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RNAI: running interference for the cell
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RNA interference or RNAi is a recently characterized
mechanism of eukaryotic gene regulation in which a short
sequence of double-stranded RNA (dsRNA) specifically
down-regulates expression of the associated gene. Pre-
liminary characterization of this phenomenon has revealed
a set of inter-related cellular pathways which appear to
represent both a response to foreign RNNA and a mech-
anism of endogenous gene regulation. Introduction of
dsRNA into cells by a variety of means, including trans-
fection of synthetic RNA duplexes, triggers the RNAi
response resulting in specific suppression of target gene
expression. Recent efforts on a genome wide scale have
involved application of RNAIi as an important new tool in
cell biology to elucidate gene function in living cells.

Post-transcriptional gene silencing by dsRNA

Regulation of gene expression in the eukaryotic cell occurs at
many levels including synthesis, maturation, and degradation
of protein-coding messenger RNAs (mRNAs). Transcription
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by RNA polymerase II in the nucleus yields precursor-mRNA
(pre-mRNA) molecules which are modified in a series of steps,
including removal of non-coding intron sequences (splicing)
and the addition of a 5" cap structure and 3’ poly-A tail, before
transport to the cytoplasm where translation occurs on the
ribosome (Fig. 1A). Mature mRNAs are not all equal in terms
of ultimate yield of translated product. Differences in initiation
as well as efficiency of translation are key to the regulation of
diverse genes.! As well, the lifetimes of mRNAs vary from
minutes to hours to days—the differing resistance of a particu-
lar mRNA to exo- and endonucleolytic degradation is thus an
important determinant of the gene expression profile in the
eukaryotic cell.?
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Fig. 1 (A) Synthesis and processing of mRNA in the eukaryotic cell.
Nuclear processing of pre-mRNA includes addition of a 5’ cap (Gppp),
excision of introns by the spliceosome, and addition of a 3’ poly-A tail
(A,). The mature mRNA is exported to the cytoplasm where it is
translated on the ribosome to produce the encoded protein and
ultimately degraded. (B) Inhibition of gene expression through
hybridization of an anti-sense agent to mRNA. Two possible
mechanisms include steric block of translation (left) and RNase H
mediated degradation of the RNA portion of an mRNA-anti-sense
duplex (right).

The introduction of DNA, RNA, or oligonucleotide analogs
into cells has been intensively investigated as a means to
modulate gene expression in biological systems.® In most cases,
the design of such experiments has assumed an antisense
mechanism whereby hybridization to a target mRNA would
interfere with gene expression by blocking translation or by
triggering RNase H mediated degradation of the RNA portion
of the duplex (Fig. 1B). In 1998, Fire and colleagues reported
the fascinating observation that injection of double-stranded
RNA (dsRNA) into the worm Caenorhabditis elegans resulted
in a specific silencing of the homologous gene’s expression
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which was much more potent than that obtained by injection of
the antisense or sense RNA alone (Fig. 2A).* The silencing was
triggered by only a few molecules of dSRNA and was also
observed in the progeny of the injected animals. While silencing
could be correlated with a reduction in the levels of targeted
mRNA, dsRNA corresponding to intron sequences did not
trigger silencing, and the levels of pre-mRNA were unaffected
in a silencing experiment.*® Together these results suggested a
cellular mechanism of suppression occuring after transcription
and also after initial RNA processing events such as RNA
splicing.
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Fig. 2 Post-transcriptional gene silencing (PTGS) in diverse
organisms. (A) Injection of double-stranded RNA (dsRNA)
corresponding to a luciferase reporter gene potently suppresses
luciferase expression in C. elegans (adapted from ref. 4); (B) (top)
Attempts to intensify petunia colour by creation of transgenic plants
with an extra-copy of the pigment pathway enzyme chalcone synthase
result in the opposite phenotype (adapted from reference 6). (bottom)
Production of dsRNA as a result of both sense and anti-sense
transcription (left) or transcription off of inverted repeats (right).

The induction of gene silencing by injection of dsRNA
explained, in part, previously mysterious examples of gene
repression which had been noted in plants (“cosuppression”)
and the filamentous fungus Neurospora crassa (“quelling”).%’
In these cases, introduction into the organism of a transgene
regulated by a powerful promoter had the unintended effect of
suppressing expression of both the transgene and endogenous
copy of the gene. For example, when Jorgenson and coworkers
attempted to intensify colour in petunias by over-expressing
the mRNA for chalcone synthase, a key enzyme in the pigment
biosynthetic pathway, the resultant flowers were variegated
or in some cases white in colour indicating potent suppression
of the synthase gene product (Fig. 2B).° In light of the
observations of Fire and colleagues, transgene mediated
silencing could be explained by the production of dSRNA in the
transgenic cell through a combination of sense and anti-sense
transcription or via read-through transcription of an inverted
repeat of the trans-gene (Fig. 2B).

Cosuppression in plants has been described in terms of both
post-transcriptional gene silencing (PTGS) involving specific
degradation of mRNAs and transcriptional gene silencing
(TGS) whereby initial mRNA synthesis is repressed. Interest-
ingly, in plants, some examples of trans-gene mediated silencing
have been associated with DNA cytosine methylation® which is
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believed to be an important factor in maintaining the silenced
state of heterochromatin in higher eukaryotes. These cases
suggested that cosuppression is a complex phenomenon which
may occur through related but distinct mechanisms.

The specific, dSRNA mediated silencing observed by Fire
and coworkers was named RNA interference or “RNAi”. The
fact that similar phenomena have been observed in plants
suggested the existence of a pathway which might be conserved
in diverse eukaryotes and represent a general, perhaps anti-
viral, cellular mechanism of response to dsRNA.

The RNAI pathway

An outline of the essential steps in the RNAi response has
been established by a combination of genetic and biochemical
studies in diverse organisms including worms (C. elegans),
plants (Arabadopsis), flies (Drosophila), and humans (Fig. 3).
These investigations have also revealed the existence of several
distinct but overlapping pathways which represent different
forms of genetic regulation involving dsRNA.

Dicer
dsRNA [EIZIIIZIZII@E]]]

[ +aTe

Argonaut
RISC -apninn dFXR
Tudor-SN
— jl+ATP
€rd

RNA degradation

Fig. 3 Gene suppression by RNA interference. dsSRNA is processed in
an ATP-dependent reaction by the RNase I11-type endonuclease Dicer
into 21 nucleotide fragments. These siRNAs (inset) contain 19 base-
pairs, a 3’ two nucleotide overhang, a 5" phosphate (p), and 3" hydroxyl
terminus. In the Drosophila pathway shown here, the siRNAs are
incorporated into the RISC silencing complex which includes members
of the Argonaut protein family and the Fragile X protein (dFXR), as
well as at least one nuclease activity (Tudor-SN). RISC is activated in
an ATP dependent fashion and targeted to a complementary RNA
resulting in cleavage of the target sequence near the centre of
complementary sequence. In some cases, there may be an amplification
of the dsRNA trigger by RNA dependent RNA polymerase activity
(RdRP).

Biochemical fractionation of Drosophila extracts has resulted
in the separation of what may be termed the “initiation” and
“effector” steps of the RNAi mechanism. Initiation involves the
ATP dependent processing of the triggering dsRNA to short
dsRNA fragments, termed “small interfering RNAs” or
siRNAs.? These RNAs are 21-23 nucleotides in length, with 3’
two nucleotide overhangs and contain 5’ phosphate and 3’
hydroxy termini (Fig. 3). Production of the siRNAs involves
the activity of “Dicer” an RNA endonuclease.” Dicer is a
multi-domain protein containing an N-terminal helicase motif
and C-terminal RNase IIl-like nuclease portion—the crystal
structure of the A4. aeolicus RNase III catalytic domain'' has
been used to suggest that Dicer acts as a dimer to perform
the four cleavage reactions required to generate siRNAs. The
cytoplasmic localization of Dicer'? is consistent with an
overall localization of the RNAi machinery to the cytosol since
targeting of RNAs appears to occur after nuclear processing
steps such as splicing.

Dicer is not involved directly in the mRNA degradation or
effector stage of RNAi. A complex containing this activity,



RISC (RNA Induced Silencing Complex), has been purified
from both Drosophila and HeLa cell extracts.’*'* Incorporation
of siRNAs into RISC either involves or is followed by an ATP
dependent activation step, as a result of which one strand of the
siRNA duplex targets the complex to a complementary mRNA
sequence (Fig. 3). This is followed by endonucleolytic cleavage
at the centre of the target strand which is believed to expose
that RNA to degradation by other (exo) nucleases."

The makeup of RISC has not been fully determined and the
composition of the Drosophila and mammalian complexes
while overlapping are not identical; there may be several
distinct RISC particles reflecting the complexity of the RNAi
pathway. One common feature of RISC characterized to date is
the presence of members of the Argonaute protein family.'s
Argonaute proteins are highly conserved and are involved in the
regulation of development in eukaryotes suggesting a role for
RNAI in the developmental program. They are characterized
by the presence of two domains, PAZ (Piwi/Argonaute/Zwille)
and PIWI, the functions of which are not known although
it was initially suggested that the PAZ domain might represent
a protein—protein interaction module.'” The recent NMR and
X-ray structures of PAZ domains from the Drosophila
Argonaute-1 and Argonaute-2 proteins reveal a [-barrel
structure capped by an o-helix.’®® The B-barrel core is an
“OB-like” fold that resembles the structure of the RNA binding
Sm proteins—as a result of these structural insights, experi-
ments have been performed suggesting that one function
of PAZ involves binding of single-stranded RNA possibly
mediating recognition of the 3" overhangs of the siRNAs.

RISC has also been shown to contain a number of other
factors. These include the Drosophila homolog (dFXR) of the
human Fragile X protein FMRP? Fragile X syndrome is one
of the most common forms of inherited mental retardation and
is caused by the absence or loss of function of FMRP; the
discovery of dFXR in RISC suggests that FMRP is involved
in repression of gene expression through an RNAI related
mechanism.?! RISC also contains a nuclease, Tudor-SN, with
homology to staphlococcal nuclease.”* This nuclease activity
lacks specificity suggesting that it acts at a stage later than the
initial endonucleolytic mRNA cleavage step. Although the
initiation and effector steps of RNAI are separable biochem-
ically, they must be linked through the incorporation of Dicer
generated siRNAs into RISC. A recently characterized Dicer
associated protein in Drosophila, R2D2, which contains two
canonical dsRNA binding domains appears to be involved in
the efficient transfer of siRNAs from Dicer into RISC.?

As already mentioned, there is a heterogeneity to RISC as
currently characterized that may reflect differences between the
RNAI pathway in different organisms and/or perhaps hints at a
greater complexity of RNAi-related mechanisms.** Supporting
the latter idea are several observations. Several organisms
including Drosophila and Arabidopsis contain more than one
Dicer isoform; more specifically, Dicer family members may be
divided into two classes, one of which contains a PAZ domain
(but not PIWI) and one which does not. This suggests distinct
roles for Dicer isoforms in RNAi-related pathways.

The observation by Fire and coworkers that RNAi is
triggered by very small amounts of dsSRNA suggests that there
may be an amplification step at some point in the pathway.
Consistent with this notion, there is evidence in a number
of organisms for the participation of RNA dependent RNA
polymerases in an amplification of triggering RNAs.?*2¢

miRNAs and cellular gene regulation

Larval development in C. elegans is regulated at two separate
stages by the “small temporal” RNAs (stRNAs) /in-4 and
let-7.27® These 21 nt RNAs act to repress translation by form-
ing imperfect duplexes with sequences in the 3'-untranslated
region (3’-UTR) of their respective target mRNAs (Fig. 4A).

Homologs of let-7 are found in a wide range of organisms
with bilateral symmetry including flies, frogs, and humans. The
identification of short ~21-23 nt RNAs in the RNAI response
suggested a possible link between the lin-4/let-7 and RNAI
pathways. This was confirmed when it was demonstrated that
the processing of the /in-4 and let-7 precursor RNAs involved
Dicer.? Parallel to this work, a large number of small or “micro
RNAs” (miRNAs) were cloned from C. elegans, flies, and
humans.3** Computational methods have been used to
estimate that vertebrates possess 200-250 miRNA genes.** It is
now clear that a significant number of, in some cases evolution-
arily conserved, miRNAs are involved in regulation of gene
expression in diverse eukaryotes. The identification of
embryonic stem (ES) cell specific RNAs in mice suggests
that miRNAs play a role in mammalian development.’* The
miRNAs are produced by Dicer from stem-loop precursors; at
least some are initially synthesized as polycistronic transcripts
which are first cleaved in the nucleus by the Dicer homolog
Drosha before export to the cytoplasm for further processing
(Fig. 4B).*>36 It has been shown that a functional siRNA can
also inhibit translation by binding to sequences introduced
into the 3'-untranslated region of a target gene.’” This raises
that formal possibility that sets of endogenous genes could be
regulated by a single dSRNA through a combination of RNAI
and the miRNA/translational repression pathway.*®
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Fig. 4 Gene suppression by miRNAs. (A) Development in C. elegans
is regulated at two stages by a translational repression mechanism
involving imperfect duplex formation between the /in-4 and let-7 RNAs
and target messages (in this case the /in-/4 mRNA). These small RNAs
are part of a larger family of endogenous regulatory RNAs referred to
as microRNAs (miRNAs); (B) Polycistronic miRNA precursors are
processed by Drosha in the nucleus to hairpin molecules which are in
turn cleaved by Dicer to yield mature miRNAs which are incorporated
into a RISC-like RNP complex.

Short RNAs and heterochromatin maintenance

Transcriptionally silent DNA in the eukaryotic nucleus is
maintained in a highly condensed form referred to as hetero-
chromatin. Large expanses of heterochromatin containing
repetitive DNA sequences are associated with the centromere—
the region of the chromosome involved in spindle attachment
and chromosome segregation during cell division (mitosis). A
major mechanism of chromatin silencing involves specific
methylation of lysine 9 of histone H3; this also results in
recruitment of a protein, Swi6 in fission yeast and HP1 (hetero-
chromatin protein 1), that spreads the block in transcription to
adjacent genes.®

Martienssen and coworkers recently have made the sur-
prising discovery that deletion of RNAI associated proteins
(Argonaute, Dicer, or RNA-dependent RNA polymerase) in
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the fission yeast S. pombe relieves silencing of genes inserted
into the centromeric heterochromatin.*® Supporting the link
between the RNAi machinery and heterochromatin formation,
siRNAs derived from transcription of both strands of centro-
meric repeats have been identified in S. pombe by Reinhart and
Bartel.*! It has also been demonstrated that the expression of
short RNA hairpins can lead to the RNAi dependent silencing
of normally expressed genes through heterochromatin form-
ation.* Recently, a complex required for heterochromatin
assembly in fission yeast—termed RITS (RNA-Induced
Initiation of Tanscriptional Gene Silencing)—has been purified
and partially characterized.”® RITS contains Agol, the S.
pombe Argonaute family member, several other protein factors
as well as small RNAs homologous to centromeric repeats.
This suggests a mechanism whereby an siRNA containing
complex recruits silencing factors (possibly the histone
methyltransferase Clr4) to specific regions of DNA (Fig. 5).

Euchromatin WA Active

}
dsRNA Dﬂ]ﬂlﬁﬂ]ﬂm

Dicer

siRNA RITS

!! P
!! .
-l-. @ X--

Heterochromatin WV Silent
H3 H3

Komme
Clr4 Cird

Fig. 5 RNA mediated transcriptional gene silencing (TGS) in the
fission yeast S. pombe. dsRNA synthesized from transcriptionally
active euchromatin is processed by Dicer and incorporated into a
silencing complex (RITS) which targets specific DNA sequences and is
required for histone methylation by Clr4, recruitment of the silencing
factor Swi6, and the establishment of transcriptionally silent hetero-
chromatin at the targeted loci.

It remains to be seen how these observations relate to other
RNA-dependent silencing events in eukaryotic cells. For
example, it has been shown in plants that expression of a
dsRNA can lead to methylation of the homologous gene
and consequent silencing of expression. In mammals, female
X-inactivation involves association of the Xist RNA with one
X chromosome an event associated with both histone and
DNA methylation.** There is no suggestion that Xist is part
of an RNAi-like pathway; however the mechanism of ultimate
transcriptional repression could be related to the RITS-
dependent pathway.

RNAI and dsRNA processing

Because dsRNA structures are found in many eukaryotic
RNAs, there must be a means of separating the RNAI response
and distinct cellular functions of these RNAs; in addition, there
may be links between RNAi and other dsRNA processing
events in the cell. One example is the adenosine to inosine
“editing” of some dsRNAs in eukaryotic cells.** Both cellular
and viral dsRNAs are substrates for members of the ADAR
enzyme family; these proteins act selectively on dsRNA,
converting adenosine (A) to inosine (I) through a hydrolytic
deamination reaction (Fig. 6A; one form of RNA editing).
While non-specific deamination may be part of a general
anti-viral response, specific A to I modifications also can effect
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a codon change in an mRNA since I is read as G by the
translational machinery. This latter mechanism has been found
to be important in modifying the information content in both
cellular (neural transcripts including the serotonin receptor and
subunits of glutamate-gated ion channels) and viral (hepatitis
6) RNAs. Bass and coworkers have shown that deletions in
each or both of the C elegans ADAR genes is manifested
by defects in chemotaxis—wild-type animals respond to a
chemoattractant representing a food source by moving towards
the attractant while mutant worms are impaired in this
response.*® Recently, these same workers showed that the
chemotaxis defect could be rescued by crossing ADAR null
worms with RNAI defective strains.*’” This suggests that the
wild-type RNA deaminase activity might help control the entry
of dsRNA into the RNAi manifold (Fig. 6B). This activity
could represent a specific gene regulatory mechanism or could
be a means of limiting RNAIi triggered by non-specific
anti-sense transcription.
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Fig. 6 Intersection of dsRNA processing pathways in the eukaryotic
cell. (A) Members of the ADAR enzyme family deaminate adenosine
(A) to inosine (I) resulting in the production of I-U mismatches.
(B) Model for protection of mRNAs from the RNAi machinery by
non-specific deamination. In the absence of ADAR, dsRNA produced
from sense and anti-sense transcription or dsSRNA in the untranslated
region of a single mRNA is a substrate for Dicer yielding siRNAs
which then silence expression via the RNAi pathway. Deamination of
dsRNA disrupts the dsRNA structure resulting in inefficient processing
by Dicer and repression of the RNAIi pathway.

RNAI as a tool for cell biology

Attempts to regulate gene expression using anti-sense
approaches have been frustrated by a variety of factors
including issues of specificity as well as the poor pharmaco-
kinetics of DNA and RNA. The fact that dsRNA elicits a very
specific response through a natural pathway and is triggered by
very small amounts of RNA suggested the use of RNAI as a
tool for cell biology and possible therapeutic. Application of
RNAI in the mammalian system was initially complicated by
the complexity of the response to dsSRNA in mammalian cells.
The presence of dsRNA molecules of lengths exceeding 30
nucleotides triggers global suppression of gene expression
through several pathways in these cells. In one, the kinase PKR
is activated by dsRNA and blocks protein expression by
phosphorylation of the translation initiation factor e[F2a.*®
The discovery that RNAIi involves the generation of the short
duplex siRNAs suggested that short synthetic RNA duplexes



might initiate the RNAI response in mammalian cells. Since the
demonstration by Tuschl and coworkers that this was indeed
the case,® there has been a huge demand for chemically
synthesized RNAs to perform gene “knock-down” experi-
ments. One problem associated with the use of synthetic RNAs
for general applications has been the capriciousness of chemical
synthesis using monomers bearing 2'-TBDMS protecting
groups. This has recently been circumvented by the use of
alternate chemistry involving protection of the 2" position as an
orthoester resulting in highly efficient sequence independent
synthesis of RNA molecules* suitable for use in RNAi experi-
ments. As well, the in vivo siRNAs generated from transfected
DNA templates effectively suppress gene expression in
mammalian cells.' These advances in methodology are being
rapidly exploited to perform knock-down studies in diverse
organisms. As just one example, a systematic examination of
genes within C. elegans is producing a comprehensive documen-
tation of phenotypes associated with RNAi-based abrogation
of individual gene function (see: http://nematoda.bio.nyu.edu/
and http://worm-srvl.mpi-cbg.de/). Combined with array-
based analysis of gene expression profiles, RNAi promises to
provide dramatic insights into the function of diverse genes in
the eukaryotic cell.

Prospects

Initially puzzling observations in plants and worms have been
explained and elaborated by the characterization of a set of
inter-related gene regulatory mechanisms involving a cellular
response to dsSRINA. Although the basic outlines of several of
these pathways have been sketched out, there is much that
remains to be elucidated including the detailed molecular
mechanism of RNAI and similar reactions as well as the details
of interplay between the related pathways.
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