Murchison et al.
2007; Tang et al. 2007). Furthermore, increased abundance of TE transcripts was not
observed in an independently generated Dicer knockout ES cell line (Murchison et al.
2005; P. Svoboda, unpublished). Therefore, there is currently no conclusive evidence
supporting involvement of RNAI in repression of TEs in the oocyte.

5 Experimental Use of RNA Silencing in Mouse Oocytes
and Early Embryos

RNAI is the method of choice to inhibit gene expression in many cell types, and
numerous sources provide general guidelines for the use of the RNAi approach.
This section focuses on the RNAi approach in mammalian oocytes and early
embryos, particularly on the use of transgenic RNAI.

5.1 Microinjection of dsRNA

Microinjection of dSRNA (or siRNA) is the most common utilization of RNAIi in
oocytes or early embryos (reviewed, for example, in Grabarek and Zernicka-
Goetz 2003; Svoboda 2004). RNAi induced by dsRNA microinjection is an
excellent tool for studying the role of maternal transcripts recruited either during
oocyte maturation or embryo development. Recruited transcripts accumulate in
the oocyte but are not translated; therefore, the stability of the coded protein does
not affect the efficiency of RNAi. Inhibition of oocyte maturation with com-
pounds such as 3-isobutyl-1-methyl-xanthine (IBMX) extends the exposure time
to dsRNA, so transcripts that would be recruited during oocyte maturation can be
more efficiently degraded (Svoboda et al. 2000). Most experiments published to
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date (Table 1) used long dsRNA, which is easy and inexpensive to prepare.
Briefly, a few hundred nucleotide long fragment of a gene is in vitro transcribed
to generate sense and antisense strands which are annealed. Purified dsRNA is
diluted to concentrations between 0.2 and 1.0 ug/ul and injected cytoplasmically.
A detailed protocol for preparation and microinjection of dsRNA has been
described elsewhere (Stein and Svoboda 2003).

5.2 Electroporation of dsRNA

Electroporation is an attractive alternative to dsSRNA microinjection. It allows one
to simultaneously induce RNAI in a high number of oocytes or early embryos and
it also allows for the simultaneous delivery of dsRNA into individual blastomeres
of preimplantation embryos (Grabarek et al. 2002). Importantly, Grabarek et al.
developed a protocol allowing for electroporation of zona-enclosed embryos. This
feature is important for experiments requiring transfer of treated embryos.
Electroporation of dsRNA into later stages of early development is suitable for
studies of gene function during implantation or shortly after it (Soares et al. 2005).
In addition, electroporation of pre-processed siRNA has also been successfully
used in early postimplantation embryos (Mellitzer et al. 2002).

5.3 Transfection of dsRNA

Successful transfection of long dsSRNA into mammalian oocytes has been described
in one report (Lazar et al. 2004). This experiment utilized rat oocytes without zona
pellucida, which were transfected with purified dsRNA (33 ng/ul), using cationic
liposomes (35 pg/ml) in L-15 medium containing IBMX. After 7 h, the oocytes
were transferred to inhibitor-free medium for additional culture. It is possible that
rat oocytes are more susceptible to cationic liposome transfection than mouse
oocytes. However, our experiments with several commercially available trans-
fection reagents (Fugene, Lipofectamine, Lipofectin) revealed a high toxicity of
these reagents in mouse oocytes even after dilution or a short incubation time
(Svoboda 2004).

5.4 Expression of dsRNA from a Transgene

The delivery methods described above have limitations in terms of timing of delivery
of dsRNA and duration of the RNAI effect. This led to the development of trans-
genic RNAI, which permits the induction of RNAi already during oocyte develop-
ment (Stein et al. 2003b). In principle, the choice of a promoter for dsRNA
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expression allows one to induce RNAI in premeiotic and postmeiotic oocytes, or
during preimplantation development. The following will summarize the existing
tools for transgenic RNAi and their future development.

5.4.1 Transgenes Expressing Long Hairpin RNA

Because hairpin RNA assures efficient formation of dsRNA, it has been chosen
numerous times for induction of RNA silencing via expression from plasmids or
transgenes. Different model systems and types of experiments have dictated differ-
ent vector designs, so today there is an extremely large number of hairpin-express-
ing RNA systems available for RNA silencing. In general, pol II-driven long RNA
hairpins are typically used in small-scale experiments in plants and invertebrates.
In mammals, transgenes expressing long RNA hairpins are occasionally used but
they have not acquired wider attention than in mouse oocytes (reviewed in Svoboda
2004). The advantage of long hairpin RNA is that it can be combined with a tissue-
specific pol II promoter assuring tissue-specific expression of dsRNA. It also deliv-
ers a population of different siRNAs that ensure a robust RNAi. However, working
with inverted repeats to generate transgenes expressing long hairpin RNA may be
difficult. The following will briefly summarize the most common problems and
solutions (reviewed in detail in Svoboda 2004) that we (and others) have learned
about while producing constructs expressing long hairpin RNAs (>500 bp).

Transgene Design  All reported transgenes for expression of long dsRNA in the
oocyte (Table 1) follow a previously developed design (Svoboda et al. 2001),
where an inverted repeat is inserted downstream of a ZP3-driven enhanced green
fluorescent protein (EGFP) coding sequence (Fig. 4a). Inverted repeats can be pro-
duced in two configurations with respect to the cognate mRNA sequence: anti-
sense-loop-sense (A-S) or sense-loop-antisense (S-A). Both configurations have
been successfully used (Stein et al. 2003b; Yu et al. 2004). Hypothetically, the S-A
configuration is likely to function better if activation of a cryptic polyadenylation
site in the antisense sequence occurs. At least a partial hairpin can be formed from
the S-A configuration, while A-S produces none. In any case, testing of a transiently
expressed transgene is recommended prior to producing mice.

Cloning Problems Problems with cloning can be relieved by growing bacterial
clones at room temperature and in special bacterial strains such as Stbl4 (Invitrogen)
or Sure (Stratagene). Employing even a short spacer (20-50 bp) in the middle of an
inverted repeat increases cloning efficiency. The longer the spacer the easier it is to
clone the inverted repeat. Efficient RNAi transgenes in mammals contained
inverted repeats with spacers up to 250 bp (Yu et al. 2004). A combination of
genomic DNA with introns in the sense arm fused to the antisense arm made of a
complementary DNA (cDNA) fragment also facilitates the efficiency of cloning
(Kalidas and Smith 2002). Similarly, using an intron as a spacer enhances cloning
efficiency and produces intron-less hairpins, which were shown to have outstand-
ing efficiency of silencing in plants (Wesley et al. 2001).
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Fig. 4a-d Design of transgenes, which can be used directly (a, b) or after a minor modification
(c, d) for transgenic RNAi in mammalian oocytes and early embryos. a Transgenes expressing
long dsRNA from the oocyte-specific ZP3 promoter. This design was successfully used on several
occasions (Table 1). b Pol IlI-driven short hairpin expressing transgene activated upon Cre-medi-
ated recombination (Coumoul et al. 2005). This design can be directly used in combination with
the ZP3-Cre transgene (Lewandoski et al. 1997) to induce mRNA knockdown in oocytes. ¢, d Pol
II-driven short hairpin transgenes expressing a GFP reporter and a short hairpin modeled after a
miRNA precursor. ¢ pPRIME lentiviral vectors utilize siRNA sequences embedded in mir-30
sequences located in an exon (Stegmeier et al. 2005). With an oocyte-specific specific promoter,
this vector could be used to knock down genes in oocytes in transgenic mice produced either via
classical microinjection or by infection of one-cell embryos by lentiviruses (Lois et al. 2002).
d Precursors for short hairpins modeled after miR-155 or miR-30 were also placed into an intron.
(Chung et al. 2006; Xia et al. 2006)

Despite all possible pitfalls listed above, transgenic RNAi in mouse oocytes has
produced functional knockdown on numerous occasions (Fedoriw et al. 2004; Han
et al. 2005; Ma et al. 2006; Stein et al. 2003b; Yu et al. 2004; see also Table 1).
Phenotypes in knockdown mice (Table 1) were fairly robust, except for the WeelB
knockdown, where approximately 25% of oocytes showed a phenotype and WeelB
mRNA was not knocked down as much as transcripts in other knockdown experi-
ments (Han et al. 2005). The cause of a weaker knockdown is not clear. It is possi-
ble that the double-stranded hairpin did not form properly. This would be consistent
with well-detectable EGFP fluorescence (Han et al. 2005), while EGFP in other
transgenic experiments was barely detectable, suggesting efficient dsSRNA forma-
tion and processing (Stein et al. 2003b; Yu et al. 2004).
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5.4.2 Transgenes Expressing Short Hairpin RNA

Gene silencing with shRNA was introduced by several different groups in 2002
(Brummelkamp et al. 2002; McManus et al. 2002; Paddison et al. 2002; Yu et al.
2002; Zeng et al. 2002) and it was subsequently used in transgenic animals
(reviewed in Prawitt et al. 2004). According to the hairpin structure, short hairpin
systems fall into two classes: class I hairpins, which are based on linking strands of
functional siRNA sequences with a small loop. The minimal class I hairpin con-
tains a 19-bp dsRNA stem and a 4- to 9-nt loop, and it is probably not processed
like a classical miRNA (Brummelkamp et al. 2002; McManus et al. 2002; Paddison
et al. 2002; van de Wetering et al. 2003). Class II hairpins are directly modeled after
miRNA precursors (Zeng et al. 2002).

Both RNA polymerases, RNA pol II and III, can be used to produce a functional
silencing hairpin. The majority of the shRNA vectors use pol III promoters, typi-
cally U6 or H1. Both promoters appear comparably efficient in transgenic mice,
although differences have also been reported (Seibler et al. 2005; Wooddell et al.
2005). The key feature of pol III systems is termination of transcription at a stretch
of thymidines, leaving 1-4 uridines at the 3’ terminus, which makes one end of the
self-annealed transcript similar to an siRNA. Pol III systems are used efficiently for
transient or constitutive expression in cell culture. A tetracycline-inducible pol I1I
system was also developed (van de Wetering et al. 2003).

The major disadvantage for using pol III-driven shRNA expression is the
absence of tissue specificity of pol III transcription. This problem is partially solved
by using a loxP recombination activating pol III (Coumoul et al. 2005; Fritsch
et al. 2004; Fig. 4b). It is functional and versatile because one targeting transgene can
be combined with existing animals expressing Cre recombinase in different tissues.
However, the loxP strategy may sometimes be too complicated, as it requires crossing
of two transgenes and a screening for recombination. It may be faster and easier to
generate transgenic animals with pol II-driven tissue-specific sShRNA expression
than to produce animals with a loxP transgene, which has to be crossed to Cre animals
to reveal which founder lines provide the best knockdown. If one wants to study
one gene in different tissues, then adopting the Cre system has clear advantages.
However, if one is interested in analyzing numerous genes only in the oocyte, then
designing a pol II-driven transgene would be more suitable.

The pioneering work of Zeng et al. has showed that pol II can also be used to pro-
duce a functional silencing hairpin (Zeng et al. 2002). The pol II strategy is based on
placing an siRNA sequence into a pri-miRNA-like transcript, which is then processed
by miRNA pathway (Fig. 4c, d). This allows for generating constructs harboring
shRNA within a reporter (such as EGFP), allowing for tissue-specific delivery and
simple screening for the presence of the active transgene (Chung et al. 2006;
Stegmeier et al. 2005; Xu et al. 2003). Pol II-driven shRNA transgenes provide the
same tissue specificity as the pol II-driven long hairpins described in the previous
section, thus eliminating the major advantage the long hairpin system has had so far.
In addition, short hairpins are much easier to generate and manipulate and most likely
will become the preferred design for transgenic RNAI in oocytes or early embryos.
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6 Conclusions

Mouse oocytes and early embryos represent an interesting model system that can
be approached with various RNAi-based tools. Experimental RNAi provides an
unprecedented tool. Compared to other methods, it is fast, specific, simple, and is
becoming the preferred tool to inhibit gene function in the oocyte or early embryos.
At the same time, it is a unique model for studies of RNA silencing itself. Mouse
oocytes provide an interesting example of the integration of RNA silencing and
other dsRNA-responding pathways.
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Abstract MicroRNAs are a recently discovered group of short, non-coding RNA
regulatory genes found in many species including humans. Originally viewed as a
rare curiosity, over a thousand peer-reviewed publications have now established
their major role in health and disease. MicroRNA discovery approaches, both bio-
logical and computational, have played an important role in this enfolding drama,
and have led to the discovery of many hundreds of novel microRNAs. These dif-
ferent discovery and validation approaches are briefly reviewed here, as are the
challenges and questions that lie ahead.

1 Introduction

MicroRNAs are a recently discovered, extensive class of short (~22 nucleotides),
non-coding RNA regulatory genes, found in many species including humans, and
shown to play a major role in health and disease (Bartel 2004; Johnston and Hobert
2003; Lim et al. 2003a; Poy et al. 2004). Their main documented mode of action is
repressing translation of target proteins, by binding complementarily to mRNAs of
these targets (Lee et al. 1993; Kloosterman et al. 2004; Brennecke et al. 2005;
Kiriakidou et al. 2004). MicroRNAs are processed from a ‘hairpin’ shaped precur-
sor, a feature which has become an important criterion to identification of microR-
NAs (Ambros et al. 2003).
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The discovery of microRNAs and their scope is something of an unfolding
drama. The first microRNA, lin-4, was discovered in the worm Caenorhabditis
elegans in 1993 (Lee et al. 1993), and for 7 years was considered a lone, peculiar
phenomenon specific to worms. Only in 2000 was a second microRNA discovered,
let-7, which like lin-4 was also involved in controlling timing of the development
of the worm, and hence both genes were then termed stRNA (short temporal RNA)
(Reinhart et al. 2000). Several months later, let-7 was shown to be strikingly
evolutionarily conserved in a broad range of species including human, suggesting
for the first time a much broader role (Pasquinelli et al. 2000). In 2001, 95 new such
genes were discovered, including 58 in C. elegans, 16 in Drosophila melanogaster,
and 21 in humans, and the term microRNA was coined (Lau et al. 2001; Lee and
Ambros 2001; Lagos-Quintana et al. 2001).

Initial efforts to discover microRNAs relied on a biological approach of cloning
and sequencing (Lau et al. 2001; Lee and Ambros 2001; Lagos-Quintana et al. 2001;
Lagos-Quintana et al. 2002). Informatics played a limited role in these efforts,
verifying that the cloned sequences are part of a hairpin structure, typical of microRNA
precursors (Ambros et al. 2003). Informatics was also used to find putative micro
RNAs—microRNAs that were sequenced in other species and were informatically
found to be conserved in the human genome, but could not be cloned in man.
By early 2003, such efforts have led to identification of 109 human microRNAs
(Lim et al. 2003a).

It was apparent, however, that such biological approaches might be limited in
their ability to detect rare microRNAs, and are of course limited to the tissues
examined. This, together with the fact that microRNA precursors share a common
secondary ‘hairpin’-shaped structure, has led to the development of increasingly
sophisticated computational approaches, which attempted to identify possible
microRNAs.

Predictions made by one of these early algorithms in early 2003 led to a
conclusion that the number of vertebrate microRNAs cannot exceed 255, and
that most of these have already been identified (Lim et al. 2003a). Interestingly,
this assessment of the number of human microRNAs continued to be widely
accepted throughout 2003 and 2004 (Lagos-Quintana et al. 2003; Grad et al.
2004; Ambros 2004).

In 2005 we described a novel approach for identification of human microRNAs,
which integrated a novel computational approach with novel biological validation
techniques (Bentwich et al. 2005). Using this approach, we were able to report 89
new human microRNAs, doubling the number of human microRNAs sequenced in
man at that time. Our approach allowed us, for the first time, to discover non-con-
served microRNAs, and provided strong evidence that the number of human micro-
RNAs is much larger than previously believed, and that hundreds of conserved and
non-conserved microRNAs remain to be discovered.

The following sections review the principles of microRNA prediction and vali-
dation, and describe the perspective of on-going trends in microRNA identification
and discovery.
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2 Bioinformatic MicroRNA Prediction: Principles
and Challenges

Computerized identification of novel microRNAs is a difficult pattern-recognition
challenge. MicroRNAs have certain properties in common, notably the fact that
they are ‘diced’ from a hairpin-shaped precursor, which in principle allows for
computerized prediction of novel microRNAs. However, no one property (e.g.
free-energy, sequence pattern) is sufficient for accurately detecting microRNAs.
Even when assessing multiple such properties, rigid thresholds of such property-
values are also insufficiently sensitive. Rather, it is the combination of multiple
properties, with a suitably different weighting of these different properties, that
provides a more desirable accuracy.

Bioinformatic prediction of microRNAs utilizes machine learning algorithms that
are ‘trained’ on a ‘training set’ of known microRNAs and their hairpin-shaped pre-
cursors, such that the resulting algorithm can correctly identify novel postulated
microRNA sequences. Typically, such algorithms use as a ‘control group’ a large
group of hairpin sequences randomly selected from the genome. The vast majority of
these hairpins are assumed not to be microRNA precursors. The training and control
sets are then studied for properties which effectively distinguish the known microR-
NAs from the control group of random genomic hairpins. The resulting algorithm
uses these distinguishing properties to assess unrecognized hairpin sequences, and
grade each such sequence for the probability that it is a valid novel microRNA.

In general, distinctive properties include (1) structural features, such as hairpin
length, hairpin-loop length, thermodynamic stability, base-pairing, bulge size and
location, and distance of the microRNA from the loop of its hairpin precursor, and
(2) sequence features such as nucleotide content and location, sequence complexity,
repeat elements and internal and inverted sequence repeats. An iterative process is
used to check and improve the accuracy of the algorithm, by repeatedly training the
algorithm on a subset of the known microRNAs, and then checking its scoring accu-
racy on a separate subset of the known microRNAs against a control group of random
hairpins. The computer does not ‘know’ this second subset, and hence scores them as
it would any unknown sequences. These scores may therefore be assessed for their
sensitivity and specificity. This methodology is depicted in Fig. 1.

Most predictor algorithms depend on evolutionary conservation of microRNA
sequences between different species. Such algorithms receive as input sequences
that are homologous in two species, and use various approaches to detect microR-
NAs that are conserved in these two species. This approach allows the filtering out
of many of the false-positive candidates, but is obviously limited to detecting con-
served microRNAs.

Once novel potential microRNAs have been bioinformatically predicted, an
attempt is made to validate their expression in various tissues or cell cultures (or
both). This too is challenging since failure to biologically validate the expression
of a predicted microRNA does not necessarily imply that the bioinformatic prediction
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Fig. 1 Machine learning prediction of microRNAs. Machine learning algorithms are used to
identify distinctive properties that differentiate between a training set of known microRNAs and
a control set of genomic hairpins. Based on these, a predictor is used to identify candidate micro-
RNAs from genomic sequence data. Finally, biological validation determines which of these
candidates are valid novel microRNAs

was incorrect: It may be that the microRNA is not expressed in the examined tis-
sues, is expressed only in certain cell phases, or is expressed in low abundance
which escapes detection by the technique used. This latter cause is especially prob-
lematic with microRNAs, which are often very similar in sequence to one another.
Expression of an abundant microRNA may therefore mask the expression of a rare
one that is very similar in sequence, especially when using PCR amplification.

These difficulties in biologically validating predicted microRNAs lead to an
interesting ‘circular’ challenge. How does one attempt to informatically detect
microRNAs that are expressed at such low concentrations that they go undetected
by currently available biological detection approaches? Even if an algorithm is
developed which seems to be capable of identifying such low-abundance microR-
NAs, how do we know if the algorithm is correct? To do so, a novel biological
detection assay must be developed, which is more sensitive than the ones currently
used. But then how does one test such a biological validation assay, which is capa-
ble of identifying a postulated microRNA that is not detected by any existing bio-
logical assay? Such methodological difficulties are not insurmountable, but do
point to the challenges facing the development of novel microRNA detection
methodologies.
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3 A Novel, ‘Integrated’ Approach to MicroRNA Identification

Seven years ago, several years before the heightened interest in microRNAs, we set
out to develop a novel bioinformatic approach that would allow us to effectively
discover human microRNA genes. Our motivation to do so was the biological theory
formulated below, which predicted the existence of many hundreds, possibly
thousands, of microRNA-like genes involved in differentiation (Bentwich 2005).

As we started developing and applying microRNA discovery algorithms, we
quickly realized that bioinformatics may be augmented by powerful effective bio-
logical validation techniques, including high-throughput validation, in order to be
effective. High-throughput validation is important, as it allows us to deal effec-
tively with large groups of hairpins that have a relatively high percentage of false-
positives. At the time, high-density microarrays for detecting expression of microRNAs
were not available, so we had to develop that methodology (Barad et al. 2004).

We further realized that microarrays alone would not provide sufficient biologi-
cal validation, because of their limited specificity of hybridization. This is espe-
cially problematic when dealing with microRNAs, which are very short in length
(~22 nucleotides) and are often very similar in sequence (some microRNAs differ
by only a single nucleotide). Simple PCR-amplified sequencing techniques used at
the time to validate microRNAs turned out to be insufficiently specific. Using such
sequencing techniques, an abundant microRNA can ‘mask’ the expression of a rare
microRNA that is very similar (but not identical) in sequence. This was a major
problem, since we typically were interested in those microRNAs expressed at low
levels, and not in the abundant ones that have already been discovered. And so we
had to develop a novel microRNA sequencing technique that was more specific
than existing methodologies.

These efforts eventually led to our success in developing a novel microRNA
detection approach that integrated a novel algorithmic approach with the above-
mentioned high-throughput validation technique and a novel biological validation
technique we developed (Bentwich et al. 2005). This approach and our findings are
briefly summarized here.

Our approach may be likened to a discovery ‘funnel’: a step-wise process that
starts out very broad and then applies more specific validation techniques on incre-
mentally smaller groups of candidates to eventually validate a relatively small
number of microRNAs (Fig. 2).

We started out by computationally scanning the entire human genome for hair-
pin structures. This was a daunting computational task that had not been attempted
before. We then scored each hairpin for its similarity to known microRNAs, using
PalGrade, a novel algorithm we developed. Next, we determined the expression
levels of high-scoring postulated microRNAs in six tissues (placenta, testis, thy-
mus, brain and prostate). Finally, we validated microRNAs, the expression of which
was detected by the microarray, using a novel sensitive sequencing technique we
developed. This sequencing technique uses a specific biotinylated capture oligonu-
cleotide, designed for the predicted microRNA to be cloned, to ‘fish out’ the
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Fig. 2 MicroRNA discovery ‘funnel’. Initial folding of the entire human genome resulted in
approx. 11 million hairpins. High-throughput microarray experiments were used to test the expres-
sion of approx. 5,300 of the high-scoring candidates. Of these, 886 were found to be expressed in
one of six tissues tested. Of these, 359 were subjected to validation by sequencing, resulting in 89
novel validated microRNAs (including 33 that are similar or adjacent to the microRNAs sought)

complementary sequence from the microRNA-enriched libraries, which are then
amplified, cloned and sequenced.

Computational scanning the entire human genome identified approx. 11 million
hairpins. Of these, an initial group of 434,239 candidate microRNAs were identified
that passed a minimal hairpin score threshold (PalGrade>0) and were not on repeti-
tive elements. This group contained 86% of the known microRNAs, suggesting that
if systematically scanned, 86% of all microRNAs would be revealed. From this initial
candidate group we selected approx. 5,300 predicted microRNA sequences for high-
throughput expression validation by microarray, together with a control group of
7,500 non-microRNA hairpin controls. Microarray experiments in the above-men-
tioned six tissues resulted in 886 candidate microRNAs with significant signals of at
least one of their two predicted mature microRNAs. Finally, we subjected 359 of
these to sequence validation using our new sequence-directed cloning and sequencing
method. With this approach we successfully cloned and sequenced 89 novel human
microRNAs (56 were part of the original 359 sample, and 33 were either similar or
adjacent to the microRNAs originally sought). Reassuringly, only one of the 89 novel
microRNAs we found originated from the extremely large control group.

Hairpin structures were found by folding the entire human genome using the
Vienna package (Hofacker 2003), in windows of 1,000 nucleotides in length with
an overlap of 150 nucleotides, and accepting only hairpins that are at least 55 nucle-
otides in length and have a loop of no more than 20 nucleotides. Hairpins were
assigned a high stability score, if they appeared in many folding configurations, as
indicated by the Vienna package partition function graph. The PalGrade algorithm



Identifying Human MicroRNAs 263

we used was developed by comparing features of known microRNA precursors to
those of a background set of 10,000 randomly selected hairpins found in non-pro-
tein coding regions. The hairpin structural characteristics used were: (1) hairpin
length, (2) loop length, (3) stability score (as described above), (4) free energy per
nucleotide, (5) matching base pairs, and (6) maximal bulge size. The hairpin
sequence characteristics used were: (1) sequence repetitiveness (abundance of any
dinucleotide, AA, AT, etc.), (2) regular internal repeat, (3) inverted internal repeat
(i.e. internal repeat in opposite orientation within the hairpin), (4) free energy
(accounting for nucleotide composition), and (5) GC content. Different weights
were assigned to these different features so as to achieve maximum distinguishing
between true microRNA precursors and the background set. Figure 3 shows the
effectiveness of PalGrade in distinguishing real microRNA precursors from ran-
dom genomic hairpins (most of which are not microRNA precursors).
MicroRNAs validation was performed using a sequence-directed cloning
method we developed (Fig. 4). A population of single-stranded molecules derived
from a microRNA-enriched library (Elbashir et al. 2001) is mixed with the bioti-
nylated capture oligonucleotide. After hybridization, streptavidin bound to mag-
netic beads is added, and the mixture is loaded into a column mounted on a strong
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Fig. 3 Performance of hairpin scoring algorithm. The graph plots percentages of known micro-
RNA hairpins (triangles) and of random genomic hairpins (circles) above or equal to different
PalGrade thresholds (x axis). The large separation indicates the high sensitivity and specificity of
the scoring method
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Fig. 4 MicroRNA sequence-directed cloning method. Biotinylated capture oligonucleotides are
hybridized with a microRNA-enriched library. Streptavidin bound to magnetic beads is used to
separate the microRNAs of interest, which are then amplified, cloned and sequenced

magnet. The column is then washed stringently to remove non-bound or weakly
hybridized molecules. The specifically bound molecules are eluted, amplified,
cloned and sequenced. This methodology allowed us to validate low-abundance
microRNAs, which when using other validation methodologies were ‘masked’ by
abundant microRNAs of a similar sequence.

Our findings helped establish the notion that the number of human microRNAs
is significantly larger than previously believed, and that many of these microRNAs are
not conserved beyond primates. We assessed the number of both conserved and
non-conserved human micro-RNAs by calculating the validation success rate in
samples from each PalGrade score group (ignoring similar and adjacent micro-
RNAs to avoid positive bias) and then multiplying this validation success rate by
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the number of hairpins in the genome belonging to that group. Reassuringly, this
assessment was further supported by an independent assessment based on probabi-
listic arguments based informatic data alone. Using this approach we showed that
the number of conserved microRNAs is at least roughly 400-500, and that the total
number of microRNAs is at least 800.

4 On-going Trends in MicroRNA Discovery

MicroRNA discovery continues to be an exciting, dynamically changing frontier,
with different algorithmic approaches, the utilization of an enhanced understanding
of the biogenesis of microRNA, new massive sequencing techniques, and the dis-
covery of new classes of ‘microRNA-like’ genes.

The initial few microRNA detection algorithms are now being joined by a rap-
idly growing number of different microRNA discovery approaches. Lim et al.
developed MirScan, a sophisticated algorithm capable of identifying microRNAs
that are conserved in at least two different species (Lim et al. 2003a, b). Using this
algorithm, the authors identified 30 conserved microRNAs in C. elegans and 38
conserved human microRNAs. Grad et al. used a similar approach to detect and
validate 14 microRNAs in C. elegans (Grad et al. 2003). Berezikov et al. used a
phylogenetic-shadowing approach to identify 16 human microRNAs, and they list
several hundred potential candidate microRNAs (Berezikov et al. 2005). This
approach identifies microRNAs based on the finding that nucleotides in the stem of
the microRNA hairpin precursor are more conserved than those in its loop. Xie et
al. used evolutionarily conserved 3’ untranslated region (UTR) motifs as a means
of identifying potential microRNA binding sites and their corresponding microR-
NAs, and they validated six such novel human microRNAs (Xie et al. 2005). Nam
et al. developed a microRNA predictor that utilizes a probabilistic co-learning
model of sequence and structure (Nam et al. 2006). Ge et al. used serial analysis of
gene expression (SAGE) to identify mammalian microRNA (Ge et al. 2006). Sewer
at al. sought microRNAs in the proximity of known microRNAs, and which can be
identified independently in two or more species (Sewer et al. 2005). Helvik et al.
utilized a refined prediction of the 5" processing site of microRNAs by the Drosha
enzyme to achieve enhanced microRNA prediction accuracy (Helvik et al. 20006).

Importantly, advances in the understanding of microRNA’s biogenesis leads to
improvements in computational microRNA prediction. Initially, processing of
microRNA from its precursor has been shown to be largely dependent on its dis-
tance from the loop of the microRNA’s hairpin precursor, as demonstrated by Zeng
et al. (2005) and others. This has served as an important feature in the computa-
tional prediction of microRNAs by several different algorithms. More recently,
however, Han et al. showed that the single-stranded segments adjacent to the
microRNA precursor hairpin are important for its processing, and hence its compu-
tational prediction, perhaps more so than the distance from the loop (Han et al.
2006). Observations such as this are bound to improve microRNA prediction.
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Following recent technological advances, massive sequencing techniques are
poised to play a central role in the discovery of microRNAs and other short
RNAs. Cummins et al. (in collaboration with our group) catalogued the colorectal
cancer microRNome using a methodology they developed that is based in part on
the SAGE methodology (Velculescu et al. 1995), which they optimized for short
RNAs (Cummins et al. 2006). This methodology allowed the cloning of over
270,000 clones, 100-fold more than previous human microRNA cloning attempts,
leading to identification of 168 microRNA candidates (35 of which we had inde-
pendently identified). Massively parallel signature sequencing (MPSS) technol-
ogy (Brenner et al. 2000) is now taking the ‘deep sequencing’ approach to new
heights. Lu et al. used such an approach to extract and analyse over 2 millions
sequences in the model plant Arabidopsis thaliana, leading to the identification
of several new microRNAs (Lu et al. 2005). Mineno et al. obtained approx.
500,000 sequence signatures, leading to the identification of 195 new microR-
NAs in mouse (Mineno et al. 2006). And recently, Ruby at al. have adapted the
use of high-throughput pyrosequencing (Margulies et al. 2005) to clone approx.
400,000 sequences in C. elegans, leading to the identification of 18 novel micro-
RNAs (Ruby et al. 2006).

Such massive cloning efforts have also resulted in the surprising discovery of
two (thus far) very large new groups of short RNA genes, which appear to be
somewhat related to microRNAs, but are clearly not microRNAs. Several months
ago Grivna et al. (2006) and Aravin et al. (2006) reported a novel class of short
RNA genes, called piRNA (PIWI binding RNAs), expressed in mouse sperma-
togenesis. Over 1,000 such piRNA have been reported to date. They are 26—
31 nucleotides in length, and are related to the microRNA machinery. Recently,
Ruby et al. have identified another class of short RNAs, called 21U-RNAs in C.
elegans and have sequenced over 5,700 such genes (Ruby et al. 2006). This is a
group of RNA genes which are all exactly 21 nucleotides in length, start with a
uridine, are preceded by two short sequence motifs, and do not have the hairpin
structure typical of microRNAs. The discovery of these new groups of short
‘microRNA-like’ genes might broaden the definition and scope of microRNA
discovery tools to encompass other short RNAs.

The discovery of many hundreds of microRNA genes and now of thousands
of new ‘microRNA-like’ genes raises intriguing questions. What could be the
role of these genes? Why would the body need thousands of these short
sequences? What is the reason for the similarity between these different groups
of genes? The continued development of improved tools for the discovery and
functional assessment of microRNAs and other short RNA genes will clearly be
of help in addressing these and other questions. Several years ago I presented a
theoretical model that predicted the existence of thousands of short RNA genes,
often to be found in clusters, and argued that they are part of a genomic ‘lan-
guage’ or code that effects cellular differentiation (Bentwich 2005). It will be
interesting to see if indeed these different RNA gene groups involve such a ‘hid-
den’ genomic differentiation-coding ‘language’.
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