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INTRODUCTION
The recently discovered phenome-
non of RNA interference (RNAi) has
not only revolutionized our ability to
study biology, but has challenged
some of the most basic assumptions
behind our understanding of it. This
revolution began less than 10 years
ago with the observation that exog-
enous double-stranded RNA
(dsRNA) could induce potent and se-
quence-specific silencing of endoge-
nous gene expression in Caenorhab-
ditis elegans (Fire et al., 1998).
These humble beginnings sparked a
profusion of research that has since
shown the role of dsRNA in the reg-
ulation of gene expression to be
highly conserved across evolution
from plants through humans (Sac-
charomyces cerevisiae being a nota-
ble exception).

RNA duplexes can block transla-
tion, direct mRNA degradation, and
even induce transcriptional silencing
of loci. The specificity of RNAi effects
derives from the nucleotide se-

quence of the dsRNA and the molec-
ular context in which it is found. RNAi
as a biological phenomenon func-
tions in processes as diverse as de-
fense against viral infection, cell fate
specification, and regulation of de-
velopmental timing. RNAi as a bio-
logical tool has been employed to in-
vestigate gene function in vitro and
in vivo. Furthermore, this technology
shows much promise for therapeutic
application. In this review, we sum-
marize how RNAi was discovered and
its role in cell biology, particularly
with respect to embryonic develop-
ment. Further, we explore how it can
be used to study vertebrate develop-
ment and, eventually, to treat hu-
man disease.

THE DISCOVERY OF RNA
INTERFERENCE
The story of RNAi begins with a ba-
sic axiom of scientific research, the
value of the control experiment. In
1995, Guo and Kemphues (1995)

were trying to understand the role
of the par-1 gene in establishing
anterior-posterior polarity of the C.
elegans embryo. At the time, a
common approach to studying
gene function in the nematode was
to inject large amounts of antisense
single-stranded RNA (ssRNA), in
the hope that it would base-pair
with its complementary mRNA,
block translation, and lead to an ef-
fective loss-of-function (Nellen and
Lichtenstein, 1993). The resulting
silencing was termed RNA interfer-
ence. When Guo and Kemphues
(1995) tried this experiment, they
found that the control sense RNA
led to just as much par-1 silencing
as the antisense RNA. Further work
showed that, unlike cellular mRNAs
which tend to have relatively short
half-lives, the silencing effects of
ssRNA persisted for much longer,
and could even be inherited from
one generation to the next (Sey-
doux and Fire, 1994). This disparity
suggested that there were intrinsic
differences between endogenous
RNA and the substrate that was in-
ducing interference. Regardless,
antisense-mediated silencing con-
tinued to be used widely as a tech-
nique, despite the fact that these
observations remained largely un-
explained.

Two years later, Fire et al.
(1998) sought to definitively an-
swer these questions. They noted
that ssRNA samples were usually
prepared with bacteriophage RNA
polymerases, and often contami-
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nated with ectopic transcripts.
This led them to hypothesize that
perhaps the reason that both
sense and antisense RNAs were
able to induce silencing was be-
cause of the small amount of
dsRNA that could contaminate
both of these samples. To test this
hypothesis, they prepared both
single- and double-stranded RNA
targeting the unc-22 gene under
stringent conditions, and injected
these samples into worm gonads.
To their surprise, they found that
dsRNA was over 100-fold more ef-
fective at silencing unc-22 than
antisense ssRNA. Furthermore,
these dsRNA-injected worms phe-
nocopied null mutants of this
gene. The authors went on to
demonstrate that this dsRNA-
mediated interference was not
cell-autonomous. Even when
dsRNA was injected into the
adult’s head, the silencing effect
could cross into the gonads and be
transferred to the worm’s prog-
eny. This led them to speculate
that there must be an active
transport mechanism for dsRNA in
order to achieve these long-dis-
tance effects, and perhaps this in-
dicated a physiological role for
dsRNA-mediated silencing. In the
intervening decade, work by the
Fire laboratory (Andrew Fire,
Stanford University, Palo Alto,
CA), as well as many others, has
proven many of these predictions
to be true.

The discovery of this phenome-
non in C. elegans was quickly fol-
lowed by a number of genetic
screens that led to the identifica-
tion of the genes required for
dsRNA-mediated silencing in the
worm (Tabara et al., 1999). Prior
to the work of Fire et al. (1998),
there had been reports of gene si-
lencing mediated by unknown
substrates in organisms as di-
verse as insects, plants, and
fungi. Various terms such as co-
suppression, posttranscriptional
gene silencing (PTGS), and quell-
ing were given to the observation
that transformation of plant or
fungal genomes with a particular
gene led to silencing of homolo-
gous genes in the genome (Napoli
et al., 1990; de Carvalho et al.,

1992; Romano and Macino,
1992). Upon identification of the
genes required for dsRNA-medi-
ated silencing in C. elegans, se-
quence comparisons immediately
revealed that silencing phenom-
ena in other organisms shared
much of the same machinery (Fa-
gard et al., 2000). Furthermore, it
was shown that dsRNA could me-
diate silencing in many different
organisms, and that PTGS was
also associated with the produc-
tion of small RNA duplexes (Ham-
ilton and Baulcombe, 1999).
These exciting discoveries sug-
gested that dsRNA-mediated si-
lencing was more than just a new
tool for loss-of-function studies,
but rather an ancient phenome-
non likely to have an important
role in biology. In this way, the
results of a simple control experi-
ment led to the coalescence of
many disparate fields and sparked
the RNAi revolution.

MOLECULAR MECHANISMS
OF RNA INTERFERENCE

Cellular Machinery and
Molecular Triggers of RNAi

RNAi is an umbrella term for any
process in which a dsRNA precursor
can trigger transcriptional or trans-
lational repression of a homologous
gene. These dsRNA precursors are
processed into small 21–28 nucleo-
tide (nt) duplexes that guide target
recognition. There are two types of
naturally-occurring small RNAs that
can act as gene silencers: short, in-
terfering RNA (siRNA) and mi-
croRNA (miRNA) (Fig. 1). Each of
these arises from different triggers
of the RNAi pathway. siRNAs derive
from long dsRNA duplexes. These
duplexes are often produced during
the course of viral reproduction
within cells (foreign dsRNA), or by
hybridization of overlapping tran-
scripts from repetitive sequences in
the genome, such as transposons

Figure 1. Overview of double-stranded RNA (dsRNA) mediated gene silencing in the cell.
Endogenous triggers of this pathway include foreign DNA or dsRNA of viral origin, aber-
rant transcripts from repetitive sequences in the genome such as transposons, and
pre-microRNA (miRNA). Alternatively, RNAi can be triggered experimentally by exoge-
nous introduction of dsRNA or constructs which express shRNAs. All of these dsRNA
substrates are then processed by Dicer into smaller RNA duplexes called short, interfer-
ing RNAs (siRNAs) or miRNAs, depending on their origin. These small dsRNAs then guide
protein effectors to sequence-specific targets in order to achieve gene silencing. Tran-
scriptional silencing at the genome level is mediated by the RNA-induced transcriptional
silencing complex (RITS). Translational repression and mRNA degradation are due to the
activity of another protein complex, called the RNA-induced silencing complex (RISC).
[Reproduced with permission from Mello and Conte (2004).]
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or latent viruses (foreign DNA).
These long dsRNAs are then
cleaved into 21–22-nt siRNAs by
the enzyme Dicer (Bernstein et al.,
2001). Dicer is a large protein
(�220 kD) containing a dsRNA
binding domain (dsRBD), two cata-
lytic RNAse III domains, and a he-
licase domain, as well as a piwi-ar-
gonaute-zwille (PAZ) interaction
domain (Bernstein et al., 2003).
This protein can unwind and cleave
long dsRNA duplexes into small
21-bp duplexes with 5� phosphates
and dinucleotide 3� overhangs.
Some organisms, such as mam-
mals and C. elegans, have only one
copy of this gene. Others have sev-
eral paralogs that are each respon-
sible for processing RNA from dif-
ferent sources. For example,
Drosophila melanogaster has two
Dicer paralogs DCR-1 and DCR-2.
Long dsRNA processing is managed
by DCR-2 in association with the
dsRBD-containing protein R2D2,
while miRNA processing is assigned
to DCR-1 (Lee et al., 2004). An-
other species difference with re-
gard to Dicer activity is ATP-depen-
dence. While human Dicer does not
use ATP, Drosophila DCR-2 activity
requires ATP hydrolysis (Nykänen
et al., 2001; Zhang et al., 2002).
This type of RNA-mediated silenc-
ing can protect the cell from trou-
blesome invaders such as viruses
and transposons, but a more global
role for RNAi in gene regulation was
not found until the discovery of
miRNAs.

Almost all metazoan cells encode
some transcripts that contain 20–
50-bp inverted repeats of comple-
mentary sequences (Bartel, 2004).
These transcripts fold back on
themselves and base-pair along
complementary regions to form
dsRNA hairpins. Hairpin precursors
are first processed into shorter pre-
miRNAs (�70 nt long) within the
nucleus by the enzyme Drosha, a
ribonuclease III similar to Dicer
(Lee et al., 2003b). These pre-miR-
NAs are then exported to the cy-
tosol, where they are converted
into mature 21–23-nt-long miRNAs
by Dicer before they go on to inhibit
translation of complementary mR-
NAs (Fig. 1) (Bernstein et al.,
2001). As we discuss later, miRNA-

mediated silencing plays a particu-
larly important role in developmen-
tal processes. Finally, RNAi can also
be engaged by exogenous intro-
duction of any of these substrates
into the cell or whole organism. This
capability has provided a rapid
means of doing loss-of-function ex-
periments in organisms that have
not been amenable to genetic ma-
nipulation.

There is one final entryway into
the RNAi pathway that has only
been observed in plants, fungi, and
C. elegans. Forward genetic
screens in these organisms have
identified a unique family of genes
encoding RNA-dependent RNA
polymerases (RdRPs) to be in-
volved in transgene silencing
(Cogoni and Macino, 1999; Dalmay
et al., 2000; Smardon et al., 2000).
Upon encountering ssRNA in the
cell, RdRPs can synthesize a com-
plementary strand of RNA in a
primer-independent manner (Fig.
1) (Makeyev and Bamford, 2002).
The resulting dsRNA intermediates
can then be processed by Dicer and
trigger silencing of homologous se-
quences as described above. The
discovery of the role of these en-
zymes in RNAi solved the mystery
of how dsRNA-mediated silencing is
actually amplified within worms
(Sijen et al., 2001).

Posttranscriptional Gene
Silencing

There are as many ways to trigger
RNAi as there are types of dsRNA,
but they all converge on one en-
zyme, Dicer. How are the siRNAs
and miRNAs generated by Dicer
able to direct such dramatic effects
on gene expression? RNA-mediated
silencing can impact expression of
homologous genes by three differ-
ent means: translational repres-
sion, mRNA cleavage, and chroma-
tin modification. A given RNA
duplex can direct any of these pro-
grams, depending on the extent of
its sequence homology to the tar-
get, the composition of the protein
complex to which it is bound, and
the organism in which it is found.

Both of the posttranscriptional
effects of RNAi, translational re-
pression and mRNA degradation,

begin with the assembly of siRNAs
or miRNAs into ribonucleoprotein
(RNP) complexes called RISC (RNA-
induced silencing complex) or
miRNPs, respectively (Fig. 1)
(Hammond et al., 2000; Mourela-
tos et al., 2002). These RNP com-
plexes consist of the unwound RNA
duplex tightly bound to a member
of the Argonaute (Ago) family of
proteins. Ago proteins contain two
conserved domains, a PAZ domain
which binds small RNAs (Ma et al.,
2004) as well as a PIWI domain
(named for the protein piwi), which
has significant homology to RNAse
H proteins (Song et al., 2004) and
has been shown to catalyze mRNA
cleavage in human cells (Liu et al.,
2004; Meister et al., 2004). There
are several members of the Ago
family, and growing evidence sug-
gests that rather than being func-
tionally redundant, each member
may actually be specialized for sub-
sets of small RNAs (Okamura et al.,
2004). Once bound to this complex,
the single-stranded siRNA serves
as a template for sequence-specific
degradation of homologous mRNAs
(Martinez et al., 2002). While
miRNAs in plants function exactly
as siRNAs, in animals they are
thought to have insufficient homol-
ogy to target mRNAs to catalyze
cleavage (Bartel, 2004). In most
cases, they tend to initiate transla-
tion repression rather than mRNA
degradation. The mechanism of
this miRNA-mediated translational
regulation is poorly understood.
miRNAs in combination with their
mRNA targets have been found as-
sociated with polyribosomes, sug-
gesting that miRNPs block transla-
tion downstream of the initiation
step (Kim et al., 2004). While it is
tempting to generalize that siRNAs
are specialized for mRNA degrada-
tion while miRNAs act as a brake on
translation, it is unlikely to hold
true. Recent work has shown that
miRNPs can mediate cleavage of
even relatively mismatched targets
with a cost in efficiency (Hutvágner
and Zamore, 2002). Similarly, siR-
NAs which are not perfectly homol-
ogous to their targets can repress
their translation (Doench et al.,
2003; Saxena et al., 2003). It
seems that the fate of an mRNA tar-
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get in RNAi interference is likely to
depend on a constellation of fac-
tors, including sequence homology
and the molecular context in which
it finds itself.

RNA Interference Enters
the Nucleus

While RNAi in C. elegans and
mammals so far seems limited to
posttranscriptional effects, work
in other organisms presents evi-
dence that its influence may ex-
tend well into the cell nucleus
where it can modulate the epige-
netic status of the genome itself.
RNA-mediated epigenetic modu-
lation can occur in two different
ways: RNA-directed DNA methyl-
ation (RdDM) and RNA-mediated
heterochromatin formation. The
former was first observed in
plants, where small dsRNAs were
shown to turn off transcription of
target genes by inducing de novo
methylation of homologous se-
quences in promoter regions
(Mette et al., 2000). Unlike canon-
ical DNA methylation, which oc-
curs at CpG dinucleotides, RdDM
is distinguished by its ability to
methylate any cytosine residue.
Furthermore, the minimum pro-
moter target size is only 30 bp,
allowing a degree of precision un-
paralleled by other epigenetic co-
valent modifications which occur
at the nucleosome level (Pélissier
and Wassenegger, 2000). Will
RdDM be an important mechanism
of transcriptional regulation in the
animal kingdom? There is a lot of
circumstantial evidence to sug-
gest that it will. Non-CpG methyl-
ation has been detected at some
loci in mammalian cells, and many
of the important protein compo-
nents of the pathway in plants are
conserved (reviewed in Matzke
and Birchler, 2005). Even more in-
triguing, recent work has demon-
strated that exogenous introduc-
tion of siRNAs into human cells
can trigger promoter methylation
and transcriptional silencing (Ka-
wasaki and Taira, 2004; Morris et
al., 2004). These results suggest
that mammalian cells do indeed
have the capacity for RdDM, but it
remains to be determined what

role this process plays in endoge-
nous gene regulation.

While RdDM is highly sequence-
specific, RNA-mediated hetero-
chromatin formation serves as a
means to silence transcription
across large extents of the chro-
mosome. In general, heterochro-
matin is found in highly-con-
densed regions of genomic DNA
that are transcriptionally inactive,
and often contain long regions of
transposon-derived tandem re-
peats. The first clue that RNAi may
be involved in silencing hetero-
chromatin came from experi-
ments in the fission yeast Schizo-
saccharomyces pombe. In this
species, almost all of the key com-
ponents of the RNAi pathway such
as Dicer, Ago, and RdRP are
present as single-copy genes.
When any one of these genes is
ablated, reporter genes embed-
ded in centromeric heterochroma-
tin become transcriptionally ac-
tive, and transcripts from both
strands of these repeats begin ac-
cumulating in cells (Volpe et al.,
2002). Biochemists have isolated
the proteins responsible for this
activity and termed it the RNAi-
induced transcriptional gene si-
lencing (RITS) complex (Fig. 1)
(Verdel et al., 2004). The RITS
complex incorporates siRNAs and
Ago, as well as several other pro-
teins. The current model for RITS
activity is that siRNAs guide this
complex to homologous loci,
which leads to histone modifica-
tion by associated histone methyl-
transferases. The entire complex
is then tethered to the locus by
histone methylation in order to
maintain silencing over the long
term (Noma et al., 2004). A grow-
ing body of data suggests that this
mechanism may be conserved in
multicellular eukaryotes as well,
including vertebrates. Hetero-
chromatin-associated proteins,
such as the H3mK9 methyltrans-
ferase and the chromodomain
protein Hp1, lose centromeric lo-
calization upon RNase treatment
in mouse (Maison et al., 2002) or
genetic disruption of RNAi ma-
chinery in fly (Pal-Bhadra et al.,
2004). Another such protein, Co-
hesin, also fails to be localized to

heterochromatin in human cells
deficient for Dicer (Fukagawa et
al., 2004). A major mystery still
remaining, with respect to both
RdDM and RNA-mediated hetero-
chromatin formation, is whether
small dsRNAs can actually base-
pair with genomic DNA, or if they
operate by pairing with nascent
RNA being transcribed from the
target locus (Grewal and Moazed,
2003).

Negative Regulators of
RNAi

Given the potential of RNAi to affect
gene expression at the genome,
mRNA, and ribosome levels, it is
not surprising that it itself is under
the control of several regulatory
mechanisms. Viruses have evolved
ways of evading RNAi-based de-
fenses, such as proteins that specif-
ically sequester siRNAs or compro-
mise the RISC machinery (Li and
Ding, 2001). Endogenous mecha-
nisms regulating RNAi found so far
include the phenomenon of RNA ed-
iting. In RNA editing, specific adeno-
sine residues in dsRNA are converted
to inosines by dsRNA-specific adeno-
sine deaminases (ADARs) (Bass,
2002). Not only do edited transcripts
lose homology to targets, but inosine
residues are poorly tolerated by Di-
cer (Knight and Bass, 2002). Fur-
thermore, it has been shown that
abolishing RNAi function in ADAR
mutants actually rescues some phe-
notypes, suggesting that these two
pathways are intimately related
(Tonkin and Bass, 2003). Genetic
screens in C. elegans have also iden-
tified several other molecules to be
negative regulators of RNAi, such as
the protein ERI-1 (Enhanced RNAi-
1). ERI-1, a ribonuclease with a pref-
erence for siRNAs, is specifically ex-
pressed in neurons. Loss of ERI-1
function in C. elegans facilitates RNAi
in the nervous system, which is nor-
mally somewhat resistant to dsRNA-
mediated gene silencing (Kennedy et
al., 2004). The discovery of the
many ways that RNAi affects gene
expression as well as the numerous
control mechanisms built into the
system, suggest that dsRNA-medi-
ated silencing must indeed play a
central role in cell biology.
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BIOLOGICAL FUNCTIONS
OF RNA INTERFERENCE

Sequence-Directed Viral
Immunity

Eukaryotic cells utilize RNAi for a
number of important functions,
including defense against viral in-
fection, protecting the genome,
silencing heterochromatin, and
developmental regulation of en-
dogenous gene expression. As
early as 1928, it was observed
that while the leaves of a plant
inoculated with tobacco virus be-
come sick, secondary leaves from
the same plant, which develop
later, are resistant to infection
(Wingard, 1928). More recently,
biologists found that transgenic
plants engineered to express viral
proteins do not accumulate viral
particles upon infection and, con-
versely, viral infection of wild-
type plants can suppress expres-
sion of homologous plant genes
(Lindbo et al., 1993; Baulcombe,
1996). In 1997, Ratcliff et al.
(1997) demonstrated for the first
time that all of these observations
are related, and that viral defense
is closely tied to gene silencing in
plants. Since then, it has become
clear that both phenomena oper-
ate by the RNAi pathways de-
scribed above. Infection by any
type of virus has the potential to
produce dsRNA in the cell. RNA vi-
ruses produce dsRNA intermedi-
ates during replication, while DNA
viruses can generate dsRNA upon
overlapping transcription of their
genomes. These long dsRNA du-
plexes are then processed into
siRNAs, and direct a sequence-
specific cellular defense program
against these pathogens (Hamil-
ton and Baulcombe, 1999). It re-
mains unknown if RNAi represents
a significant component of the an-
tiviral response in the animal
kingdom as well. While there is
some evidence that it does play a
role in flies and worms, work in
other organisms has been limited
by the innate immune response to
viral infection (reviewed by Ding
et al., 2004). Introduction of
dsRNA duplexes longer than 30 bp
into mammalian cells activates

the enzymes dsRNA-dependent
protein kinase (PKR) and 2�-5� oli-
goadenylate synthetase (OAS),
unleashing a nonspecific response
leading to sequence-independent
degradation of mRNAs and broad
translational repression (Minks et
al., 1979; Williams, 1997).

Transposon Silencing

A second role for RNAi in cell biol-
ogy also relates to cellular defense,
this time against active trans-
posons, which can rapidly compro-
mise the integrity of a cell’s genome
if left unfettered. Transposable ele-
ments litter the genomes of almost
all organisms, and constitute 45%
of the human genome and 12% of
the C. elegans genome. The most
common transposon in the worm is
Tc1, which can jump from one loca-
tion in the genome to another in
somatic cells, but not the germline
(Tabara et al., 1999). Genetic
screens have found that many of
the genes required for silencing
transposition in the germline are
also required for RNAi, suggesting
that dsRNA may function to repress
transposition (Tabara et al., 1999).
Recently, Sijen and Plasterk (2003)
demonstrated that siRNAs corre-
sponding to Tc1 can indeed be iso-
lated from germline cells, and that
the parent dsRNA duplexes are
formed from read-through tran-
scription of these elements in the
genome. The authors of this study
propose that germline repression of
Tc1 transposition is most likely
due to the posttranscriptional ef-
fects of RNAi. However, the discov-
ery of RNA-mediated heterochro-
matin formation and the fact that
retrotransposable elements often
interrupt heterochromatic repeats
suggest that RNAi has the potential
to impact transposable elements at
the genome level as well.

Regulation of Embryonic
Development

Some of the most exciting roles dis-
covered for RNAi to date are in em-
bryonic development. While the
epigenetic effects of dsRNA are
sure to have some function, the
best understood cases of RNAi in

the embryo involve miRNA-medi-
ated posttranscriptional regulation.
In fact, the first miRNA ever de-
scribed was identified in a forward
genetic screen designed to isolate
genes that regulate developmental
timing in C. elegans (Ambros and
Horvitz, 1984). When the authors
of this study cloned the gene re-
sponsible for one of these hetero-
chronic mutations, they found that
it did not encode a protein at all
(Lee et al., 1993). Instead, lin-4
encoded a hairpin precursor of a
small noncoding RNA (21–22 nt).
Characterization of another hetero-
chronic mutant from the same
screen led to the identification of its
mRNA target. The lin-4 miRNA can
imprecisely base-pair with the 3�
untranslated region (UTR) of its
target mRNA, encoded by the lin-14
gene (Lee et al., 1993; Wightman
et al., 1993). Lin-14 had long been
known to form a temporal gradient
of protein expression, critical for
the normal progression of larval de-
velopment (Ruvkun and Giusto,
1989). The discovery of lin-4 solved
the puzzle of how this gradient was
generated. Lin-4 miRNA expression
leads to translational repression of
lin-14. This landmark work was the
first sign that miRNAs could have a
significant impact on developmen-
tal regulation. miRNA function in
embryos is not just limited to devel-
opmental timing, but also extends
to other major processes such as
cell fate determination. Investiga-
tors in the Hobert laboratory (Oliver
Hobert, Columbia University, NY,
NY) were interested in understand-
ing how asymmetry is established
in the C. elegans nervous system.
They focused on two sensory neurons
in particular: the ASE left (ASEL) and
ASE right (ASER) neurons. These
two neurons express distinct che-
moreceptors and, therefore, recog-
nize different stimuli in the envi-
ronment (Pierce-Shimonura et al.,
2001). The Hobert group initiated a
forward genetic screen to try to find
genes that regulate the assignment
of ASE identity, and looked for mu-
tants that either had two ASEL or
two ASER neurons, rather than one
of each (Chang et al., 2003). While
a number of mutants were defec-
tive in various transcription factors,

32 RAO AND SOCKANATHAN

Birth Defects Research (Part C) 75:28–42, (2005)



they found one which did not corre-
spond to a defect in a protein-cod-
ing gene. This mutation traced back
to the gene lsy-6 (for lateral sym-
metry defective), which turned out
to encode the hairpin precursor for
a miRNA (Johnston and Hobert,
2003). The lsy-6 miRNA can base-
pair with the 3� UTR of its target
mRNA, and lead to translation re-
pression of its protein product, the
transcription factor Cog-1 (Fig. 2A).
Cog-1 is at the top of a transcrip-
tional cascade that promotes ex-
pression of the ASER chemorecep-
tor and blocks expression of the
ASEL chemoreceptor (Chang et al.,
2003). Selective expression of the
lsy-6 miRNA, only in ASEL neurons,
leads to a drop in Cog-1 protein lev-
els and a resulting upregulation of
the ASEL chemoreceptor (Fig. 2B).
In a fascinating addition to this
story, it has been found that an-
other miRNA named mir-273 also
acts in this pathway, several steps
upstream of lsy-6 (Fig 2B) (Chang
et al., 2004). The limited expres-
sion of these miRNAs, both in terms
of location and timing, offers com-
pelling proof that miRNAs can influ-
ence development with exquisite
specificity in C. elegans.

miRNAs with developmental
functions have now been identified
in many different organisms, in ad-
dition to the nematode. In D. mela-
nogaster, for example, microRNAs
bantam and mir-14 modulate the
balance between apoptosis and cell
proliferation (Brennecke et al.,
2003; Xu et al., 2003). Working out
the role of RNAi in mammalian de-
velopment, however, has proven to
be a much more formidable chal-
lenge. The early embryonic lethal-
ity of mice that lack certain compo-
nents of the RNAi machinery, such
as Dicer, hints that dsRNA process-
ing is critical for normal develop-
ment (Bernstein et al., 2003; Yang
et al., 2005). However, identifying
functional miRNAs has been diffi-
cult because mammalian systems
are not amenable to forward genet-
ics, and most miRNAs are not abun-
dant transcripts. One mammalian
miRNA that was cloned because of
its relative abundance in hemato-
poietic cells is mouse mir-181. Mir-
181 is normally expressed at low

levels in hematopoietic progeni-
tors, and upregulated as they dif-
ferentiate into B-cells in the bone
marrow and thymus (Chen et al.,
2004). When it is overexpressed in
progenitors, they give rise to a
greater fraction of B-lymphoid cells
than normal, in vitro as well as in
vivo. These data demonstrated that

mir-181 is capable of influencing
cell fate in the hematopoietic sys-
tem and could play a role in B-cell
differentiation.

The relatively few known exam-
ples of miRNA regulation of devel-
opment are likely to represent just
the tip of the iceberg. A number of
groups have undertaken bioinfor-

Figure 2. Regulation of cell fate specification in the C. elegans nervous system by
differential expression of microRNAs (miRNAs). A: Predicted hairpin structure of lsy-6
pre-miRNA, with proposed 23-nt miRNA in red. This miRNA silences expression of its
target gene cog-1 by binding to a site on the 3� untranslated region of the cog-1
transcript, as shown. B: Genetic pathway leading to left-right specification of ASE
chemosensory neurons in C. elegans. In ASEL, low levels of mir-273 permit high
expression of its target, the transcription factor die-1. Die-1 activates lsy-6 expression,
which goes on to silence its target cog-1, another transcription factor. Cog-1 silencing
blocks expression of the ASER chemoreceptor and derepresses expression of the ASEL
chemoreceptor gcy-7. In the ASER neuron, however, high expression of mir-273 limits
die-1 activation of lsy-6, leading to increased expression of cog-1. Cog-1 is then able to
block expression of the ASEL chemoreceptor, while disinhibiting expression of the ASER
chemoreceptor (gcy-5).
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matics screens to try to identify
miRNA-coding genes in the ge-
nome, based on the characteristics
of known miRNAs (reviewed by Am-
bros, 2004). So far, they have fo-
cused their search on miRNAs with
particular physical qualities, which
have complementarity to the phy-
logenetically-conserved 3� UTRs of
other genes. While these studies
often produce vastly different sets
of candidates, most agree that ver-
tebrate genomes probably encode
at least 250 miRNAs, while the ge-
nomes of C. elegans and D. mela-
nogaster contain on the order of
100 different miRNA genes. It is im-
portant to note that most of the
known miRNAs, including lsy-6,
were not identified by cDNA cloning
or these computational approaches
(Ambros, 2004). Rather, they re-
quired forward genetic screens and
careful examination of sometimes
subtle phenotypes in order to eluci-
date their existence and role in de-
velopment. This suggests that the
vast number of remaining miRNAs
with undetermined functions is sure
to keep developmental biologists
busy for a long time to come.

USING RNA INTERFERENCE
TO STUDY VERTEBRATE
DEVELOPMENT

Loss-of-Function
Techniques in
Developmental Biology

RNAi is unique within biology be-
cause not only is it an important
regulatory mechanism within cells,
but it also represents a major tech-
nical advance in biomedical re-
search. Two common approaches
to the study of gene function are
loss- and gain-of-function experi-
ments. However, technical restric-
tions have often limited the applica-
tion of these approaches to subsets
of model systems, especially with
respect to in vivo studies of verte-
brate development. In general,
techniques such as in ovo electro-
poration, injection of recombinant
viruses, and transgenic technology
have made gain-of-function strate-
gies tractable in most systems. Loss-
of-function experiments, however,
have remained considerably more

difficult. Until the advent of RNAi, ze-
brafish had been the system of
choice for these experiments, be-
cause gene expression could be si-
lenced by injection of antisense DNA
or morpholinos, chemically-modified
nucleic acids. Both of these antisense
strategies, however, were often
plagued with nonspecific side effects
and variability in penetrance from
one embryo to the next (reviewed by
Heasman, 2002; Kos et al., 2003).
High doses of antisense DNA can be
toxic to cells, and silencing effects
are often short-lived because single-
stranded DNA is highly susceptible to
degradation by nucleases present
within cells. While morpholinos are
less toxic and more nuclease-resis-
tant than DNA oligonucleotides,
their use demands reliable se-
quence information for a specific
30-bp stretch of nucleotides span-
ning the start codon. Furthermore,
both approaches function by inhib-
iting translation, requiring the gen-
eration of antibodies against the
protein of interest in order to mon-
itor loss of gene product. Research-
ers interested in the development
of vertebrate organisms other than
zebrafish were left with few options
other than gene targeting in the
mouse, a significant investment of
time, labor, and financial re-
sources. Given the quickly accumu-
lating wealth of genomic informa-
tion, developmental biology is in
need of a rapid means of evaluating
gene function.

The application of RNA interfer-
ence to the study of embryonic de-
velopment offers just such a possi-
bility. In order to effectively use
RNAi as a tool to for genomic anal-
ysis, a number of questions need to
be addressed in advance. First,
what is the best dsRNA substrate
for achieving maximal gene silenc-
ing with minimal off-target effects?
Second, are plasmid-based sys-
tems a superior alternative to
dsRNA? Third, what methods can
one use to introduce these RNAi ef-
fectors in vivo? Finally, how does
one go about determining loss of
gene product and, if so, is there
truly a resulting developmental
phenotype? In the following sec-
tion, we address all of these issues,
and also discuss the control exper-

iments necessary to validate any
observed loss-of-function pheno-
types.

RNAi Effector Molecules:
From RNA to DNA

After its initial characterization,
RNAi became widely used to study
the biology of organisms such as C.
elegans and D. melanogaster, be-
cause even crude exposure to
dsRNA seemed to initiate highly se-
quence-specific gene silencing in
these systems. One simply had to
transcribe a gene of interest in both
directions, anneal the two strands
of RNA, and introduce the result-
ing duplexes into embryos by in-
jection or feeding (Kennerdell and
Carthew, 1998; Timmons and
Fire, 1998). While there was one
report that in ovo electroporation
of long duplexes was similarly ef-
fective in chick (Pekarik et al.,
2003), it seemed that this tech-
nology could not be more widely
applied to the study of vertebrate
development, because introduc-
tion of long dsRNA duplexes into
mammalian cells triggered a non-
specific interferon response (Stark
et al., 1998). Pioneering work by
El Bashir et al. (2001), however,
demonstrated that dsRNA duplexes
less than 30 bp in length can elude
this innate immune response. This
group went on to show that trans-
fection of mammalian cells in vitro
with commercially-synthesized siR-
NAs leads to dramatic, sequence-
specific silencing of homologous
genes (Fig. 3A) (El Bashir et al.,
2002). A third alternative are esiR-
NAs, generated by endonuclease
digestion of long dsRNA duplexes
into smaller 15–40-bp fragments
(Fig. 3A) (Yang et al., 2002). Their
small size makes them unlikely to
trigger an immune response and
there is some evidence that in vivo
electroporation of esiRNAs leads
to a transient loss-of-function in
mouse embryos (Calegari et al.,
2002).

The choice of which substrate to
use when designing experiments
(long dsRNA duplexes, esiRNAs, or
siRNAs), will depend on the devel-
opmental model system as well as
the nature of the investigation (Fig.
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3A). For example, all three types of
dsRNA have proven to be effective
to various degrees in chick em-
bryos; but siRNAs produce the
greatest silencing with the least
toxicity (Rao et al., 2004). In mam-
malian systems, interferon re-
sponses make the use of long
dsRNA duplexes simply impractical.
In these organisms, siRNAs tend to
be favored over esiRNAs because
they are less likely to have nonspe-
cific effects. esiRNAs represent a
mixture of duplexes with different
nucleotide sequences, some of
which may target genes other than
the one of interest. siRNAs, on the
other hand, can be screened by se-
quence comparison during the de-
sign phase to minimize cross-reac-

tive silencing. Furthermore, siRNAs
require minimal sequence informa-
tion about a gene to do functional
analysis, because they can effec-
tively target any portion of its tran-
script, the open reading frame
(ORF), as well as untranslated re-
gions. It is important to note the
one major drawback to using siR-
NAs: cost. This can represent a sig-
nificant issue since different siRNAs
targeting the same gene can have a
range of efficacies, and one often
needs to try several siRNA se-
quences before finding one that
works well enough to use reliably.
Several groups have conducted
systematic analyses of the physical
characteristics of highly functional
siRNAs (Reynolds et al., 2004). In

addition to identifying particularly
effective nucleotide combinations,
these studies have found that
whichever strand of the RNA duplex
is most easily unwound from 5� to
3� will be preferentially assembled
into the RISC complex (Schwarz et
al., 2003). This has led to the con-
clusion that siRNAs designed to be
unstable at the 5� end of the anti-
sense strand are the most effective,
and have the least likelihood of
sense strand–directed silencing
(Khvorova et al., 2003). These in-
sights on RISC assembly and siRNA
characteristics have been incorpo-
rated into a number of software
programs, both commercial and
public access, which can help
identify the best siRNA targets for a
user-defined sequence (http://
web.mit.edu/mmcmanus/www/
home1.2files/siRNAs.htm; http://
bioinfo.wistar.upenn.edu/siRNA/
siRNA.htm). While these advances
help make siRNAs feasible for most
experiments, the cost of each du-
plex does render these small RNAs
less suitable for large screens.
These types of high-throughput ex-
periments can instead employ ei-
ther long dsRNA duplexes in the
chick (Pekarik et al., 2003) or en-
donuclease-digested pools of esiR-
NAs in mammalian cells (Kittler et
al., 2004).

Another way to use RNAi to
study development is to avoid
RNA all together. Plasmid-based
systems have been developed to
express short, hairpin RNAs
(shRNA) that can be processed by
Dicer and serve as a template for
sequence-specific silencing (Fig.
3B) (Paddison et al., 2004a).
shRNAs are single-stranded RNA
molecules containing inverted re-
peats, much like miRNA precur-
sors, that allow them to form in-
tramolecular duplexes. The first
shRNA plasmids to be developed
utilized RNA polymerase III pro-
moters and transcription termina-
tion sequences from genes coding
for endogenous small RNAs, such
as U6 and H1 (Sui et al., 2002). A
second generation of plasmids has
since been developed, based on
new insights on miRNA processing.
These plasmids can incorporate
flanking sequences that permit RNA

Figure 3. Experimental triggers for gene silencing. A: The three types of double-
stranded RNA (dsRNA) that can be used to trigger RNA interference (RNAi) include
short, interfering RNA (siRNA), long dsRNA duplexes (dsRNA), and endonuclease-di-
gested siRNAs (esiRNAs). B: DNA constructs encoding short, hairpin RNA (shRNA) can
also be used to initiate RNAi. Once these shRNAs are converted into siRNAs by the
enzyme Dicer, they can go on to silence gene expression.
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polymerase II transcription and
shRNA expression cassettes opti-
mized for Drosha/Dicer processing
(Paddison et al., 2004a). The prin-
cipal advantage of using shRNAs as
effectors for RNAi is that continued
expression from the DNA construct
maintains shRNA levels over time.
Unlike siRNAs, esiRNAs, or long
dsRNA duplexes, which can only
deliver transient silencing due to
the limited half-life of RNA in the
cell, shRNA expression vectors can
produce long-lasting effects. An ad-
ditional benefit is that shRNA ex-
pression vectors can be engineered
to contain selectable markers to
generate stable transfectants, or
coexpress reporter genes such as
GFP to aid identification of trans-
fected cells (reviewed by Hannon
and Conklin, 2004). shRNA-based
systems are optimal for experi-
ments that necessitate analysis of
loss-of-function �72 hours after
gene silencing. They are also more
amenable to high-throughput
screens in mammalian cells than
siRNAs. While the initial investment
required to generate a library of
shRNA expression constructs can
be significant, once generated, this
library could be amplified and re-
used indefinitely with minimal ad-
ditional expense. When using
shRNA vectors, one additional ca-
veat is that it is absolutely essen-
tial to confirm the sequence of the
final expression cassette. Almost
every step in the construction of
these cassettes from oligonucleo-
tide synthesis to cloning and bac-
terial amplification is prone to in-
troducing errors. Given the
sequence sensitivity of RNAi ef-
fects, it is important to scrutinize
the composition of shRNAs to
maximize target silencing and
minimize cross-reactivity. Of
note, many of the rules of rational
target design developed for siR-
NAs are likely to be applicable to
shRNA design as well. In fact, two
recent publications have sug-
gested that a hybrid version of
these two substrates, synthetic
shRNAs, are actually more potent
at silencing gene expression than
siRNAs (Siolas et al., 2004; Kim et
al., 2005).

Methods of RNAi Effector
Delivery: In Vitro and
In Vivo

Once an appropriate substrate has
been chosen, the next step in de-
signing an RNAi-based experiment
is deciding how this substrate will
be delivered. In vitro delivery is
very straightforward. dsRNA mole-
cules of all lengths, as well as
shRNA expression constructs, can
be introduced into cells in culture by
standard methods of transfection.
siRNA transfection is significantly
less efficient than plasmid DNA
transfection, but can be optimized
by using lipid-mediated transfec-
tion reagents specifically designed
for this purpose (Spagnou et al.,
2004). One advantage of an
shRNA-based approach is that cells
which prove difficult to transfect,
such as some primary cultures, can
be infected with viruses engineered
to express shRNAs (Hannon and
Conklin, 2004).

In vivo studies do represent more
of a challenge, but many of the
techniques used for gain-of-func-
tion approaches can be adapted for
RNAi experiments. In the chick em-
bryo, for example, in ovo electropo-
ration has been widely employed to
misexpress genes in various devel-
oping organ systems including the
neural tube, the eye, and somites
(Krull, 2004). Conversely, this
technique can also be used to si-
lence genes by electroporating
shRNA-encoding plasmids or one of
the three types of dsRNA directly
into any of these tissues (Pekarik et
al., 2003; Chestnutt and Niswan-
der, 2004; Rao et al., 2004). Re-
gions less accessible to electropo-
ration can be inoculated with
viruses expressing shRNAs target-
ing the genes of interest. Almost all
of the available recombinant viral
vectors have been modified to ex-
press shRNAs. Similarly, transgenic
technology in mice has also been
adapted for RNAi. Instead of using
constructs which code for proteins,
constructs are made to express
shRNAs targeting the gene of inter-
est (Hasuwa et al., 2002; Kunath et
al., 2003). This provides a rela-
tively rapid means of evaluating
loss of gene function in the mouse

embryo, without the difficulties of
gene targeting. In addition, genes
can be conditionally silenced in a
stage- or tissue-specific manner by
designing these constructs with up-
stream stop sequences flanked by
LoxP recombination sites (Fritsch et
al., 2004). Just as in conditional
gene targeting, crossing these
shRNA transgenic mice with mice
expressing Cre recombinase will
yield embryos with loss of target
gene product only in cells that ex-
press Cre. Regional electroporation
and viral infection of shRNA expres-
sion constructs have also proven to
be fruitful in mouse, particularly in
the developing nervous system
(Konishi et al., 2004; Matsuda and
Cepko, 2004). In the case of one
gene called doublecortin, while tra-
ditional gene targeting by several
different groups did not prove very
informative, viral RNAi experiments
were singularly effective at uncov-
ering gene function in vivo (Bai et
al., 2003).

Analysis of RNAi-Based
Loss-of-Function
Experiments

The first step in analyzing an RNAi
experiment is to ask, did the ma-
nipulation achieve loss of target
gene product? One can check for
silencing at the protein level by
Western blot or immunohistochem-
ical staining. The benefit of an RNAi
approach to loss-of-function exper-
iments is that if antibodies against
the targeted protein are not avail-
able, silencing can be evaluated at
the mRNA level by Northern blot or
in situ hybridization. In our experi-
ence, there tends to be a notable
degree of variability in the extent of
silencing from one embryo to the
next with in vivo applications of
RNAi (M. Rao and S. Sockanathan,
unpublished results). This suggests
that it might be important to eval-
uate every experimental embryo
for loss of gene product, prior to
analyzing it for a loss-of-function
phenotype.

Once embryos have been gener-
ated with sufficient gene silencing to
warrant further analysis, one can
proceed with the phenotypic analy-
sis. Before drawing any conclusions
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about gene function, however, one
has to consider the potential for on-
as well as off-target effects of RNAi.
On-target effects are the desired ef-
fects, resulting from sequence-spe-
cific silencing of targeted genes. Off-
target effects include any undesired
effects on the remainder of the tran-
scriptome, and can be sequence-
dependent as well as sequence-
independent. Sequence-dependent
effects result from homology be-
tween the dsRNA or shRNA and un-
targeted transcripts in the cell. Large
scale microarray experiments have
found that siRNAs can downregulate
expression of transcripts that have
as few as 11 out of 21 bp in homology
(Jackson et al., 2003). These effects
are largely preventable by careful
design of siRNA and shRNA se-
quences. Once a list of candidate siR-
NAs is generated for a particular
gene target, basic local alignment
search tool (BLAST) searches
against both the nonredundant (nr)
and expressed sequence tag (EST)
databases on national center for bio-
technology information (NCBI) can
help identify those which have ho-
mology to untargeted genes. While it
may be impossible to identify a can-
didate that has less than 11 bp of
homology to every untargeted gene
in the genome, one should try to use
one which at least meets the follow-
ing criteria: less than 17 bp in con-
secutive matches between the anti-
sense strand of the duplex and
untargeted mRNAs (Huppi et al.,
2005), and minimal homology at the
5� end of the antisense strand (nts
2–12) (Haley and Zamore, 2004).
Sequence-independent off-target ef-
fects of dsRNA-mediated silencing
are much more difficult to avoid.
Even small RNA duplexes, which can
elude the interferon response, can
potentially interact with other dsRNA
binding proteins leading to off-target
effects. While many studies have
shown that siRNAs and shRNA can
have a global effect on gene expres-
sion, it remains unclear what path-
way mediates these effects (Persen-
giev et al., 2004). The only known
variable is dsRNA concentration, as
these effects seem to be dose-de-
pendent in every case. One can
therefore minimize off-target effects
by designing siRNAs and shRNAs

with great care, and limiting the dose
as much as possible.

Regardless of how specific a
siRNA or shRNA is predicted to be,
the only way to conclude that a
phenotype is truly due to loss of
gene function is by empirical evi-
dence. A general consensus has de-
veloped on requiring the following
controls for RNAi experiments
(Hannon and Rossi, 2004). First
and foremost, there should be pro-
portionate decreases in the mRNA
and protein levels of the target
gene. Second, siRNAs or shRNAs
targeting different regions of a
gene’s transcript should lead to a
similar phenotype. Third, this phe-
notype should be absolutely depen-
dent on the sequence of the dsRNA.
There are a number of approaches
to address this issue. One can gen-
erate siRNAs or shRNAs that differ
from the experimental dsRNA at
2–3 bp and show that these are no
longer capable of eliciting gene si-
lencing or the null phenotype. Al-
ternatively, some choose to gener-
ate control RNA duplexes targeting
reporter genes or endogenous
genes known to lack a role in the
pathway of interest. The advantage
of this approach is that control gene
silencing indicates that the RNAi
machinery is in action, yet the ab-
sence of a phenotype in this context
suggests that the phenotype is crit-
ically dependent on the sequence of
the dsRNA template. While it re-
mains worthwhile to try to match
the physical characteristics of con-
trol and experimental duplexes,
scrambled duplexes have lost favor
as controls because it is impossible
to determine whether they have
any biological activity. A fourth con-
trol is to demonstrate that the ex-
tent of gene silencing is correlated
with the dose of dsRNA delivered.
Not only does this ensure that
dsRNA doses are titrated down to
the lowest levels required to trigger
an effect, but confirms that gene
silencing is indeed dsRNA-depen-
dent. Finally, the gold standard for
RNAi controls is the rescue experi-
ment. If coexpression of a version
of the gene that is insensitive to the
siRNA or shRNA can rescue the
loss-of-function phenotype, this of-
fers almost conclusive proof of

specificity. One can engineer such a
rescue experiment in several ways.
Some have designed siRNAs or
shRNAs targeting untranslated re-
gions of the gene of interest and
cotransfected them with an expres-
sion construct containing only the
ORF of this gene. Alternatively, si-
lent mutations can be introduced
into the cDNA that abolish homol-
ogy with the RNA duplex but pre-
serve protein function. Cotransfec-
tion of this mutant expression
construct along with the RNA du-
plexes should abolish the loss-of-
function phenotype. While all of
these controls might not be feasible
in every case, it is expected that
most of these criteria will be met
prior to drawing conclusions about
gene function based on RNAi exper-
iments.

Functional Genomic
Screens Using RNAi

A number of groups have already
begun taking advantage of RNAi to
develop high-throughput reverse
genetic screens to study gene func-
tion. The greatest advances have
been made in C. elegans because
RNAi can be easily induced, and the
worm genome is relatively small.
Since silencing can be induced sim-
ply by feeding worms bacteria ex-
pressing dsRNA, libraries of bacte-
rial strains have been generated
targeting over 85% of the genes in
the C. elegans genome (Kamath
and Ahringer, 2003). These librar-
ies have already been utilized to
study gene function in a number of
processes including viability, fat
metabolism, and embryogenesis
(Piano et al., 2000; Ashrafi et al.,
2003; Lee et al., 2003a; ). Results
from these screens will certainly
prove informative to researchers
interested in the development of
any organism, because many
genes are likely to be conserved. So
far, the nematode is the only sys-
tem in which high-throughput re-
verse genetics have been applied in
vivo. This approach in vertebrates
continues to face formidable tech-
nical challenges. Until experimental
manipulation in vertebrate systems
becomes more compatible with au-
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tomation, this frontier is unlikely to
move forward very quickly.

While large in vivo screens have
remained intractable in verte-
brates, a number of in vitro screens
have been developed. So far, most
of these studies have focused on
identifying new molecules involved
in the regulation of cell death and
proliferation (Aza-Blanc et al.,
2003). In the process, several
groups have generated libraries of
retroviral shRNA and plasmid siRNA
vectors targeting over 9,000 mam-
malian genes (Berns et al., 2004;
Paddison et al., 2004b; Zheng et
al., 2004). These libraries can be
applied to the analysis of any bio-
logical problem that can be mod-
eled in vitro. This possibility is sure
to bring exciting advances in our
understanding of developmental
processes amenable to these ex-
perimental conditions, such as
growth factor signaling and cell fate
specification.

THE THERAPEUTIC
POTENTIAL OF RNA
INTERFERENCE

Historically, pharmacological ther-
apy for human disease has largely
been based on serendipitous dis-
coveries and anecdotal evidence of
benefit. In the past few decades,
however, the field has taken a dra-
matic turn away from this prece-
dent and towards the development
of rational therapeutics and evi-
dence-based medicine. This is the
simple idea that clinicians should
try to use drugs that directly target
the disease process, and for which
there is empirical evidence of ther-
apeutic benefit. This philosophical
shift has been fueled by major ad-
vances in molecular biology that
have shed new light on the patho-
physiology of disease. While these
advances have improved our un-
derstanding of disease, develop-
ment of drugs to treat these
diseases continues to rely on high-
throughput screens of small mole-
cules for biological activity. The ap-
plication of RNAi to clinical medicine
has the potential to bridge this gap
and translate molecular advances
directly into therapy, the ultimate
realization of rational therapeutics.

Promising developments in animal
models of cancer, infectious dis-
ease, and neurodegenerative disor-
ders suggest that this potential
may be realized in the near future.

Inhibiting Tumorigenesis
with RNAi

Antisense technologies have al-
ready set the precedent for the util-
ity of inhibiting gene expression in
preventing tumor growth. For ex-
ample, an oligonucleotide targeting
the antiapoptotic gene Bcl2 has
shown promise for treating meta-
static skin cancer in clinical trials
(Buchele, 2003). Given the potency
of dsRNA-mediated silencing rela-
tive to antisense technologies, RNAi
has the potential to significantly im-
prove upon these effects. It is first
being explored for the treatment of
chronic myelogenous leukemia
(CML), caused by a chromosomal
translocation that generates a con-
stitutively active form of the Abl ty-
rosine kinase. siRNAs targeting the
fusion transcript can specifically si-
lence the oncogenic fusion protein
while preserving expression of the
wild-type form (Scherr et al., 2003;
Wohlbold et al., 2003). Pancreatic
and colon carcinomas are also neo-
plasms associated with specific ge-
netic changes, often point muta-
tions in Ras oncogenes. Retroviral
vectors expressing shRNAs target-
ing the mutant transcripts have
been shown to selectively silence
the K-RASV12 mutant, and limit tu-
mor growth (Brummelkamp et al.,
2002). Rapidly accumulating data
on the types of mutations associ-
ated with various types of cancer
will provide a long list of targets for
this type of RNAi-based approach.

Another strategy for applying
RNAi to cancer therapy is to use it to
improve existing therapies. For ex-
ample, tumors often become resis-
tant to standard pharmacological
treatments over time by initiating
expression of MDR1, a multidrug
transporter that cells can use to ex-
pel chemotherapeutic drugs. One
group has transfected tumor cells
with siRNAs targeting MDR1 to
demonstrate that RNAi can be used
to maximize the benefit of existing
therapies (Nieth et al., 2003).

Fighting Infection and
Inflammation with dsRNA

The greatest promise for RNAi in
clinical medicine may be for the
treatment of infectious disease and
its inflammatory sequelae. This is
hardly surprising, given the evolu-
tionary role for dsRNA-mediated si-
lencing in defense against viral in-
fection. To date, viruses that infect
the liver have received the most at-
tention, because of the ease of nu-
cleic acid delivery to this organ in
mice by tail injection and hydrody-
namic shock (Lewis et al., 2002;
McCaffrey et al., 2002). Viral hepa-
titis is a major health problem that
can lead to acute liver failure, cir-
rhosis, and liver cancer as a result
of chronic infection. While a vaccine
is available to prevent infection
with hepatitis B virus (HBV), once
infected there is no treatment (Po-
land and Jacobson, 2004). Simi-
larly, although 3% of the world’s
population is infected with hepatitis
C virus (HCV), there is no vaccine
and few options for treatment
(Davis, 1997). To date, two studies
using tail vein injection of shRNAs
targeting the HBV and HCV repli-
cons have demonstrated the ability
of RNAi to selectively repress viral
protein expression in vivo (McCaf-
frey et al., 2002, 2003). These find-
ings offer new hope for hepatitis as
well as other viral diseases with
poor prognoses.

One limitation of this strategy is
that viruses such as HIV, which can
evolve very rapidly, could modify
their genomes to elude sequence-
dependent silencing. An alternate
approach is to use RNAi to either
target host proteins required for
pathogen invasion or signaling
pathways that initiate the inflam-
matory response, which is often
more damaging than the infection
itself. One exciting study used shR-
NAs targeting a host protein to try
to alleviate hepatitis in an animal
model of acute liver failure (Song et
al., 2003). In this in vivo study, siR-
NAs targeting the cell death recep-
tor Fas not only reached the liver,
entered hepatocytes, and blocked
Fas expression, but were able to
limit disease severity and extend
the survival of treated animals.
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New Hope for Genetic
Disease and
Developmental Disorders

More than any others, patients with
dominant genetic disorders may
stand to benefit the most from RNAi-
based approaches. Despite decades
of research into these diseases, most
have remained immune to standard
therapies. Moreover, their pathology
usually derives from small changes
in the nucleotide sequences of
genes. The sequence-specificity of
RNAi, therefore, makes it an ideal
candidate for treating these condi-
tions. dsRNA can be engineered to
selectively target mutant transcripts,
while leaving the function of wild-
type alleles unaltered. The most ob-
vious strategy is to generate dsRNA
targeting the disease mutation itself.
This approach has shown some
promise in cellular models of amyo-
trophic lateral sclerosis (ALS) (Ding
et al., 2003). An alternative strategy
is to design siRNAs targeting single-
nucleotide polymorphisms (SNPs) in
mutant alleles. Systematic analysis
of siRNA composition has found that
single-nucleotide mismatches are
the most compromising when lo-
cated in the center of the siRNA
(Miller et al., 2003). One group has
demonstrated that siRNAs designed
this way to target SNPs in mutant
alleles can inhibit expression of the
mutant allele and decrease disease
pathology in vitro (Miller et al., 2003,
2004). Testing these principles at the
in vivo level is still in its infancy.
Recent work by Xia et al. (2004)
showed that intracerebral delivery of
adenoviral vectors encoding shRNAs
targeting a mutant allele can dimin-
ish intranuclear inclusions and re-
store motor coordination in a mouse
model of spinocerebellar ataxia type
I. Their results bring new hope for
the treatment of a vast spectrum of
polyglutamine expansion diseases.
Although most of the work thus far
applying RNAi to genetic disease has
been in neurodegenerative condi-
tions, it could in theory be used to
treat any disease associated with in-
appropriate or harmful gene expres-
sion. For example, some develop-
mental disorders such as Down’s
syndrome, caused by trisomy 21, are
attributed to gene dosage imbal-

ances (Antonarakis et al., 2004).
Once investigators can hone in on
the duplicated genes responsible for
phenotypic effects, RNAi could be
utilized to diminish their expression
to normal levels.

While only dominant or overex-
pression disorders can be directly
targeted by RNAi, indirect strate-
gies in other types of disorders
make its application almost limit-
less. The following represent some
of our ideas for these potential ap-
plications. First, many loss-of-func-
tion disorders can be mitigated by
limiting the activity of upstream
pathways. For example, lysosomal
storage diseases are a group of re-
cessive genetic disorders charac-
terized by their catastrophic effects
on human development (reviewed
by Futerman and van Meer, 2004).
Each of these is caused by a defi-
ciency in a specific lysosomal en-
zyme, which leads to accumulation
of upstream metabolites within
cells. One of the few interventions
found to work in these disorders is
to limit dietary consumption of me-
tabolites that could serve as sub-
strates for these pathways. In this
same vein, RNAi could be utilized to
limit the activity of metabolic path-
ways that give rise to these sub-
strates and slow disease progres-
sion. A second possibility is to apply
rapidly advancing research on the
role of dsRNA in biological pro-
cesses, which is uncovering more
and more pathways regulated by
endogenous miRNAs. These find-
ings could provide new handles for
therapeutic manipulation of cell
physiology in the context of dis-
ease. For example, miRNAs in C.
elegans have been found to regu-
late developmental timing and
stage-specific processes (Lee et al.,
1993). If similar mechanisms are
conserved in humans, then exoge-
nous introduction of miRNAs might
allow us to reactivate developmen-
tal processes to promote repair.
Along these lines, one group has
found a miRNA expressed in pan-
creatic �-islet cells that can regu-
late insulin secretion, representing
a novel target for diabetes therapy
(Poy et al., 2004). Finally, the mar-
riage of RNAi to emerging stem cell
therapies could make a powerful

combination. Investigators have al-
ready shown that miRNAs are capa-
ble of influencing the differentiation
of hematopoietic stem cells (Chen
et al., 2004). Misexpression of miR-
NAs could be used to generate pure
populations of differentiated B-cells
or other cell types for use in ex vivo
approaches. While all of these are
exciting possibilities for the thera-
peutic potential of RNAi, there are
clearly many hurdles to overcome
before they can move from the
bench to the bedside.

Challenges to RNAi-Based
Therapies

The obstacles to using RNAi in clin-
ical medicine are two-fold: delivery
and the potential for nonspecific ef-
fects. Just as with antisense oligo-
nucleotide-based approaches, the
primary challenge in bringing RNAi
to the bedside is achieving efficient
delivery of nucleic acids into cells.
In mice, large volumes of fluid in-
jected into the tail vein cause a
rapid increase in intravascular
pressure that can drive siRNAs into
cells in vivo (Lewis et al., 2002; Mc-
Caffrey et al., 2002). While this hy-
drodynamic delivery approach is
not feasible for systemic treatment
of humans, it could be used for local
delivery of siRNAs into organs such
as the liver, kidney, heart, and
lungs (Dillon et al., 2004). A prom-
ising development is that intrave-
nous and intraperitoneal adminis-
tration of siRNAs in mice does lead
to systemic distribution, suggesting
that parenteral administration may
work in humans as well (Filleur et
al., 2003; Sorensen et al., 2003).
However, an important limitation to
consider is that the lifespan of RNA
duplexes in the bloodstream is
likely to be only a few days (Lewis
et al., 2002). An alternative to siR-
NAs is to use viral vectors coding for
shRNA transcripts. This is the ap-
proach taken by gene therapy and,
therefore, conjures up all of the
same safety concerns. Viral inte-
gration into the genome has the po-
tential for insertional mutagenesis,
leading to inappropriate activation
or inactivation of endogenous
genes. Given the shaky nature of
gene therapy clinical trials in the
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past, the focus has remained on op-
timizing RNA duplex delivery. Many
groups are actively exploring meth-
ods of transfection such as cationic
liposomes, as well as modifying the
structure of siRNAs to improve bio-
distribution and limit nuclease sen-
sitivity (reviewed by Paroo and Co-
rey, 2004).

The second obstacle is one that
must be considered for any thera-
peutic measure, the potential for
nonspecific toxicity. Since RNAi is
an endogenous pathway with its
own cellular machinery, it is possi-
ble that utilizing this machinery for
therapeutic siRNAs could disrupt its
intrinsic functions. Moreover, there
is some evidence that even small
RNA duplexes such as siRNAs and
shRNAs can trigger an interferon
response or broad transcriptional
silencing (Sledz et al., 2003). Fur-
ther work into the basic biology of
RNAi should improve siRNA design
and curb the potential for any non-
specific effects.

CONCLUSION

A series of observations on the ac-
tivity of dsRNA in model organisms
such as the nematode has led to a
revolution in cell biology. This RNAi
revolution, in turn, has a number of
implications for the study of verte-
brate development. First, dsRNA-
mediated silencing represents a
novel regulatory mechanism that
needs to be studied in the context
of developmental gene expression.
Second, RNAi as a technique offers
an unparalleled degree of ease and
specificity for conducting loss-of-
function experiments in vitro and in
vivo. When used with the appropri-
ate controls, it can be invaluable as
a tool to investigate gene function
in embryonic development on any
scale, from studying single genes to
surveying entire genomes. Finally,
RNAi represents a whole new pros-
pect for treating human disease,
providing a template that the cell’s
own machinery can use to limit ex-
pression of harmful genes. In the
coming years, new insights into the
basic biology of RNAi are sure to
yield ways of improving the speci-
ficity and delivery of dsRNA, which
will advance all of these frontiers.

ACKNOWLEDGMENTS
We thank Michael Rutlin for critical
reading of the manuscript, and
Craig Mello for granting permission
to reproduce Figure 1. M. Rao is a
student in the Medical Scientist
Training Program (National Insti-
tutes of Health [NIH]).

REFERENCES

AmbrosV,HorvitzHR.1984.Heterochronic
mutants of the nematode Caenorhab-
ditis elegans. Science 226:409–416.

Ambros V. 2004. The functions of ani-
mal microRNAs. Nature 431:350–355.

Antonarakis SE, Lyle R, Dermitzakis ET,
et al. 2004. Chromosome 21 and Down
syndrome: from genomics to patho-
physiology. Nat Rev Genet 5:725–738.

Ashrafi K, Chang FY, Watts JL, et al. 2003.
Genomewide RNAi analysis of Caeno-
rhabditis elegans fat regulatory genes.
Nature 421:268–272.

Aza-Blanc P, Cooper CL,Wagner K, et al.
2003. Identification of modulators of
TRAIL-induced apoptosis via RNAi-
based phenotypic screening. Mol Cell
12:627–637.

Bai J, Ramos RL, Ackman JB, et al. 2003.
RNAi reveals doublecortin is required
for radial migration in rat neocortex.
Nat Neurosci 6:1277–1283.

Bartel DP. 2004. MicroRNAs: genomics,
biogenesis, mechanism, and function.
Cell 116:281–297.

Bass BL. 2002. RNA editing by adeno-
sine deaminases that act on RNA. Annu
Rev Biochem 71:817–846.

Baulcombe DC. 1996. Mechanisms of
pathogen-derived resistance to viruses
in transgenic plants. Plant Cell 8:1833–
1844.

Berns K, Hijmans EM, Mullenders J, et al.
2004. A large-scale RNAi screen in hu-
man cells identifies new components of
the p53 pathway. Nature 428:431–437.

Bernstein E, Caudy AA, Hammond SM,
Hannon GJ. 2001. Role for a bidentate
ribonuclease in the initiation step of
RNA interference.Nature409:363–366.

Bernstein E, Kim SY, Carmell MA, et al.
2003. Dicer is essential for mouse de-
velopment. Nat Genet 35:215–217.

Brennecke J, Hipfner DR, Stark A, et al.
2003. Bantam encodes a developmen-
tally regulated microRNA that controls
cell proliferation and regulates the pro-
apoptotic gene hid in Drosophila. Cell
113:25–36.

Brummelkamp TR, Bernards R, Agami
R. 2002. Stable suppression of tumor-
igenicity by virus-mediated RNA inter-
ference. Cancer Cell 2:243–247.

Buchele T. 2003. Proapoptotic therapy
with oblimersen (bcl-2 antisense oli-
gonucleotide)—reviewof preclinical and
clinical results. Onkologie 26:60–69.

Calegari F, Haubensak W, Yang D, et al.
2002. Tissue-specific RNA interference
in postimplantation mouse embryos

with endoribonuclease-prepared short
interfering RNA. Proc Natl Acad Sci USA
99:14236–14240.

Chang S, Johnston RJ, Hobert O. 2003.
A transcriptional regulatory cascade that
controls left/right asymmetry in che-
mosensory neurons of C. elegans.
Genes Dev 17:2123–2137.

Chang S, Johnston RJ, Frøkjær-Jensen
C, et al. 2004. MicroRNAs act sequen-
tially andasymmetrically to control che-
mosensory laterality in the nematode.
Nature 430:485–489.

Chen CZ, Li L, Lodish HF, Bartel DP. 2004.
MicroRNAs modulate hematopoietic lin-
eagedifferentiation.Science303:83–86.

Chestnutt C, Niswander L. 2004. Plasmid-
based short-hairpin RNA interference in
the chicken embryo. Genesis 39:73–78.

Cogoni C, Macino G. 1999. Gene silenc-
ing in Neurospora crassa requires a
protein homologous to RNA-dependent
RNApolymerase.Nature399:166–169.

Dalmay T, Hamilton A, Rudd S, et al.
2000. An RNA-dependent RNA poly-
merase gene in Arabidopsis is required
for post-transcriptional gene silencing
mediated by a transgene but not a vi-
rus. Cell 101:543–553.

Davis GL. 1997. Treatment of acute and
chronic hepatitis C. Clin Liver Dis 1:615–
630.

de Carvalho F, Gheysen G, Kushnir S, et
al. 1992. Suppression of beta-1,3-glu-
canase transgeneexpression inhomozy-
gous plants. EMBO J 11:2595–2602.

Dillon CP, Sandy P, Nencioni A, et al.
2005. RNAi as an experimental and
therapeutic tool to study and regulate
physiological and disease processes.
Annu Rev Physiol 67:147–173.

Ding H, Schwarz DS, Keene A, et al. 2003.
Selective silencing by RNAi of a dom-
inant allele that causes amyotrophic
lateral sclerosis. Aging Cell 2:209–217.

Ding S-W, Li H, Lu R, et al. 2004. RNA
silencing: a conserved anti-viral im-
munity of plants and animals. Virus
Res 102:109–115.

Doench JG, Petersen CP, Sharp PA. 2003.
siRNAs can function as miRNAs. Genes
Dev 17:438–442.

El Bashir S, Harborth J, Lendeckel W, et
al. 2001. Duplexes of 21-nucleotide
RNAs mediate RNA interference in cul-
tured mammalian cells. Nature 411:
494–498.

El Bashir SM, Harborth J, Weber K, Tus-
chl T. 2002. Analysis of gene function
in somatic mammalian cells using small
interferingRNAs.Methods26:199–213.

Fagard M, Boutet S, Morel JB, et al. 2000.
AGO1, QDE-2, and RDE-1 are related
proteins required for post-transcrip-
tional gene silencing in plants, quell-
ing in fungi, and RNA interference in
animals. Proc Natl Acad Sci USA 97:
11650–11654.

Filleur S, Courtin A, Ait-Si-Ali S, et al.
2003. siRNA-mediated inhibition of vas-
cular endothelial growth factor severely
limits tumor resistance to antiangio-
genic thrombospondin-1 and slows tu-

40 RAO AND SOCKANATHAN

Birth Defects Research (Part C) 75:28–42, (2005)



mor vascularization and growth. Cancer
Res 63:3919–3922.

Fire A, Xu S, Montgomery MK, et al. 1998.
Potent and specific genetic interference
by double-stranded RNA in Caenorhab-
ditis elegans. Nature 391:806–811.

Fritsch L, Martinez LA, Sekhri R, et al.
2004. Conditional gene knock-down by
CRE-dependent short interfering RNAs.
EMBO Rep 5:178–182.

Fukagawa T, Nogami M, Yoshikawa M,
et al. 2004. Dicer is essential for for-
mation of the heterochromatin struc-
ture in vertebrate cells. Nat Cell Biol
6:784–791.

Futerman AH, van Meer G. 2004. The
cell biology of lysosomal storage dis-
orders. Nat Rev Mol Cell Biol 5:554–
565.

Grewal SIS, Moazed D. 2003. Heterochro-
matin and epigenetic control of gene ex-
pression. Science 301:798–802.

Guo S, Kemphues KJ. 1995. par-1, a gene
required for establishing polarity in C.
elegans embryos, encodes a putative
Ser/Thr kinase that is asymmetrically
distributed. Cell 81:611–620.

Haley B, Zamore PD. 2004. Kinetic anal-
ysis of the RNAi enzyme complex. Nat
Struct Mol Biol 11:599–606.

Hamilton AJ, Baulcombe DC. 1999. A spe-
cies of small antisense RNA in post-
transcriptional gene silencing in plants.
Science 286:950–952.

HammondSM,BernsteinE,BeachD,Han-
non GJ. 2000. An RNA-directed nucle-
ase mediates posttranscriptional gene
silencing in Drosophila cells. Nature
404:293–296.

Hannon GJ, Conklin DS. 2004. RNA in-
terference by short hairpin RNAs ex-
pressed in vertebrate cells. Methods
Mol Biol 257:255–266.

Hannon GJ, Rossi JJ. 2004. Unlocking the
potential of thehumangenomewithRNA
interference. Nature 431:371–378.

Hasuwa H, Kaseda K, Einarsdottir T, Ok-
abe M. 2002. Small interfering RNA
and gene silencing in transgenic mice
and rats. FEBS Lett 532:227–230.

Heasman J. 2002. Morpholino oligos:
making sense of antisense? Dev Biol
243:209–214.

Huppi K, Martin SE, Caplen NJ. 2005.
Defining and assaying RNAi in mam-
malian cells. Mol Cell 17:1–10.

Hutvágner G, Zamore PD. 2002. A mi-
croRNA in a multiple-turnover RNAi en-
zymecomplex.Science297:2056–2060.

Jackson AL, Bartz SR, Schelter J, et al.
2003. Expression profiling reveals off-
target gene regulation by RNAi. Nat
Biotechnol 21:635–637.

Johnston RJ, Hobert O. 2003. A microRNA
controlling left/right neuronal asym-
metry in Caenorhabditis elegans. Na-
ture 426:845–849.

Kamath RS, Ahringer J. 2003. Genome-
wide RNAi screening in Caenorhabdi-
tis elegans. Methods 30:313–321.

Kawasaki H, Taira K. 2004. Induction of
DNA methylation and gene silencing
by short interfering RNAs in human
cells. Nature 431:211–217.

Kennedy S, Wang D, Ruvkun G. 2004. A
conserved siRNA-degradingRNaseneg-
atively regulates RNA interference in
C. elegans. Nature 427:645–649.

Kennerdell JR, Carthew RW. 1998. Use
of dsRNA-mediatedgenetic interference
to demonstrate that frizzled and friz-
zled 2 act in the wingless pathway.
Cell 95:1017–1026.

Khvorova A, Reynolds A, Jayasena SD.
2003. Functional siRNAs and miRNAs
exhibit strand bias. Cell 115:209–216.

Kim J, Krichevsky A, Grad Y, et al. 2004.
Identification of many microRNAs that
copurify with polyribosomes in mam-
malian neurons. Proc Natl Acad Sci USA
101:360–365.

Kim DH, Behlke MA, Rose SD, et al. 2005.
Synthetic dsRNA Dicer substrates en-
hance RNAi potency and efficacy. Nat
Biotechnol 23:222–226.

Kittler R, Putz G, Pelletier L, et al. 2004.
An endoribonuclease-prepared siRNA
screen in human cells identifies genes
essential for cell division. Nature 432:
1036–1040.

Knight SW, Bass BL. 2002. The role of
RNA editing by ADARs in RNAi. Mol Cell
10:809–817.

Konishi Y, Stegmuller J, Matsuda T, et
al. 2004. Cdh1-APC controls axonal
growth and patterning in the mamma-
lian brain. Science 303:1026–30.

Kos R, Tucker RP, Hall R, et al. 2003.
Methods for introducing morpholinos
into the chicken embryo. Dev Dyn 226:
470–477.

Krull CE. 2004. A primer on using in ovo
electroporation to analyze gene func-
tion. Dev Dyn 229:433–439.

Kunath T, Gish G, Lickert H, et al. 2003.
Transgenic RNA interference in ES cell-
derived embryos recapitulates a ge-
netic null phenotype. Nat Biotechnol
21:559–561.

Lee RC, Feinbaum RL, Ambros V. 1993.
The C. elegans heterochronic gene lin-4
encodes small RNAs with antisense
complementarity to lin-14.Cell 75:843–
854.

Lee SS, Lee RY, Fraser AG, et al. 2003a.
A systematic RNAi screen identifies a
critical role for mitochondria in C. el-
egans longevity. Nat Genet 33:40–48.

Lee Y, Ahn C, Han J, et al. 2003b. The
nuclear RNase III Drosha initiates mi-
croRNA processing. Nature 425:415–
419.

Lee YS, et al. 2004. Distinct roles for
Drosophila Dicer-1 and Dicer-2 in the
siRNA/miRNA silencing pathways. Cell
117:69–81.

Lewis DL, Hagstrom JE, Loomis AG, et
al. 2002. Efficient delivery of siRNA for
inhibition of gene expression in post-
natal mice. Nat Genet 32:107–108.

Li WX, Ding SW. 2001. Viral suppressors
of RNA silencing. Curr Opin Biotechnol
12:150–154.

Lindbo JA, Silva-Rosales L, Proebsting
WM, et al. 1993. Induction of a highly
specific antiviral state in transgenic
plants: implications for regulation of

gene expression and virus resistance.
Plant Cell 5:1749–1759.

Liu J, Carmell MA, Rivas FV, et al. 2004.
Argonaute2 is the catalytic engine of
mammalian RNAi. Science 305:1437–
1441.

Ma JB, Ye K, Patel DJ. 2004. Structural
basis for overhang-specific small in-
terfering RNA recognition by the PAZ
domain. Nature 429:318–322.

Maison C, Bailly D, Peters AH, et al. 2002.
Higher order structure in pericentric
heterochromatin involves a distinct pat-
tern of histone modification and an RNA
component. Nat Genet 30:329–334.

Makeyev EV, Bamford DH. 2002. Cellu-
lar RNA-dependent RNA polymerase in-
volved in post-transcriptional gene
silencing has two distinct activity
modes. Mol Cell 10:1417–1427.

Martinez J, Patkaniowska A, Urlaub H, et
al. 2002.Single-strandedantisense siR-
NAs guide target RNA cleavage in RNAi.
Cell 110:563–574.

Matsuda T, Cepko CL. 2004. Electropo-
ration and RNA interference in the ro-
dent retina in vivo and in vitro. Proc
Natl Acad Sci USA 101:16–22.

Matzke MA, Birchler JA. 2005. RNAi-me-
diated pathways in the nucleus. Nat
Rev Genet 6:24–35.

McCaffrey AP, Meuse L, Pham TT, et al.
2002. RNA interference in adult mice.
Nature 418:38–39.

McCaffrey AP, Nakai H, Pandey K, et al.
2003. Inhibition of hepatitis B virus in
mice by RNA interference. Nat Biotech-
nol 21:639–44.

Meister G, Landthaler M, Patkaniowska
A, et al. 2004. Human Argonaute2 me-
diates RNA cleavage targeted by miR-
NAs and siRNAs. Mol Cell 15:185–197.

Mello CC, Conte D. 2004. Revealing the
world of RNA interference. Nature 431:
338–342.

Mette MF, Aufsatz W, van der Winden J,
et al. 2000. Transcriptional silencing
and promoter methylation triggered by
double strandedRNA.EMBOJ19:5194–
5201.

Miller VM, Xia H, Marrs GL, et al. 2003.
Allele-specific silencing of dominant dis-
ease genes. Proc Natl Acad Sci USA
100:7195–7200.

Miller VM, Gouvion CM, Davidson BL, Paul-
sonHL.2004. TargetingAlzheimer’sdis-
ease genes with RNA interference: an
efficient strategy for silencing mutant
alleles. Nucleic Acids Res 32:661–668.

Minks MA, West DK, Benvin S, Baglioni C.
1979.Structural requirementsofdouble-
stranded RNA for the activation of 2�,5�-
oligo(A) polymerase and protein kinase
of interferon-treated HeLa cells. J Biol
Chem 254:10180–10183.

Morris KV, Chan SWL, Jacobsen SE,
LooneyDJ.2004.Small interferingRNA-
induced transcriptional gene silencing
in human cells. Science 305:1289–
1292.

Mourelatos Z, Postle J, Paushkin S, et al.
2002. miRNPs: a novel class of ribo-
nucleoproteins containing numerous
microRNAs. Genes Dev 16:720–728.

MECHANISMS OF RNAI IN DEVELOPMENT AND DISEASE 41

Birth Defects Research (Part C) 75:28–42, (2005)



Napoli C, Lemieux C, Jorgensen R. 1990.
Introductionof a chimeric chalcone syn-
thase gene into petunia results in re-
versible co-suppression of homologous
genes in trans. Plant Cell 2:279–289.

Nellen W, Lichtenstein C. 1993. What
makes an mRNA anti-sense-itive?
Trends Biochem Sci 18:419–423.

Nieth C, Priebsch A, Stege A, Lage H.
2003. Modulation of the classical mul-
tidrug resistance (MDR) phenotype by
RNA interference (RNAi). FEBSLett 545:
144–150.

Noma K, Sugiyama T, Cam H, et al. 2004.
RITS acts in cis to promote RNA inter-
ference-mediated transcriptional and
post-transcriptional silencing. Nature
Genet 36:1174–1180.

Nykänen A, Haley B, Zamore PD. 2001.
ATP requirements and small interfer-
ing RNA structure in the RNA interfer-
ence pathway. Cell 107:309–321.

Okamura K, Ishizuka A, Siomi H, Siomi
MC. 2004. Distinct roles for Argonaute
proteins in small RNA-directed RNA
cleavage pathways. Genes Dev
18:1655–1666.

Paddison PJ, Caudy AA, Sachidanandam
R, Hannon GJ. 2004a. Short hairpin ac-
tivated gene silencing in mammalian
cells. Methods Mol Biol 265:85–100.

Paddison PJ, Silva JM, Conklin DS, et al.
2004b. A resource for large-scale RNA-
interference-based screens in mam-
mals. Nature 428:427–431.

Pal-Bhadra M, Leibovitch BA, Gandhi SG,
et al. 2004. Heterochromatic silencing
and HP1 localization in Drosophila are
dependent on the RNAi machinery. Sci-
ence 303:669–672.

Paroo Z, Corey DR. 2004. Challenges for
RNAi in vivo. Trends Biotechnol 22:
390–394.

Pekarik V, Bourikas D, Miglino N, et al.
2003. Screening for gene function in
chicken embryo using RNAi and elec-
troporation. Nat Biotechol 21:93–96.

Pélissier T, Wassenegger M. 2000. A DNA
target of 30bp is sufficient for RNA-di-
rected DNA methylation. RNA 6:55–65.

Persengiev SP, Zhu X, Green MR. 2004.
Nonspecific, concentration-dependent
stimulation and repression of mamma-
lian gene expression by small interfer-
ing RNAs (siRNAs). RNA 10:12–18.

Piano F, Schetter AJ, Mangone M, et al.
2000. RNAi analysis of genes expressed
in the ovary of Caenorhabditis elegans.
Curr Biol 10:1619–1622.

Pierce-Shimonura JT, Faumont S, Gas-
ton MR, et al. 2001. The homeobox
gene lim-6 is required for distinct che-
mosensory representations in C. el-
egans. Nature 410:694–698.

Poland GA, Jacobson RM. 2004. Clinical
practice: prevention of hepatitis B with
the hepatitis B vaccine. N Engl J Med
351:2832–2838.

Poy MN, Eliasson L, Krutzfeldt J, et al.
2004. A pancreatic islet-specific mi-
croRNA regulates insulin secretion. Na-
ture 432:226–230.

Rao M, Baraban JH, Rajaii F, Sockanathan
S. 2004. In vivo comparative study of

RNAi methodologies by in ovo electro-
poration in the chick embryo. Dev Dyn
231:592–600.

Ratcliff F, Harrison BD, Baulcombe DC.
1997. A similarity between viral de-
fense and gene silencing in plants. Sci-
ence 276:1558–1560.

Reynolds A, Leake D, Boese Q, et al.
2004. Rational siRNA design for RNA
interference.NatBiotechol22:326–330.

Romano N, Macino G. 1992. Quelling:
transient inactivation of gene expres-
sion in Neurospora crassa by transfor-
mation with homologous sequences.
Mol Microbiol 6:3343–3353.

Ruvkun G, Giusto J. 1989. The Caeno-
rhabditis elegans heterochronic gene
lin-14 encodes a nuclear protein that
formsa temporal developmental switch.
Nature 338:313–319.

Saxena S, Jonsson ZO, Dutta A. 2003.
Small RNAs with imperfect match to
endogenous mRNA repress translation.
Implications for off-target activity of
small inhibitory RNA in mammalian
cells. J Biol Chem 278:44312–44319.

Scherr M, Battmer K, Winkler T, et al.
2003. Specific inhibition of bcr-abl gene
expression by small interfering RNA.
Blood 101:1566–9.

Schwarz DS, Hutvagner G, Du T, et al.
2003. Asymmetry in the assembly of
the RNAi enzyme complex. Cell 115:
199–208.

Seydoux G, Fire A. 1994. Soma-germ-
line asymmetry in the distributions of
embryonic RNAs in Caenorhabditis el-
egans. Development 120:2823–2834.

Sijen T, Fleenor J, Simmer F, et al. 2001.
On the role of RNA amplification in
dsRNA-triggered gene silencing. Cell
107:465–476.

Sijen T, Plasterk RHA. 2003. Transpo-
son silencing in the Caenorhabditis el-
egansgerm linebynatural RNAi.Nature
426:310–314.

Siolas D, Lerner C, Burchard J, et al. 2005.
Synthetic shRNAs as potent RNAi trig-
gers. Nat Biotechnol 23:227–231.

Sledz CA, Holko M, de Veer MJ, et al.
2003. Activation of the interferon sys-
tem by short-interfering RNAs. Nat Cell
Biol 5:834–839.

Smardon A, Spoerke JM, Stacey SC, et
al. 2000. EGO-1 is related to RNA-di-
rected RNA polymerase and functions
in germ-line development and RNA in-
terference in C. elegans. Curr Biol 10:
169–178.

Song E, Lee SK, Wang J, et al. 2003.
RNA interference targeting Fas protects
mice from fulminant hepatitis. Nat Med
9:347–351.

Song JJ, Smith SK, Hannon GJ, Joshua-
Tor L. 2004. Crystal structure of Argo-
naute and its implications forRISCslicer
activity. Science 305:1434–1437.

Sorensen DR, Leirdal M, Sioud M. 2003.
Gene silencing by systemic delivery of
synthetic siRNAs in adult mice. J Mol
Biol 327:761–766.

Spagnou S, Miller AD, Keller M. 2004.
Lipidic carriers of siRNA: differences
in the formulation, cellular uptake, and

delivery with plasmid DNA. Biochem-
istry 43:13348–13356.

Stark GR, Kerr IM, Williams BR, et al.
1998. How cells respond to interfer-
ons. Annu Rev Biochem 67:227–264.

Sui G, Soohoo C, Affar el B, et al. 2002.
A DNA vector-based RNAi technology
to suppress gene expression in mam-
malian cells. Proc Natl Acad Sci USA
99:5515–5520.

Tabara H, Sarkissian M, Kelly WG, et al.
1999. The rde-1 gene, RNA interfer-
ence, and transposon silencing in C.
elegans. Cell 129:123–132.

Timmons L, Fire A. 1998. Specific interfer-
enceby ingesteddsRNA.Nature395:854.

Tonkin LA, Bass BL. 2003. Mutations in
RNAi rescue aberrant chemotaxis of
ADAR mutants. Science 302:1725.

Verdel A, Jia S, Gerber S, et al. 2004.
RNAi-mediated targetingof heterochro-
matin by the RITS complex. Science
303:672–676.

Volpe TA, Kidner C, Hall IM, et al. 2002.
Regulation of heterochromatic silenc-
ing and histone H3 lysine-9 methyl-
ation by RNAi. Science 297:1833–1837.

Wightman B, Ha I, Ruvkun G. 1993. Post-
transcriptional regulation of the het-
erochronic gene lin-14by lin-4mediates
temporal pattern formation in C. el-
egans. Cell 75:855–862.

Williams BR. 1997. Role of the double-
stranded RNA-activated protein kinase
(PKR) in cell regulation. Biochem Soc
Trans 25:509–513.

Wingard SA. 1928. Hosts and symptoms
of ring spot, a virus disease of plants.
J Agric Res 37:127–153.

Wohlbold L, van der Kuip H, Miething C,
et al. 2003. Inhibition of bcr-abl gene
expression by small interfering RNA
sensitizes for imatinib mesylate
(STI571). Blood 102:2236–2239.

Xia H, Mao Q, Eliason SL, et al. 2004.
RNAi suppressespolyglutamine-induced
neurodegeneration in a model of spino-
cerebellar ataxia.NatMed10:816–820.

Xu P, Vernooy SY, Guo M, Hay BA. 2003.
The Drosophila microRNA mir-14 sup-
presses cell death and is required for
normal fat metabolism. Curr Biol 13:
790–795.

Yang D, Buchholz F, Huang Z, et al. 2002.
Short RNA duplexes produced by hy-
drolysis with Escherichia coli RNase III
mediate effective RNA interference in
mammalian cells. Proc Natl Acad Sci
USA 99:9942–9947.

Yang WJ, Yang D, Na S, et al. 2005. Di-
cer is required for embryonic angio-
genesis during mouse development.
J Biol Chem (in press).

Zhang H, Kolb FA, Brondani V, et al. 2002.
HumanDicer preferentially cleavesdsR-
NAs at their termini without a require-
ment for ATP. EMBO J 21:5875–5885.

Zheng L, Liu J, Batalov S, et al. 2004. An
approach to genomewide screens of
expressed small interfering RNAs in
mammalian cells. Proc Natl Acad Sci
USA 101:135–140.

42 RAO AND SOCKANATHAN

Birth Defects Research (Part C) 75:28–42, (2005)


