
RNA Interference
Regulates Gene Action

219

Extraordinary advances had been made in understanding the intricate

workings of the cell using recombinant DNA techniques, and so

biologists were amazed when a completely unsuspected pathway for the

control of gene expression was discovered in the 1990s. Researchers

studying plants, fungi, worms, flies, and even trypanosomes came to real-

ize that some unexpected results were the consequence of RNA molecules

silencing the expression of genes in a process now known by the general

term of RNA interference (RNAi). New examples of RNAi processes con-

tinue to be discovered but all share a common element—small RNAs that

pair with other RNAs and possibly DNA, and silence gene expression

through a variety of mechanisms, including mRNA degradation, DNA

methylation and histone modification, and translational inhibition. 

If RNAi were simply an unexpected new mechanism of gene regulation,

it would still be a remarkable addition to our understanding of life, but the

importance of RNAi extends beyond its biological significance. Just as the

polymerase chain reaction (PCR) brought about a revolution in our abil-

ity to manipulate and detect nucleic acids, so RNAi is revolutionizing the

ways in which we can experimentally control the expression of any gene.

RNAi provides a general tool for reverse genetics—discovering the function

of a gene by interfering with its activity and observing the resulting phe-

notype, rather than by finding an atypical phenotype and then trying to

determine which gene is mutated. As we saw in Chapter 6, biologists have
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invented clever methods for making specific changes
to genes, but many of these are laborious and slow.
RNAi is simple and rapid; all that is needed is the
sequence of just a portion of the gene to be target-
ed, the synthesis of the corresponding RNA mole-
cule, and a method to introduce it into cells and
organisms. 

The technical advance of RNAi could not have
come at a more opportune time. Large-scale
sequencing is now producing vast amounts of
genomic data that are being subjected to computa-
tional analysis to predict genes and other genetic ele-
ments. However, this is only the first step. As biolo-
gists we want to understand the functions of the pre-
dicted genes and their roles in the cell.
Bioinformaticians are finding thousands—or tens of
thousands—of genes. How can the experimentalists
begin to make sense of them all? We will review
other methods of genome-scale functional analysis
in Chapter 13, but here we first examine the fasci-
nating biology of RNAi and then look at how RNAi
knockdown of gene expression in plants, yeast,
mammals, and fungi provides a powerful tool for
studying gene function. 

Cosuppression of Transgenes Is Observed
in Plants

The introduction of recombinant DNA techniques
led to the modern biotechnology industry, promot-
ed by endeavors to create commercially desirable
alterations in organisms. Richard Jorgensen and his
colleagues undertook the project to produce more
richly colored petunia flowers. An additional copy of
a petunia pigment gene encoding chalcone synthase
was introduced into a petunia plant under the con-
trol of a very powerful promoter with the expectation
that increased production of the encoded enzyme
would produce flowers with a deeper purple color.
Remarkably, some of the transgenic plants produced
white flowers devoid of any pigment, despite the fact
that both the endogenous and transgenic copies of
chalcone synthase gene were present (Fig. 9-1).
Other transgenic lines had variegated patterns of pig-
ment expression—petals displaying pigmented and
unpigmented areas. This surprising phenomenon was
named cosuppression, because the transgene triggered
not only its own silencing but also that of the
endogenous chalcone synthase gene, which had the
same sequence. This occurred even though the genes

were driven by different promoters, thus showing
that the effect required only homology between the
messenger RNAs (mRNAs). 

Interestingly, the cosuppression phenotypes were
not stable. Differently patterned flowers appeared on
separate branches of a single plant, and seeds grown
from these newly patterned flowers sometimes
reverted to the original phenotype of the parent
plant. Occasionally, progeny of the variant flowers
had entirely new patterns different from either the
original plant or the variant parent flower. Similar
phenotypic instability was also seen in progeny from
transgenic plants having fully purple flowers; these
could give rise to flowers that lacked pigment.
However, the DNA sequence of cosuppressing trans-
genes was unchanged, even in parts of the plants with
altered flowers. This phenotypic instability without
change in sequence was similar to many of the unsta-
ble epigenetic phenomena we discussed in Chapter 8.
Biologists therefore began to regard cosuppression as
an epigenetic process.

Further analysis showed that the level of trans-
gene transcription is an essential determinant of
cosuppression. Transgenes under the control of
strong promoters, transcribed at high levels, are
much more likely to cause cosuppression than trans-
genes transcribed at lower levels. Also, the number
of transgene copies affects the likelihood that cosup-
pression will occur. By crossing transgenic plants
with themselves or to wild-type plants, investigators
showed that the number of copies of the chalcone
synthase transgene determined the cosuppression
phenotype. For example, some petunias produced
variegated flowers when just a single copy of the chal-
cone synthase transgene was present, but were pure
white when the plants carried two copies of the trans-
gene. 

But biologists were using transgenic techniques
to do more than produce prettier flowers—they
hoped to create disease-resistant plants. Experiments
with Escherichia coli expressing an altered form of a
phage replicase protein had shown that the altered
protein could compete with the infecting phage’s
own replicase and so prevent phage replication.
Plant virologists planned to mimic this process in
plants by expressing dominant negative forms of key
proteins from plant viruses, in the expectation that
these proteins would interfere with viral replication.
Thus, transgenic plants were created that expressed
a mutant form of viral replicase of potato virus X
(PVX), and these transgenic plants were indeed
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FIGURE 9-1

An overexpressed transgene triggers silencing of the homologous cellular gene. (a) In an attempt to create
more brightly pigmented flowers, a cDNA encoding the pigment producing enzyme chalcone synthase was
placed under the control of the very strong 35S promoter from the cauliflower mosaic virus. This construct
was placed in a binary vector and transferred into purple petunias using Agrobacterium-mediated gene trans-
fer. The binary vector also contained a gene encoding kanamycin resistance to permit selection of transgenic
seedlings. (For more details on this method, see Chapter 6.) (b) Overexpression of chalcone synthase in petu-
nia resulted surprisingly not in the production of deeply colored flowers but instead in plants bearing white
or variegated flowers. To test the pattern of inheritance of the transgene, variegated transgenic progeny were
backcrossed to the fully purple parental plant. (c) The flower phenotypes are unstable, both within a single
plant (somatically) and through multiple generations. 
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resistant to the virus. The mechanism of viral repli-
cation is highly conserved among different strains of
viruses, so virologists had hoped that this approach
would interfere with the replication of many viral
strains. However, these transgenic plants were resist-
ant only to PVX and its very closely related strains.
This was not the only surprising result of these
experiments—remarkably, the most resistant lines
expressed the transgene mRNA at nearly unde-
tectable levels! Nor was the replicase protein needed
for inducing resistance—transgenic lines made with
an altered replicase gene carrying a frameshift muta-
tion were as resistant as lines expressing full-length
protein. It seemed that the infecting virus was being
silenced by a mechanism similar to cosuppression. 

At what level was cosuppression occurring? The
cosuppressed endogenous genes were transcribed at
normal levels, as shown in nuclear runoff assays of
transcription (Fig. 9-2). Experiments isolating nuclei
from cosuppressing plants and radiolabeling the
transcripts clearly showed that the promoters of the
transgenes and endogenous genes were active.
However, the mRNA accumulated to very low lev-
els, which suggest that cosuppression was the result
of some kind of posttranscriptional gene silencing in
which the mRNA was being destroyed. Other exam-
ples of cosuppression, involving a variety of endoge-
nous and viral genes, were found, but cosuppression
seemed to be an intriguing peculiarity of only the
plant world. Then the unexpected results of an
experiment in Caenorhabditis elegans revealed
another case of unusual gene silencing, and it
became clear that a new, perhaps universal, biologi-
cal process had been discovered.

An Antisense Experiment Gone Awry Points
the Way to RNAi in Worms

Embryonic development has fascinated biologists
for centuries. How does a single-celled zygote divide
and differentiate to produce an adult organism made
up of many different cell types arranged in specific
patterns? Developmental biologists study simple
organisms to tease out the pathways leading from
the zygote to the adult animal, and the nematode
worm C. elegans has proved to be especially valuable. 

Specific proteins and RNAs are distributed asym-
metrically in the worm zygote. During cell division,
different cytoplasmic components are partitioned
into specific cells, eventually directing the differenti-

ation of the many specialized cell types that make up
the worm. This process can be disrupted, and there
are many C. elegans mutants with altered or defec-
tive embryogenesis. For example, one such mutant,
par-1, fails to make an asymmetric cleavage in the
first cell division; instead, the first division occurs
evenly down the center of the zygote, giving rise to
an unpatterned embryo that arrests early in develop-
ment. 

The par-1 mutation was mapped to a specific
location in the worm genome, but in 1995, the
worm genome had not yet been sequenced and the
par-1 gene had first to be cloned before its analysis
could advance. At that time, a standard approach
was used to determine which of the several predict-
ed genes in a genetically mapped region was defec-
tive in mutants. In this method, genomic DNA or a
cDNA corresponding to each candidate gene was
first isolated and then expressed in par-1 mutants. If
the DNA was capable of restoring the normal phe-
notype, the sequence of that candidate gene was
analyzed in the mutant. Unfortunately, neither com-
plete genomic clones encompassing the region nor
complete cDNA clones of the candidate par-1 gene
could be recovered from cDNA libraries, and so the
identity of par-1 could not be confirmed using the
then-standard method. 

Instead, Su Guo and Kenneth Kemphues used an
antisense RNA to identify the par-1 gene from
among the possible candidates. For each candidate
gene, they created a plasmid containing a portion of
its cDNA and transcribed that in vitro to produce an
antisense copy of the gene. The resulting RNA was
then injected into the gonads of wild-type adult her-
maphrodites. An antisense RNA is complementary
to the mRNA produced from a gene and can
decrease levels of the corresponding protein, pre-
sumably because the antisense RNA binds the
mRNA and inhibits its translation or in some way
destabilizes it. In this experiment, the progeny of
worms injected with an antisense RNA to one of the
candidate genes died with a phenotype very similar
to that of the par-1 mutants. Guo and Kemphues
had identified the par-1 gene! 

However, the investigators were surprised at the
result of a key control for the experiment. In this con-
trol, the worms were injected with the sense par-1
mRNA, from a partial cDNA clone that could not be
translated into a complete protein. Injecting the sense
RNA into worms produced a phenotype in their
progeny very similar to that seen with the antisense
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FIGURE 9-2

Nuclear run-on assays show that cosuppression occurs posttranscriptionally. (a) The RNA-dependent RNA
polymerase (RdRP) from potato virus X (PVX) was placed under the control of a strong promoter, cloned into
a binary vector, and transferred into tobacco plants by Agrobacterium-mediated gene transfer. Transgenic
plants were isolated and tested for their resistance to PVX. (b) RNA was isolated from the plants and trans-
gene expression was analyzed by Northern blotting. Surprisingly, those transgenic lines resistant to the virus
did not accumulate the transgene transcript. (c) However, the transgene was in fact transcribed. Nuclei were
isolated from the parental and transgenic plants, and radioactive nucleotides were added so that transcrip-
tion could proceed. The labeled RNA was then hybridized to RNA immobilized on filters. (The highly
expressed gene, ubiquitin, was assayed as a control.) Both susceptible and resistant lines expressed the trans-
gene at equally high levels, thereby demonstrating that the transgene transcript was being eliminated in the
resistant lines. This suggested that when the resistant lines were infected with PVX, the viral RNA was quick-
ly degraded, blocking viral replication. 
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RNA. It was possible that the simple act of injecting
the worms might have disturbed their development
and, if so, injection of any RNA would cause the same
phenotype (Table 9-1). Injection of sense and anti-
sense RNAs from other genes had no effect, howev-
er, thus demonstrating that the act of injection did
not affect development. But how could these results
be interpreted? How could both the sense and anti-
sense RNAs silence expression of par-1? 

Double-stranded RNA Is the Trigger for
RNAi

The search to understand how both sense and anti-
sense RNA suppress gene expression in worms
revealed a completely unsuspected phenomenon,
one of the most remarkable discoveries of modern
biology. Andrew Fire and Craig Mello (who were
awarded the Nobel Prize in 2006) found, with their
colleagues, neither sense nor antisense RNA alone
was responsible, but both were needed. The in vitro
transcription method produces a small amount of
double-stranded RNA (dsRNA), and it is this prod-
uct, not the much more abundant single-stranded
sense or antisense RNA, that is the active agent in
silencing. Used for injection, dsRNA was very effec-
tive in reproducing knockout phenotypes of many
genes (Table 9-2). Only sequences derived from the
mature RNA had this effect—sequences from the
promoter or intronic regions of genes did not alter
the phenotype of injected worms. 

At about the same time, biologists studying post-
transcriptional gene silencing of plant viruses real-
ized that plants carrying both forward- and reverse-

oriented transgenes corresponding to viral
sequences were much more resistant to viral chal-
lenge than plants carrying a transgene oriented in
just one direction. This observation suggested that
dsRNA produced in the plants carrying transgenes
oriented in both directions might silence RNAs
more effectively than sense or antisense RNAs alone.
A plasmid was constructed that contained an invert-
ed repeat corresponding to a potato virus Y (PVY)
protease gene essential for viral transmission (Fig. 9-
3). When such sequences are transcribed, the result-
ing RNA can fold back on itself to produce a
dsRNA. Plants with these inverted repeats were
more effectively protected from infection by PVY
than even those plants that carried separate sense
and antisense transgenes. 

Another clue that dsRNA might trigger silencing
was the result of a chance observation made in exper-
iments to make the transgenic tobacco plants resist-
ant to the tobacco etch virus (TEV) by expressing the
TEV coat protein as a transgene. When the trans-
genic plants were infected with TEV, there were signs
of infection on inoculated leaves, but new leaves did
not become infected and they were resistant to fur-
ther virus infection. It was found that transcripts
from the coat protein transgene were degraded post-
transcriptionally in these new leaves. Somehow, virus
replication in the old, infected leaves had triggered
this silencing of the transgene in the new leaves. The
latter were resistant to infection because the TEV
RNA genome was being destroyed by the homology-
dependent mechanism that was degrading the trans-
gene. Soon, it was found that if a virus was engi-
neered to include a portion of any plant gene, the
endogenous copy was silenced along with the repli-
cating virus. 

One experiment made use of the phytoene desat-
urase gene, whose expression is easily tracked because
leaves deficient in the phytoene desaturase enzyme are
white. White leaves were observed whether the phy-
toene desaturase cDNA was present in the antisense
or sense orientation in the virus. When this work was
first done, a decade before the observations in worms,
silencing was believed to be caused by antisense RNAs
produced either directly (in the case of the antisense-
oriented clone) or by the process of viral replication.
However, the viral replication intermediate is a
dsRNA, and once the role of dsRNA in RNAi in
worms was apparent, biologists re-interpreted these
and other related results from plant viruses. It was
now clear that silencing is triggered by the double-

TABLE 9-1. Various sense and antisense RNAs were injected
into Caenorhabditis elegans and scored for induction of
embryonic lethality 

Molecule No. of worms Embryonic 
injected injected lethality (%)

par-1 antisense 16 52
par-1 sense 12 54
Drosophila cofilin gene, 8 0

antisense
Caenorhabditis elegans 8 0

zygotic gene, antisense
Water 4 0

From Guo and Kemphues, Cell 81: 611–620 (1995).
Adult hermaphrodite worms were injected, and the number of

hatched versus unhatched embryos was counted.
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stranded replication intermediates rather than just the
antisense strand. (There are plant DNA viruses that
can trigger similar silencing even though they do not
replicate through a dsRNA intermediate. The mecha-
nism of this silencing remains a topic of debate.) 

RNAi Is Used to Block Gene Expression in
Many Organisms

No general methods have yet been developed for cre-
ating targeted mutations or knockouts in C. elegans,
so finding mutants in a specific gene requires labori-
ous screening of mutagenized populations of worms.

RNAi Regulates Gene Action   � 225

In contrast, knocking down gene expression using
RNAi is straightforward—all that is needed is the
sequence of the target gene so that it can be used to
synthesize a dsRNA. Fortuitously, RNAi was discov-
ered just as the worm genome was being sequenced,
and soon the sequences of all C. elegans genes were
available. Very quickly, worm biologists seized on
RNAi as a new and precise tool for controlling gene
expression.

Initially, RNAi experiments were carried out just
as the initial antisense experiments had been—by
tedious injection of dsRNA into the gonads of adult
hermaphrodites. But investigators soon discovered
that RNAi worked equally well if worm larvae were

TABLE 9-2. Double-stranded RNA derived from a given gene induces phenotypes resembling a null mutation

Gene Segment Size (kb) Injected RNA F1 phenotype

unc-22 unc-22 null mutants: strong twitchers
unc22A Exons 21–22 742 Sense Wild type

Antisense Wild type
Sense + antisense Strong twitchers (100%)

unc22B Exon 27 1033 Sense Wild type
Antisense Wild type
Sense + antisense Strong twitchers (100%)

unc-22C Exon 21–22 785 Sense + antisense Strong twitchers (100%)

fem-1 fem-1 null mutants: female (no sperm)
fem1A Exon 10 531 Sense Hermaphrodite (98%)

Antisense Hermaphrodite (98%)
Sense + antisense Female (72%)

fem1B Intron 8 556 Sense + antisense Hermaphrodite (>98%)

unc-54 unc-54 null mutants: paralyzed
unc54A Exon 6 576 Sense Wild type (100%)

Antisense Wild type (100%)
Sense + antisense Paralyzed (100%)

unc54B Exon 6 651 Sense Wild type (100%)
Antisense Wild type (100%)
Sense + antisense Paralyzed (100%)

unc54C Exon 1–5 1015 Sense + antisense Arrested embryos and larvae (100%)
unc54D Promoter 567 Sense + antisense Wild type (100%)
unc54E Intron 1 369 Sense + antisense Wild type (100%)
unc54F Intron 3 386 Sense + antisense Wild type (100%)

hih-1 hih-1 null mutants: lumpy-dumpy larvae
hih1A Exons 1–6 1033 Sense Wild type (<2% lpy-dpy)

Antisense Wild type (<2% lpy-dpy)
Sense + antisense Lpy-dpy larvae (>90%)

hih1B Exons 1–2 438 Sense + antisense Lpy-dpy larvae (>80%)
hih1C Exons 4–6 299 Sense + antisense Lpy-dpy larvae (>80%)
hih1D Intron 1 697 Sense + antisense Wild type (<2% lpy-dpy)

From Fire et al., Nature 391: 806–811 (1998).
Sense, antisense, and double-stranded mixtures of sense and antisense RNA from several different genes were inject-

ed into adult hermaphrodites. The progeny were examined and compared to null phenotypes of the given gene. dsRNAs
targeted to exonic sequences generated mutant phenotypes, whereas promoter and intronic sequences did not result in
abnormal phenotypes. This suggested that the RNA interference was acting on processed mRNAs and not pre-mRNAs or
untranscribed sequences.
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mixed directly with dsRNA or, even more remark-
ably, if worms were fed bacteria expressing dsRNA
(Fig. 9-4)! Soon, worm biologists constructed
strains of E. coli in which each strain expressed a
dsRNA homologous to a different C. elegans gene.
Now E. coli strains for feeding to worms are available
that express dsRNAs corresponding to every gene in
the worm genome. 

RNAi has also been enthusiastically embraced by
plant biologists. As in worms, there are no general
tools for creating specific mutations in plants, but
transgenes transcribed as inverted repeats are very
effective at suppressing gene expression in plants.
RNAi is an especially important tool in plants
because many agriculturally important plants are
polyploid. When a plant is tetraploid or hexaploid, it

can be extremely difficult to isolate a plant with
mutation in every copy of a gene. RNA interference
silences all copies of a gene homologous to the
transgene. 

Because RNAi requires close sequence similarity
between the target gene and the dsRNA, a dsRNA
targeted to a particular gene can inhibit related
genes. Therefore, the sequences of the dsRNA used
for RNAi must be carefully selected so that they are
identical only to the gene or genes of interest. This
is typically not a problem. There are usually many
silent changes in codon usage that make even close-
ly related genes sufficiently different at the mRNA
level to permit precise silencing. Even when a great
deal of sequence similarity exists in the coding region
of related genes, all is not lost. The 5´- and 3´-
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FIGURE 9-3

Expressing an inverted repeat trans-
genic construct in plants suggests that
double-stranded RNA (dsRNA) can
initiate cosuppression. (a) Constructs
expressing the protease gene of potato
virus Y (PVY) were prepared that
expressed a sense copy of the gene, an
antisense copy, or both sense and anti-
sense copies from the same construct.
Each of these PVY protease expression
constructs was integrated into a tobac-
co plant by Agrobacterium-mediated
gene transfer. (b) Transgenic plants
were challenged by infecting them
with sap from PVY-infected plants and
observed for symptoms of leaf mottling
and leaf stunting. The construct
expressing both sense and antisense of
the protease gene was much more
effective at producing transgenic
plants immune or resistant to viral
infection than the sense- or antisense-
only constructs. ORF, open reading
frame.
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untranslated regions of mRNAs are typically much
less conserved between these genes and so can be
used to target RNAi to a specific gene. 

A Nuclease Destroys RNAs Homologous to
the Silenced Gene

How does dsRNA silence genes? There were four
lines of evidence that the silencing dsRNAs were
interacting with mRNA. First, transcription of
silenced genes typically proceeds at normal rates.
Second, mRNA levels were nevertheless decreased in
organisms undergoing silencing. Third, dsRNA (or
transgenes in the case of plants) could cause silenc-
ing only when complementary to the exonic por-
tions of genes, which suggests that the dsRNA was
probably interacting in some way with mature
mRNA. Finally, it was unlikely that any change had
been made in the DNA sequence, because the RNAi
effect declined over time. 

Biochemical analysis of the mechanism of RNAi
began with the use of extracts of Drosophila embryos
and cells. dsRNA was incubated in these extracts and
when RNA homologous to the dsRNA was subse-
quently added to the extracts, it was quickly degrad-
ed. RNAs not homologous to the dsRNA were com-
pletely stable. The protein machinery responsible for
this sequence-specific nuclease activity was called the
RNA-induced silencing complex (RISC). Any RNA
could be targeted by RISC if its homologous dsRNA
was present in the extract. Drosophila cells could even
be pretreated with dsRNA. When extracts were pre-
pared from these cells, they contained RISC activity
corresponding to the transfected dsRNA. 

Small RNAs Are Found in Plants Undergoing
Silencing

Because dsRNA triggered the creation of the
sequence-specific RISC nuclease, it seemed probable
that RISCs would contain an antisense RNA that
directed the nuclease to the homologous mRNA.
Many investigators used Northern blots to search for
these antisense RNAs but without success, as the
elusive antisense RNAs were lost on the agarose gels
used to separate RNA for standard Northern blot
analysis. Agarose gels are excellent for separating
RNAs of 500 nucleotides or more in size, but small-
er RNAs diffuse rapidly and do not form tight bands,
thereby evading detection. 
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RNA interference can be induced in worms simply by feeding
them Escherichia coli expressing dsRNAs. A DNA sequence
from a gene is amplified by PCR using Taq polymerase to
leave A overhangs for TA cloning (Chapter 6). The PCR prod-
ucts were cloned into a vector containing two T7 RNA poly-
merase promoters in inverted orientations flanking the cloning
site. PCR products are ligated into a plasmid and transformed
into a special strain of E. coli deficient in RNase III, a dsRNase.
The strain also contains T7 RNA polymerase under the control
of the lac promoter, so that it can be induced by addition of
isopropyl thiogalactoside (IPTG). Individual strains of bacteria
are prepared, each transformed with a plasmid containing a
different gene. Each strain is plated on agar in a well of a 96-
multiwell microtiter plate. The agar contains IPTG to induce
expression of the dsRNA. Then, worms are added and allowed
to consume the bacteria. The worms or their progeny are
examined for interesting phenotypes. 
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Polyacrylamide gels provide much better resolu-
tion of small molecules. Andrew Hamilton and David
Baulcombe used these gels to examine RNAs in plants
undergoing RNAi and found a population of small
RNAs homologous to the gene undergoing silencing
(Fig. 9-5). These small RNAs were of uniform length,
21–25 nucleotides long, and were observed in plants
where silencing had been triggered by single trans-
genes, by inverted repeats, and by the replication of
RNA viruses. Both antisense and sense RNAs were
present, indicating that dsRNA is the common ele-
ment of all these silencing processes. Surprisingly,
antisense RNAs were present even in those plants
where cosuppression had been triggered by a single,
sense-oriented transgene. We will see below that
genetic evidence is beginning to explain how these
antisense RNAs are produced.

These small RNAs were not unique to plants;
they were soon observed in worms and flies under-
going RNAi. Their origins and functions were inves-
tigated by adding radiolabeled dsRNA to extracts
from Drosophila embryos. The dsRNA was quickly
digested into fragments 21–22 nucleotides long,
and when RISC was purified from these extracts, the
radiolabeled RNAs copurified with the RISC nucle-
ase activity. Presumably, the small RNAs were guid-
ing the RISC nuclease to homologous mRNAs. 

Dicer Chops Double-stranded RNA to
Produce Small RNAs 

The discovery of small RNAs in organisms undergo-
ing silencing immediately led to a search for the
gene or genes encoding the dsRNA RNases. This
research was carried out in Drosophila, because the
Drosophila genome sequence was nearly complete.
Computer searches of predicted proteins identified
proteins containing RNase III domains, the only
type of RNases known to be capable of cutting
dsRNA. 

One approach to studying these candidate genes
would have been to clone the genes, express them in
bacteria, purify the proteins, and test their ability to
chop dsRNAs into short RNAs. There are limita-
tions to this approach. Not the least is that it presup-
poses that only a single protein is responsible for the
nuclease activity, thus ignoring any cofactors that
might be required for assembly of an active complex.
A different approach is to add epitope tags to the
cDNAs of the candidate proteins and transfect these
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Small RNAs homologous to the silenced gene are present in
plants undergoing silencing. (a) Transgenic tomato plants
were constructed by Agrobacterium-mediated gene transfer
to overexpress the enzyme 1-aminocyclopropane-1-car-
boxylate oxidase (ACO), whose gene is under the control of
the very strong 35S promoter. (ACO catalyzes a key step in
ethylene synthesis, a gas that is important for fruit ripening.)
(b) Some lines exhibited silencing of the endogenous ACO
mRNA, as observed by Northern blotting on agarose gels
(the ACO transcript is roughly 1.2 kb). (c) However, when
Northern blots were prepared from samples electrophoresed
on polyacrylamide gels (which are capable of resolving very
small RNAs), a population of 22–25-nucleotide RNAs was
found. Curiously, both sense and antisense RNAs were
found, even though the transgene initiating ACO silencing
was present in the sense orientation only. 
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tagged cDNAs into cells. Extracts prepared from the
transfected cells are immunoprecipitated with anti-
bodies recognizing the epitope tags. The expression
and purification is performed in Drosophila cells that
support RNAi. Thus, if some other accessory factor
is needed in addition to the protein product of the
candidate gene, it is likely to be immunoprecipitated
along with the tagged protein. The experiment was
performed using the candidate RNase III proteins.
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Immunoprecipitated proteins were tested, and one
of the tagged candidates displayed a nuclease activi-
ty that cut long dsRNAs into small RNAs. These
were equal in size to those observed in organisms
and in purified RISC from in vitro experiments (Fig.
9-6). The candidate gene, a predicted Drosophila
gene of unknown function, was named Dicer for the
ability of its protein to chop double-stranded RNA
into small, equally sized pieces. The initial identifica-
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Dicer is discovered by a candidate gene approach. The genes encod-
ing two RNase III proteins, Drosha and a candidate gene encoding a
protein named CG4792, were PCR-amplified using primers that added
a 5′ T7 peptide sequence and cloned into an expression construct.
Because CG4792 contained a helicase domain, a related protein with a
helicase domain but no RNase III domain, Homeless, was tagged. The
tagged constructs were individually transfected into Drosophila S2
cells. The cells were lysed, and agarose beads covalently linked to anti-
T7 antibodies were added so that the tagged proteins became bound to
the beads. The beads were washed to remove all other components of
the incubation mixture and radiolabeled dsRNA was added. RNA was
purified from these incubations and analyzed by polyacrylamide gel
electrophoresis. Labeled small RNA fragments were compared to simi-
lar preparations from the control transfected S2 cells. Only extracts from
cells expressing tagged CG4792 could digest dsRNA into small RNAs,
and so the candidate gene encoding CG4792 was dubbed Dicer. 
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tion was carried out using immunoprecipitates that
might have contained factors associated with Dicer.
But it was later shown, by expressing and purifying
the protein from a baculovirus system, that Dicer
protein alone digests dsRNA. 

With Drosophila Dicer in hand, biologists used
computers to search for homologous sequences in
other organisms. Some organisms have multiple
Dicer family members—Drosophila has two,
Arabidopsis has four, and C. elegans has but one. A
search of the not-yet-complete human genome
sequence revealed a copy of the Dicer gene. This
finding suggested that RNAi might well occur in
mammalian cells. Indeed, the protein specified by
human Dicer cDNA was later found to have exactly
the same double-stranded RNase activity as that of
Drosophila Dicer. 

Mimicking Dicer Products Induces RNAi in
Mammalian Cells

Dicer produces small RNAs from a dsRNA, and
these small RNAs are very similar to those observed
in organisms undergoing RNAi, which suggests that
Dicer is a key player in RNAi. One of the first ques-
tions asked was, what exactly is the nature of these
small RNAs produced by Dicer? To answer this,
dsRNAs of known sequence were digested in
extracts of Drosophila embryos that contained abun-
dant Dicer activity. The resulting small RNAs were
purified, cloned, and sequenced. Because they were
so small and their ends were unknown, the RNAs
were cloned directly by using RNA ligase, an
enzyme that ligates single-stranded RNA and DNA,
to link primers to the ends of the small RNA. These
primers were used for PCR amplification and
cloning. These clones were sequenced, revealing
that Dicer attacks dsRNAs from the ends, chopping
off 21- and 22-nucleotide RNA molecules and leav-
ing 3´ overhangs, 2 bp long, with a phosphate at the
5´ end and a hydroxyl group at the 3´ end. 

Based on this information, synthetic RNA
oligonucleotides were made to mimic Dicer prod-
ucts—these oligonucleotides were double stranded,
with 2-bp 3´ overhangs and 3´-hydroxyl groups
(Fig. 9-7). When these small RNAs were added to
Drosophila embryo extracts, they worked nearly as
well as long dsRNAs in triggering mRNA degrada-
tion. Therefore, the products of Dicer nuclease
activity are sufficient to induce RNAi.

Long dsRNAs were very successful for inducing
RNAi in flies and worms, but in most mammalian
cells, dsRNA completely stops all protein translation.
This is because dsRNA is recognized by antiviral
defenses. These defenses likely evolved because
many viruses have RNA genomes that replicate
through a dsRNA phase. Yet, there were hints that
RNAi might work to knock down gene expression in
mammalian cells. Mammalian genomes contained
homologs of many of the genes required for RNAi
in flies, worms, and plants, including Dicer. Also,
dsRNA could silence genes in embryonic cell types
lacking the antiviral responses and in cells in which
the dsRNA antiviral response was inhibited. But
these seemed exceptional cases, and researchers
feared that RNAi would not show the same poten-
tial for knocking out gene expression in mammals
that had been demonstrated in plants, worms, and
flies. 

The enzyme protein kinase R (PKR) is a key trig-
ger of the dsRNA translational arrest in mammalian
cells. When PKR binds dsRNA, its kinase activity is
activated. The activated PKR phosphorylates essen-
tial translation initiation factors, thereby blocking
translation. The smallest RNA that can be bound by
PKR is roughly 30 bp in length, so it seemed possi-
ble that synthetic 21-bp small RNAs resembling
Dicer products might be small enough to avoid
binding by PKR. If this were the case, then it might
be possible to induce RNAi in mammalian cells. The
reasoning was correct; when 21-nucleotide dsRNAs
with 2-bp 3´ overhangs were transfected into mam-
malian cells, they decreased the level of the comple-
mentary mRNA without triggering a general trans-
lation arrest. These small RNAs were named short
interfering RNAs (siRNAs). 

Biologists around the world seized on this new
method for directly testing the function of mam-
malian genes by transfecting the appropriate siRNAs
into cells. Other researchers leapt into action to try
to find ways to introduce siRNAs into cells to pre-
vent or treat disease. It is difficult to coax normal
mammalian cells into taking up DNA and RNA, but
there has been recent success in preventing herpes-
virus infection by treating the skin of mice with an
antiherpes siRNA (Fig. 9-8). These applications of
RNAi technology to answer research questions and
solve health problems are exciting, but the basic bio-
logical questions remains. Why do organisms carry
out RNAi? For what purpose did silencing by
dsRNA evolve? 
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FIGURE 9-7

Synthesized siRNAs mimic Dicer products and trigger RNAi. Small RNA cloning experiments showed that
the RNA fragments produced by Dicer were 22 nucleotides in length and, like the products of other RNase
III enzymes, had a 2-nucleotide, 3´ overhang. Short siRNA duplexes corresponding to the gene encoding fire-
fly luciferase were synthesized and added to a Drosophila embryo extract. After incubation, mRNA for fire-
fly luciferase was added, and the incubation was continued. The extracts contain all of the factors necessary
for translation of the luciferase mRNA into luciferase. The amount of luciferase made was assayed by adding
luciferin, its substrate, and measuring the luminescence produced as luciferase hydrolyzed luciferin. Extracts
with active RISC degraded the luciferase mRNA, and so there was less luciferase activity. Different small
RNAs were tested to confirm the importance of both the type of overhang on the duplexes and the length of
duplexes on the efficiency of RNAi. 
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