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Short 5'-phosphorylated double-stranded RNAs induce RNA

interference in Drosophila

Alexandra Boutla*', Christos Delidakis*!, loannis Livadaras®,

Mina Tsagris*' and Martin Tabler*

Double-stranded (ds) RNA causes the specific
degradation of homologous RNAs in a process
called “RNA interference (RNAI)” [1-4]; this process
is called “posttranscriptional gene silencing
(PTGS)” in plants [5-7]. Both classes of gene
silencing have been reviewed extensively [8-13].
The duplex RNA becomes processed by Dicer [14]
or another RNase lll-like enzyme to short dsRNA
fragments of about 21-23 nucleotides (nt) [15],
which are incorporated in the RNA-induced
silencing complex (RISC) [16] that directs target-
specific RNA degradation [17, 18]. Here, we show
that different synthetic dsRNA cassettes, consisting
of two 5’-phosphorylated RNA strands of 22 nt
each, can initiate RNAi in Drosophila embryos. The
cassettes were active at similar quantities required
to initiate RNAi by conventional dsRNA. Their
sequence specificity was confirmed using synthetic
dsRNA cassettes for two different genes, Notch and
hedgehog; each time, only the relevant embryonic
phenotype was observed. Introduction of point
mutations had only a moderate effect on the
silencing potential, indicating that the silencing
machinery does not require perfect sequence
identity. 5'-phosphorylated synthetic RNA was more
active than its hydroxylated form. Substitution of
either RNA strand by DNA strongly reduced activity.
Synthetic cassettes of siRNA will provide a new
tool to induce mutant phenotypes of genes with
unknown function.
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Results and discussion

Induction of RNA silencing by short synthetic dsRNAs
Recently, Elbashir et al. [19, 20] demonstrated that short
synthetic RNAs can mediate RNA interference and se-
quence-specific RNA degradation in an in vitro system
as well as in insect and mammalian tissue culture cells.
For this class of short RNAs, they coined the term “short
interfering RNAs (siRNAs)”. We intended to test whether
similar RNAs can induce RNAI in a whole organism and
how their efficiency compares with conventional dsRNA.
As the first target, we chose the Nofch gene, which is
ubiquitously expressed in the early embryo and whose
loss of function produces a characteristic “neurogenic”
phenotype [21]. The expressivity of the neurogenic phe-
notype can be used as a rough quantitative estimate of
the severity of Nozc/k function disruption.

An in vitro-synthesized 985-bp dsRNA fragment of the
Notch mRNA was injected into Drosophila precellular em-
bryos at 5 wM, which is a typical concentration for RNAi
[4], of which about 100 pl, equivalent to about 0.5 fmole,
were actually transferred. The dsRNA induced a strong
Notch phenotype with high penetrance (Table 1a), indica-
tive of an almost complete inactivation of the Nozh
mRNA, both zygotic and maternal [22] (Figure 1g,h).

Next, we synthesized two Nofch-specific RNAs of 22 nu-
cleotides, as shown in Table 1b. Selection of the sequence
within the 985-bp ¢cDNA fragment was based solely on
structural considerations, to avoid self-dimerization or un-
desired intramolecular basepairing of each RNA mole-
cule. The sequence was checked with BLAST [23] to
ensure that it would interfere only with the Noz/ gene.
In contrast with previous methods [19, 20], we used a
simple all-RNA cassette, without deoxynucleotides in the
3’ protruding ends and without special considerations of
which nucleotide would form the 3’ end. However, we
additionally introduced a 5’ phosphate as an authentic
RNase III product [24] and compared it with the nonphos-
phorylated RNA for its silencing potential. Both cassettes
were adjusted to 100 pM and were used for injection.
It should be noted that this is a 20-fold higher molar
concentration than that of the dsRNA; however, in terms
of absolute amount of RNA, it is less than half. The
phosphorylated cassette was able to induce a strong Nozch
phenotype (Table 1b), exactly as observed after the injec-
tion of the long dsRNA. The nonphosphorylated cassette
gave phenotypes with decreased penetrance, but the ex-
pressivity remained strong (Table 1c). At present, we



Table 1
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Nucleic acids injected and their effect on induction

of the Notch phenotype.

Concentration®/

Notch phenotype

amount Percent penetrance Other phenotype
Nucleic acids injected? wM/pg (embryo #)d Expressivity®  Viable/Unspecific'
(a) Notch dsRNA 985 bp 5/330 5 (384) +++++ 2/3
1.65/110 5 (117) ++++ 39/6
(b) R63: 5'-pACAAUGCUGCCUGCCACUACGA 100/140 2 (334) +4++++ 3/5
NIRRT 10/14 5 (278) T+t 16/9
R61: GUUGUUACGACGGACGGUGAUGp -5’
(c) R63: 5'-HO-ACAAUGCUGCCUGCCACUACGA 100/140 65 (287) +++++ 33/2
ERARRRINRRIRRRN R
R61: GUUGUUACGACGGACGGUGAUG-0H-5’
(d) D63: 5'-pACAATGCTGCCTGCCACTACGA 100/140 15 (302) ++ 68/17
ARRRRRIRRRIRN AR
R61: GUUGUUACGACGGACGGUGAUGp-5’
(e) R63: 5'-pACAAUGCUGCCUGCCACUACGA 100/140 23 (309) ++ 48/29
FEEEETEEET ey
D61: GTTGTTACGACGGACGGTGATGp-5'
(f) D63: 5'-pACAATGCTGCCTGCCACTACGA 100/135 27 (301) + 59/14
FEEEETEEET ey
D61: GTTGTTACGACGGACGGTGATGp-5'
(g) R63: 5'-pACAAUGCUGCCUGCCACUACGA 100/70 1 (242) + 70/29
(h) R61: 5'-pGUAGUGGCAGGCAGCAUUGUUG 100/70 12 (282) + 70/18
(i) R63: 5'-pACAAUGCUGCCUGCCACUACGA 100/140 80 (322) +4+++ 19/1
ARRI RN RRR IR 10/14 25 (213) ++ 46/29
R64: UGUUACGACGGACGGUGAUGCUp-5’
(j) R66: 5-'pACAAUGCUGUCUGCCACUACGA 100/140 81 (251) +++++ 19/0
FEEERTEEET ey 10/14 53 (261) ++ 41/6
R65: GUUGUUACGACAGACGGUGAUGp-5’
(k) R66: 5'-pACAAUGCUGUCUGCCACUACGA 100/140 88 (186) +++++ 12/0
AR IR
R61: GUUGUUACGACGGACGGUGAUGp-5’
(1) R63: 5'-pACAAUGCUGCCUGCCACUACGA 100/140 93 (245) +++++ 6/1
FEEEETEEE TR
R65: GUUGUUACGACAGACGGUGAUGp-5’
(m) R63: 5'-pACAAUGCUGCCUGCCACUACGA 100/140 21 (237) ++ 49/30
FEEEEEEEE  THrrrr 10/14 8 (297) + 86/6
R67: GUUGUUACGACAAACGGUGAUGp -5’
(n) Mock - —/—= 0 (216) - 70/30
(o) Noninjected - —/— 0 (123) - 89/11

2The names and the sequences of the oligonucleotides are indicated; DNAs are given in italics; mutations are underlined; sense strond is on top.
®The concentration of the sample used for injection.
°This amount is calculated on the assumption that 100 pl is actually transferred.
4Numbers of embryos injected.
eThis refers to Notch phenotypes (c)—(h) in Figure 1; +++++, almost exclusively strong phenotypes [(g),(h)]; ++++, strong phenotypes [(g),
(h)] > intermediate phenotypes [(d)-(f)], ++, predominantly intermediate phenotypes [(d)-(f)]; +, exclusively weak phenotypes [(c)] or intermedi-
ate [(d)].
‘These are embryos with various cuticle defects not attributable to loss of Notch function, as they are also seen in the control sample. Most frequent
phenotypes are head holes and thin cuticle (see Figure 1b). It is noteworthy that the frequency of these presumably late defects (head involution
and cuticle secretion) drops in the Notch RNAi samples. The likely reason is that the earlier Notch defect, which causes loss of cuticle, masks the
subsequent manifestation of these phenotypes that are intrinsic to our fly population.



1778 Current Biology Vol 11 No 22

Figure 1

Figure 2

Examples of Notch phenotypes induced. Anterior is always to the left.
(a) Almost wild-type embryo, ventral view. Seven ventral denticle
belts are evident in the abdominal segments. (b) An example of an
embryo with nonspecific effects. Note that although the segmented
trunk is present, there is a hole in the head region (arrow). (c~h)
Examples of Notch phenotypes: (c) weak phenotype with a small
ventral hole (arrow). (d—f) Intermediate phenotypes; note that embryo
(d) shows severe cuticle disruption in the posterior half (the site of
injection), while the anterior half is almost wild-type. (g,h) Strong
phenotypes with just small fragments of the dorsal cuticle remaining
(arrows); such phenotypes were induced predominantly by long
dsRNA and by phosphorylated siRNA cassettes. For a detailed view
of which RNA induced which class of phenotype, see the explanation
of footnote “e” in Table 1; for more information on Notch, see the
Supplementary material available with this article online.

cannot distinguish whether the reduced efficiency is a
general property or whether the phosphorylated 5’ termi-
nus simply provided protection against exonucleases. It is
noteworthy that the phosphorylated cassette had a higher
penetrance ata 10-fold dilution compared to the undiluted
nonphosphorylated dsRNA cassette (Table 1b,c), but un-
der these conditions, its expressivity was slightly lower.

Induction of RNA silencing for the hedgehog gene
To test for the specificity and the general applicability
of inducing RNAI, we used a second synthetic phosphory-

Examples of hh phenotypes induced by a synthetic dsRNA. The two
oligonucleotides used were 5’-pUCCAUCUCCGCAAUCCCGC
AAG-3’ and 5'-pUGCGGGAUUGCGGAGAUGGAGC-3'. The
photograph was taken with dark field optics to make denticles
prominent. Anterior is always to the left. (a) Ventral view of a wild-
type embryo. Note the segmentally repeated denticle belts. (b)
Ventral view, (c) lateral view of representative hh RNAi embryos. Note
the absence of mouthpart structures and the coalescence of ventral
denticles in an almost continuous lawn compared to the metameric
pattern of the embryo in (a). The partial modulation in the width of
denticle belts represents a vestige of segmentation, which is not due
to incomplete inactivation of hh, as it is also observed in homozygous
hh null embryos. For more information on hh, see the Supplementary
material.

lated RNA cassette of the same general design, this time
directed against the Jedgehog (hh) gene (Figure 2). At a
concentration of 100 wM, the 44 dsRNA cassette induced
a strong mutant phenotype in 88% of the 268 injected
embryos. As for Nozch, the strength of the observed pheno-
type suggested complete silencing of the /44 gene.

RNA/DNA hybrids

According to current models, the antisense RNA confers
sequence specificity upon the RNAi-mediated RNA deg-
radation process [17, 25, 26]. In view of this, we next
tested to what extent one of the RNA strands of the
Notch siIRNA cassette could be substituted by DNA. The
combination DNA sense/RNA antisense was the most
promising, since it left the antisense RNA intact. How-



ever, substitution of either sense or antisense strand by
DNA resulted in a dramatic drop in both penetrance and
expressivity of the Nozc/h phenotypes (Table 1d,e) to levels
comparable to those obtained with ordinary antisense
RNA (Table 1h). A phosphorylated dsDNA cassette had
an even weaker effect (Table 1f), inducing only a very
mild Notch phenotype that had not been observed with
any of the other samples tested (Figure 1c).

The influence of the termini of synthetic RNAs
on RNA silencing

Subsequently, we tested whether the 3’ protruding ends,
as generated by RNase III [24], are required. It was re-
ported that blunt-ended RNAs were less active in insect
tissue culture [20]. Further, Parrish et al. reported that a
synthetic blunt-ended 26mer dsRNA was about 250-times
less effective than an 81mer dsRNA [26], although a
26mer might be too large to act as a siRNA. In our case,
we observed after injection with a blunt-ended RNA cas-
sette an increased number of viable embryos (Table 1b,i)
and, in accordance with this, a reduced expressivity. At
10-fold dilution, it became evident that this construct was
less active than the proper siRNA. Thus, the protruding
3" ends are not mandatory to elicit RNAi; although, in
our case, the difference was not as pronounced as reported
earlier. A potential difference to the blunt-ended cassette
used previously [20, 26] is the presence of the 5’ phos-
phate in our construct.

The influence of mutations within synthetic RNAs
on RNA silencing

Finally, we tested several RNA cassettes that carried mu-
tations. In the first example, it was our intention to intro-
duce a single nucleotide exchange that would interfere
as much as possible with substrate binding. Therefore,
the mutation was positioned centrally (‘Table 1j) and was
simultaneously introduced into the sense and the anti-
sense strand, so that the RNA cassette remained double
stranded. In previous reports, nonmatching nucleotides
greatly impaired the silencing potential when introduced
to the antisense strand of longer dsRNAs [17, 26]. T'o our
surprise, this synthetic cassette was also able to induce a
strong Nofch phenotype with high penetrance (Table 1j),
indicating that a perfect match to the target RNA is not
necessary to initiate the RNAi response. The 10-fold-
diluted sample was still active, but penetrance and, in
particular, expressivity were reduced. Next, we tested
cach of these mutated sense and antisense RNAs in com-
bination with the wild-type sequence (Table 1k,1). Either
of the combinations, characterized by a G:U pair or a
mismatch, was highly active. As a third example, we tested
an RNA cassette with a double mutation in the antisense
strand paired with the nonmutated 22mer. Even this RNA
construct, with its central bulge loop, had some silencing
potential (Table 1m). However, both penetrance and ex-
pressivity dropped significantly compared with the single
mutant. It will require a more detailed analysis to deter-
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mine at what position and to what degree sequence devia-
tions can be tolerated without loss of silencing function.

Conclusions

In this report, we have demonstrated that phosphorylated
siRNAs can replace longer dsRNA to induce RNAI in an
insect with comparable efficiency. During the review of
this manuscript, Caplen et al. [27] reported that synthetic
RNAs inhibit gene expression in Caenorhabditis elegans.
However, the organisms differ in their response to syn-
thetic RNA. While 89% of the progeny broods of dsRNA-
treated worms showed a decrease in gene function, only
16.3% showed a decrease when a 25mer siRNA was used.
Reduction of the nucleotide number to 24 and 23 reduced
that portion to 3.6% and 1.4% (2 out of 145 animals),
respectively. That is at variance with the situation that
we observe for Drosophila, in which siRNAs have activity
comparable to that of dsRNAs. A potential difference is
the fact that we directly score the injected embryos. Fur-
ther, we found that not all aspects of the RNase III prod-
uct mimic are absolutely necessary. Neither the 3’ pro-
truding ends nor the 5’ phosphate are mandatory, but both
modifications are advantageous, since they strengthen the
silencing potential of the synthetic RNA.

The observation that the inducing mechanism does not
require perfect homology has consequences not only for
the practical usage of synthetic cassettes in gene silencing,
but it also allows us to envisage that there is crosstalk
between genes. It is conceivable that a particular siRNA
originating from a silenced gene may silence a second
gene. An extensive overall sequence similarity of the two
genes would not be necessary; short similar sequence
domains of either polarity would be sufficient. This might
turn out to be a naturally occurring way of gene regulation,
especially during development. Further, in plants, an im-
pact of short RNAs on transcriptional gene silencing
(T'GS) has been demonstrated. It was shown that the
expression of dsRNA may result in promoter methylation
[28, 29], and recent data suggest that short RNAs direct
de novo methylation of homologous DNA [30]. In view
of leaky sequence requirements for the induction of RNAi
by short RNAs, it is possible that neither RNA-directed
methylation requires strict sequence identity.

"The use of synthetic RNAs to induce RNA silencing will
drastically simplify approaches for the systematic genera-
tion of mutant phenotypes in order to assign gene function
in Drosophila, such as that already carried out for C. elegans
[31, 32]. It needs to be tested whether and to what extent
synthetic RNA cassettes are capable of inducing gene
silencing in other organisms, including mammals; how-
ever, our initial attempts to induce RNAI in mouse were
not successful (unpublished data).
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Supplementary material
Supplementary material describing Materials and methods and mu-

tant

phenotypes is available at http://images.cellpress.com/supmat/

supmatin.htm.
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