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ABSTRACT

Specific silencing of target genes can be induced in a variety of organisms by providing homologous
double-stranded RNA molecules. In vivo, these molecules can be generated either by transcription of
sequences having an inverted-repeat (IR) configuration or by simultaneous transcription of sense-antisense
strands. Since IR constructs are difficult to prepare and can stimulate genomic rearrangements, we
investigated the silencing potential of symmetrically transcribed sequences. We report that Drosophila
transgenes whose sense-antisense transcription was driven by two convergent arrays of Gal4-dependent
UAS sequences can induce specific, dominant, and heritable repression of target genes. This effect is not
dependent on a mechanism based on homology-dependent DNA/DNA interactions, but is directly trig-
gered by transcriptional activation and is accompanied by specific depletion of the endogenous target
RNA. Tissue-specific induction of these transgenes restricts the target gene silencing to selected body
domains, and spreading phenomena described in other cases of post-transcriptional gene silencing (PTGS)
were not observed. In addition to providing an additional tool useful for Drosophila functional genomic
analysis, these results add further strength to the view that events of sense-antisense transcription may
readily account for some, if not all, PTGS-cosuppression phenomena and can potentially play a relevant

role in gene regulation.

ETHODS of gene silencing are presently at-
tracting great interest, as they provide valuable
approaches to the genome functional analysis. Double-
strand RNA (dsRNA) is a powerful signal able to induce
gene-specific silencing, a phenomenon known as RNA
interference (RNAi). RNAi represents a powerful tool
for obtaining targeted disruption of a given gene func-
tion, overcoming either the need for mutants or the
knowledge of a complete and detailed gene structure.
Initially observed in Caenorhabditis elegans (FIRE et al.
1998; MONTGOMERY et al. 1998), this method has been
demonstrated to be effective in virtually any organism,
from protozoa to plants and animals (reviewed by FIRE
1999; BosHER and LABouEksst 2000; HAMMOND et al.
2001). Although its overall pathway and its physiological
role remain to be fully elucidated, it is well established
that RNAI represses gene expression by eliciting specific
degradation of the homologous target mRNA and thus
represents a mechanism of post-transcriptional gene si-
lencing (PTGS; reviewed by FIRE 1999; Smarp 1999;
SHARP and ZAMORE 2000; S1jEN and KOOTER 2000). Some
events of cosuppression, a phenomenon in which the
introduction of transgenes silences homologous chro-
mosomal loci, similarly require an RNA effector mole-
cule and have thus been classified as PTGS phenomena
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(reviewed by MONTGOMERY and FIRE 1998; BIRCHLER
et al. 2000). Links between cosuppression and RNAi
have been envisaged at both the genetic and molecular
level in both animals and plants (see FAGARD et al. 2000;
KeTTING and PLASTERK 2000), supporting the sugges-
tion that some examples of PTGS-cosuppression may
rely on the production of dsRNA molecules via read-
through transcription starting from a fortuitous pro-
moter flanking the site of insertion (MONTGOMERY and
Fire 1998). This hypothesis implies that a transgene
able to produce dsRNA molecules by means of sense-
antisense transcription might be able to trigger the si-
lencing of the endogenous homologous loci. We have
investigated this possibility, with the aim of establishing
whether this type of transgene could provide an addi-
tional tool useful for functional genetic studies. In fact,
although RNAIi can rapidly and simply be induced by
injections of specific dsRNA into living organisms, this
experimental approach has a number of disadvantages,
given that the interference with gene expression may
be transient and genes expressed in later stages of devel-
opment cannot be inactivated (KENNERDELL and CAR-
THEW 1998; MONTGOMERY ¢t al. 1998; M1sQuITTA and
PATERSON 1999; WiaNNY and ZErRNICKA-GOETZ 2000).
In organisms for which transgenic technology is avail-
able, these problems have recently been circumvented
by using heritable transgenes having an inverted-repeat
(IR) configuration, which are able to produce dsRNA
molecules in vivo as extended hairpin RNA. These trans-
genes have already been used to generate efficient RNAi
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in several organisms, such as C. elegans (TAVERNARAKIS
et al. 2000), Trypanosoma (BASTIN et al. 2000; SHI et al.
2000), Drosophila (ForTIER and BELOTE 2000; KENNER-
DELL and CARTHEW 2000; LaM and THUMMEL 2000;
MARTINEK and YOUNG 2000), and plants (CHUANG and
MEeyEROWITZ 2000; SMITH et al. 2000). However, some
IR constructs may be difficult, if notimpossible, to clone.
Moreover, genomic IR sequences are mitotically unsta-
ble and stimulate rearrangements in eukaryotic cells
(LEacH 1994; Br and Liu 1996; LoBACHEV et al. 2000),
raising the possibility that IR transgenic lines may be
characterized by genetic instability. High rates of struc-
tural instability have in fact been reported for palin-
dromic transgenes in mice, where mitotic mosaicism
and rearranged versions of the transgene have been
detected in the progeny (COLLICK ef al. 1996; AKGUN et
al. 1997; LEwis el al. 1999; WALDMAN el al. 1999). To
avoid these problems, we have investigated the silenc-
ing potential of constructs designed to generate Gal4-
dependent simultaneous transcription of both sense-
antisense strands. We report here that, in Drosophila,
these transgenes are capable of repressing gene activity
in vivo, in the transformed adult flies. According to the
expression pattern of the Gal4line used as driver, RNAi
can be induced ubiquitously, or in selected tissues at
specific developmental times, and the silencing effect
is not significantly spread to the neighboring cells. In
addition, to extend the potential of RNAi’s applications,
our results add further strength to the view that sponta-
neously occurring transcription of sense-antisense strands
can potentially play a relevant role in the regulation of
gene expression and support the hypothesis that un-
intended symmetrical transcription causing aberrant
dsRNA formation may readily account for some, if not
all, PTGS-cosuppression phenomena.

MATERIALS AND METHODS

Plasmid construction: To prepare the Sym-pUAST-w con-
struct, the Drosophila transformation pUAST vector (BRAND
and PERRIMON 1993) was modified by sequential insertion of
three genetic cassettes. In a first cloning step, we duplicated
the SV40 polyadenylation region, by inserting a pUAST-derived
871-bp BamHI-SV40-BamHI polyadenylation cassette into the
BamHI site of the partially digested pUAST vector, upstream
of the UAS array, and with opposite orientation with respect
to the SV40 polyadenylation sequence originally present in
the vector. In a second step, we duplicated—with opposite
orientation—the five-copy array of the UASactivating sequence,
by directionally inserting a pUAST-derived 364-bp Xbal-UAS-
Xhol cassette into the unique Xbal/ Xhol sites of the previously
obtained construct. After the insertion of these two genetic
cassettes, the pUAST cloning polylinker carried on both sides
two identical but oppositely oriented regulatory regions, each
composed of a five-copy array of the UAS-activating sequence
coupled with an inversely oriented SV40 polyadenylation site.
In a third step, a 1.4-kb EcoRI-white-EcoRI cassette, containing
an exon-rich genomic fragment of the Drosophila white (w)
gene, was ligated into the unique EcoRI site between the two
inverted UAS-SV40 sequences. The BamHI-SV40-BamHI, Xbal-

UAS-Xhol, and EcoRI-u-EcoRI (from nucleotides 10886 to 12222
of GenBank accession no. X02974) cassettes represent PCR-
amplified fragments obtained using, respectively, the follow-
ing pairs of primers: BamHI-5'SV40 (5-TACGGATCCGATCT
TTGTGAAGGAACC-3') and BamHI-3'SV40 (5'-ATCGGATCCA
CTAAGGCCTTCTAGTGG-3"); Xbal-5'UAS (5'-TATCTAGACT
TGCATGCCTGCAGGTC-3") and Xhol-3' UAS (5'-TACTCGAG
AGTTCTCTTCTTGTATTC-3'); EcoRI-5"w (5'-TCTGAATTCG
CAGAGCTGCATTAAC-3") and EcoRI-3'w (5'-ATTGAATTCC
TTGAGCACCGACAG-3"). All PCR-amplified fragments were
cloned in pBluescript or pUCIS in appropriate orientation for
subsequent manipulations. To obtain the pUAST-IR-w and
PpUAST-IR,-w constructs, inverted repeats of the wcassette were
initially generated in pBluescript and then cloned in the pUAST
vector according to the following steps. First, a pBluescript plas-
mid containing the 1.4-kb FEcoRI-uwEcoRI cassette (pBSI.4w
clone) was digested with BamHI and HindIII and the resulting
wfragment was cloned into the corresponding restriction sites
of pUCI8 vector, to give the pUCI.4w clone. This clone was
digested with Kpnl and HindIll, and the 1.4-kb w resulting frag-
ment was inserted into the corresponding sites of the pBSI.4w
clone, obtaining a construct with two copies of the 1.4-kb w frag-
ment arranged as tail-to-tail repeats (pBS-IRw clone). A second
construct (pBS-IR,w clone) was subsequently generated by
inserting a 200-bp PCR-amplified fragment of the Escherichia
coli lacZ gene into the EcoRV restriction site of the pBS-IRw
clone. The lacZ DNA spacer was amplified using the primers
EcoRV-lacZb' (5'-ATTGATATCTGTATGAACGGTCTGGTC-3")
and EcoRV-lacZ-3" (5'-ATTGATATCCAGCGCCACCATCCAG
TGC-3"). Finally, the pUAST-IR-w and PpUAST-IR-w transgenes
were generated by individually inserting the spaced or perfect
wIRs (from the pBS-IR,,w and the pBS-IRw clone, respectively)
as Kpnl/Xbal fragments into the corresponding restriction
sites of the pUAST vector. The transformation constructs used
to transcribe in vivo only the sense (pUAST-w,) or the antisense
strand (pUAST-w,,) of the w cassette were obtained by inserting
the 1.4-kb EcoRI-w-EcoRI DNA fragment into the unique EcoRI
site of the pUAST vector and subsequently recovering recombi-
nant clones in both orientations.

The Sym-pUAST-mfl construct was obtained by substituting
the 1.4-kb EcoRI-urEcoRI cassette of the Sym-pUAST-w transgene
with a 1.7-kb PCR-generated EcoRI-minifly-EcoRI cassette. This
fragment, corresponding to nucleotides +619 to +2327 of the
mfl gene (GenBank accession no. AF097634), was obtained by
using as primers the EcoRI-5'mfl (5'-ATGAATTCAAGTACG
CAAGGAGAAGA-3") and EcoRI-3" mfl (5'-TAGAATTCGTGTT
TTTCATTGGG-3') oligonucleotides. Structure of each cloned
construct was verified by a combination of PCR amplification,
restriction mapping, and DNA sequencing. In all the experi-
ments involving construction of clones containing inverted
repeats, the E. coli SURE strain (Stratagene, La Jolla, CA) was
used as a bacterial host capable of tolerating IRs; the DH5«
strain was utilized in the other cases.

Drosophila strains and P-mediated transformation: The ge-
netic markers and chromosomes used in our experiments are
described in LINDSLEY and ZimM (1992); most of the stocks
were from Bloomington Drosophila Stock Center. In the Gal4
expression-defective Act5Cy*-Gal4strain, the P(Act5Cy* -Gal4)
transposon was inserted on the second chromosome and car-
ried a functional copy of the yellow (y) gene, flanked by two
FRT target sites of the FLPrecombinase, between the Actin5C
promoter and the Gal4 gene (ITo et al. 1997). The Gal4-
producing Act5C-Gal4 strain was obtained from the Act5Cy"-
Gal4 stock by in vivo FLP-mediated excision of the y gene (ITo
et al. 1997). Pelement-mediated germline transformation and
insertion mapping were performed as previously described
(GIORDANO et al. 1999). In all Drosophila transgenic lines,
integrity and in vivo stability of the IR-containing constructs
were verified by Southern blot experiments.
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Cloning techniques, DNA and RNA analysis, and in situ
hybridization: Basic cloning techniques, DNA and RNA extrac-
tion, PCR amplifications, labeling, and sequencing techniques
were carried out essentially according to SAMBROOK et al.
(1989). For Southern blot genomic analysis, 5 pg of BamHI-
digested DNA was electrophoresed, transferred to Hybond-
NX (Amersham, Arlington Heights, IL) filters, and hybridized
using the 1.4-kb w cassette as probe. For each transgenic line,
four DNA samples, each derived from a pool of 30 adult flies,
were examined. For Northern blot analysis, 3 pg of poly(A)*
or 5 pg of total RNA were electrophoresed and transferred
to Hybond-NX (Amersham) filters for hybridization. Single-
stranded probes spanning w exons 2-4 were generated by
asymmetrical PCR reactions utilizing forward or reverse M13
primers and the pBSI.4w clone as template. Endogenous w
mRNA was analyzed by poly(A)™ Northern blot experiments
using as probe a w genomic fragment external to the 1.4-kb
w cassette, spanning the w exons 5 and 6 (from coordinates
12490 to 13230 of GenBank accession no. X02974). In situ
hybridizations were performed as previously described (GIor-
DANO et al. 1999). RNA quantitative analyses were carried out
with ImageQuaNT software and the Molecular Dynamics (Sun-
nyvale, CA) Phosphorlmager.

Eye pigment determination: Eye pigment determination
assays were performed on the F, heterozygous females of
straight-wing phenotype, derived, respectively, from the crosses
between w'; P(Act5C-Gal4)/CyO or w"; P(Act5Cy"-Gal4) /CyO vir-
gin females and males of generic w'''"% P(UAS)/CyO genotype,
where the P(UAS) symbol indicates the appropriate UAS con-
struct, as described in Figure 3B. To quantify the eye pigment,
virgin females of the appropriate phenotypic class were col-
lected, aged for 5 days after eclosion, and frozen in liquid nitro-
gen. Heads were manually dissected and pooled, and the pig-
ments were extracted according to ASHBURNER (1989b). For
each genotypic class, the extraction was performed from 5 heads
if flies displayed red eyes or from 15 heads if eyes were orange
or light yellow. Pigment absorption was measured at 450 nm;
five extractions were performed for each genotypic class, and
the mean values of the absorption per head were calculated.

RESULTS AND DISCUSSION

Construction and effectiveness of the Sym-pUAST-w
transgene: To investigate the potential of symmetrical
transcription in producing RNAi we constructed Dro-
sophila heritable transgenes able to generate dsRNA
molecules by simultaneous transcription of both strands.
To take advantage of the yeast Gal4/UAS binary system
to modulate the expression of these transgenes, we mod-
ified (see MATERIALS AND METHODS) the previously de-
scribed pUAST vector (BRAND and PERRIMON 1993) in
a way that its cloning polylinker was flanked on both
sides by two identical but oppositely oriented regulatory
regions, each composed of a five-copy array of the UAS
activating sequence coupled with an inversely oriented
SV40 polyadenylation site. The obtained construct was
thus able to drive simultaneous transcription of both
sense-antisense strands of a given DNA insert from two
convergent arrays of the Gal4-responsive UASregulatory
elements. The silencing potential of this type of con-
struct was first tested by preparing Sym-pUAST-w (sym-
metrically transcribed pUAST-w), a transgene contain-
ing a 1.4-kb genomic segment spanning exons 2—4 of

the Drosophila white (w) gene. This transgene, whose
structure is depicted in Figure 1A, would symmetrically
transcribe a genomic segment of the w gene, reproduc-
ing an event of read-through transcription whose occur-
rence has been invoked as a possible cause of PTGS-
cosuppression events (MONTGOMERY and FIRE 1998).
The w gene was chosen because the UAS- and Gald-
bearing transposons both included a copy of the w
coding sequence (Figure 1A), usually referred to as
mini-white (mini-w), whose expression level can easily
be followed phenotypically, and can thus provide an
ideal target for the silencing effect. mini-w elements
that are transcribed from their own promoter are in
fact routinely utilized as selectable gratuitous transfor-
mation markers (see ASHBURNER 1989a), since in a w
mutant background their expression represents the
unique source of the eye pigmentation and directly es-
tablishes the eye color of the fly. In a first set of experi-
ments, we thus utilized strains having a w'''® (a white partial
deletion) genotype, so that their eye pigmentation was
entirely dependent on the expression of the mini-wreport-
ers. mini-w elements are known to generate different
eye-color phenotypes depending on the specific trans-
poson’s insertion site in the genome. In our experi-
ments, we obtained three independent transformed lines
carrying a single-copy insertion of the Sym-pUAST-w trans-
gene on the second chromosome; as a consequence of
the position effect, all had faintly pigmented eyes. These
lines were then mated to the Act5C-Gal4 strain, which
expresses the Gal4 activator gene under the control of
the constitutive Actin5C promoter (ITo et al. 1997), to
activate ubiquitously the symmetrical transcription of
the transgene in the F, progeny. In this cross, the two
parental strains had markedly different eye-color pheno-
types, that is, pale yellow for Sym-pUAST-w and orange
for Act5C-Gal4 (see Figure 1B). Given that the simultane-
ous presence of two independent mini-w elements is
known to have additive effects on eye color (LEvIS et al.
1985), the F, progeny were expected to have more in-
tense eye pigmentation than each parental, unless the
transcriptional activity of the Sym-pUAST-w transgene
was able to silence the expression of the mini-w report-
ers. We thus analyzed the F, progeny, comparing for
the eye-color phenotype the Act5C-Gald/Sym-pUAST-w
transheterozygous females to their daughters of Sym-
pUASTw/CyO and Act5C-Gal4/ CyO genotypes, which car-
ried, respectively, only one of the two parental transpo-
sons. Only the F, females were carefully compared, to
avoid any effect related to dosage compensation of the
mini-welements. Interestingly, phenotypic analysis showed
thatall the Act5C-Gal4/ Sym-pUAST-wF, females had light
yellow eyes (see Figure 1B) and thus exhibited a strong
silencing of the mini-w expression. No additional or
abnormal phenotype was observed in these silenced
flies, suggesting that the silencing was sequence specific.
The effect was also stably maintained during the entire
adult life and identically reproduced in hybrids having
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F1GURE 1.—Transcriptional activation of the Sym-pUAST-w transgene triggers phenotypic silencing of the mini-w reporters. (A)
Diagram of the genetic crosses performed to test the silencing potential of the Sym-pUAST-w transgene, whose schematic organiza-
tion is depicted on the right. Sym-pUAST-w transgenic lines (on the right) were mated to the Act5C-Gal4 strain, which expresses
the Gal4 activator gene under the control of the constitutive Actin5C promoter, to induce ubiquitous symmetrical transcription
of the transgene in the F, progeny. Crossing to the Act5Gy*-Gal4 line, which carries a Gal4-defective transposon, was used as a
negative control. As shown in the scheme, the Sym-pUAST and the Gal4-producing or nonproducing transposons all carry a copy
of the mini-w gene, whose expression can easily be followed at the phenotypic level in a w mutant background. (B) The
transcriptional activation of the Sym-pUAST-w transgene in the Sym-pUAST-w/Act5C-Gal4 F, transheterozygous females (middle)
causes phenotypic silencing of the mini-wreporters. Phenotypes of daughters of Sym-pUAST-w/CyO and Act5C-Gal4/ CyO genotypes,
respectively, are shown at left and right. (C) Absence of silencing is instead observed in Sym-pUAST-w/Act5Cy*-Gal4 trans
heterozygous females (middle), in which the transcription of the transgene is not activated. In fact, phenotypic comparison of
these individuals with their daughters of Sym-pUAST-w/CyO and Act5Cy+-Gal4/ CyO genotypes (left and right) indicates that they
exhibit the expected additive effect on the eye pigmentation. (D) Northern blot analyses of total RNA preparations confirm
that sense and antisense strands of the w cassette are both actively transcribed in the silenced (Sym-pUAST-w/Act5C-Gal4), but
notin the unsilenced transheterozygotes (Sym-pUAST-w/Act5CGy"-Gal4). A probe corresponding to the gene encoding the Drosoph-
ila rp49 protein was also utilized to control the amount of RNA (5 pg) loaded in each lane.

different genomic insertions of the Sym-pUAST-w trans- on Gal4 transcriptional activation: A crucial point was
gene. that of establishing whether the silencing effect exerted
Sym-pUAST-w-mediated gene silencing is dependent by Sym-pUAST-w was induced by homology-dependent
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DNA/DNA interactions (reviewed by SELKER 1999; BIrRCH-
LER et al. 2000) or instead was directly dependent on
the transcriptional activation of the transgene. To assess
this point, we crossed the Sym-pUAST-w lines to Act5C
y"-Gal4 flies, which carry a Gal4-defective transposon.
The Act5Cy*-Gald/ Sym-pUAST-w heterozygous females
provided an ideal control of the eye-color phenotype in
the absence of Sym-pUAST-w transcriptional activation,
since the Act5C-Gal4 line was originally obtained from
the Act5CGy*-Gal4 strain after FRT/FLP-mediated exci-
sion of y* sequences (ITo et al. 1997). This excision
event rescued Gal4 function without altering the level
of expression of the transposon’s mini-w reporter, so
that the Act5CGy*-Gal4 and Act5C-Gal4 flies exhibited
identical eye-color phenotype (see Figure 1, B and C).
Strikingly, Sym-pUAST-w/Act5Gy"-Gal4 transheterozygotes
all showed an additive effect on the eye pigmentation,
as expected in the absence of any silencing effect (see
Figure 1C). This observation indicated that the tran-
scriptional activation of the Sym-pUAST-w transgene was
actually responsible for the mini-w silencing. Northern
blot analysis of total RNA preparations confirmed that
the transgene was actively expressed in the silenced flies,
where both sense and anti-sense transcripts accumu-
lated at high levels, whereas it was completely inactive
in the Sym-pUAST-w/ Act5Cy"-Gal4 controls (Figure 1D).
Finally, when the Act5C-Gal4 element was combined with
transgenes transcribing only the sense (pUAST-w;, con-
struct) or the antisense (pUAST-w, construct) strand of
the 1.4-kb winsert, no appreciable silencing was observed
(data not shown; see below, Figure 3B). Hence, all the
data are compatible with the view that the mini-w pheno-
typic silencing is triggered by the active synthesis of w
dsRNA molecules, which might possibly be recruited by
the RNA interference pathway.

To test whether the Sym-pUAST-induced RNAi could
appropriately be modulated by means of the Gal4/UAS
system, we analyzed the phenotype of the progeny gen-
erated by crossing the Sym-pUAST-w lines to strains ex-
pressing Gal4 under the control of various promoters.
In these crosses we also wished to check whether the
Sym-pUAST-w transgene could effectively disrupt the ex-
pression of a wild-type genomic copy of the w gene, so we
kept the Sym-pUASTw transgenic lines in w*/w" genetic
background, to generate a female progeny having a
w/w* heterozygous genotype. Despite the increased dos-
age of the target, we observed a dramatic reduction of
the eye pigment level in Sym-pUAST-w/B-tub-Gal4 trans-
heterozygotes, which expressed the Gal4 gene under
the control of the strong ubiquitous B-tubulin promoter
(see Figure 2). Two strains in which Gal4 expression
was restricted to specific cell types were also tested as
drivers. In these strains, Gal4 expression was under the
control of the elav or the sevenless (sev) promoter, respec-
tively. The elav promoter, which directs persistent Gal4
expression in ommatidial photoreceptor cells (LiN and
GoopmaN 1994), triggered an appreciable silencing of

ptub-Gald

03

SBI’-GQQ

F1GUrE 2.—Gal4-dependent silencing of the endogenous w
gene. Phenotypes of w* /w heterozygous females in which the
Sym-pUAST-w transgene was either inactive (left) or activated
by B-tub-Gal4, sev-Gald, or elav-Gal4 drivers, respectively, are
shown. According to the promoter’s strength, a strong silenc-
ing is observed in Sym-pUAST-w/ tub-Gal4 heterozygotes, whereas
Sym-pUAST-w/ elav-Gal4 individuals exhibited only a weak dis-
ruption of w expression. The variegated phenotype observed
in Sym-pUAST-w/ sev-Gal4 flies (inset) is in good agreement
with the restricted expression pattern imposed on the Gal4
gene by the sev promoter.

the wgene in the Sym-pUAST-w/ elav-Gal4 heterozygotes.
In contrast, the sev promoter, which drives transient
Gal4 expression in a subpopulation of ommatidial pre-
cursor cells (BRUNNER ¢t al. 1994), was unable to induce
a detectable reduction of the wild-type red color. How-
ever, we noted that Sym-pUAST-w/sev-Gal4 heterozygotes
had red/brown-mottled eyes (Figure 2; see inset), a pheno-
type highly reminiscent of that of individuals showing
position-effect variegation at the w locus (BIRCHLER ef al.
1994), whose eyes are characterized by small flecks of
red- and brown-pigmented ommatidia. This variegated
phenotype is expected if w silencing occurred in a re-
stricted population of photoreceptor progenitor cells
and thus fits nicely with the pattern of Gal4 expression
in these heterozygous flies. Moreover, it reveals that
even a transient expression of the Sym-pUAST-w trans-
gene is capable of interfering appreciably with gene
expression and thus generates noticeable adult pheno-
types. This is consistent with the long-term effects of
RNAIi observed in several organisms (FIRE 1999). Taken
together, the results obtained support the conclusion
that symmetrically transcribed transgenes can effectively
be utilized to block the expression of endogenous genes
and may thus represent a useful tool for the functional
analysis of the Drosophila genome.

Phenotypic comparison of flies silenced by IR or sym-
metrically transcribed w transgenes: A method to ex-
press dsRNA molecules as extended hairpin RNA has
recently been reported to be capable of generating effi-
cient RNAI in Drosophila (FORTIER and BELoTE 2000;
KeENNERDELL and CARTHEW 2000; LAM and THUMMEL
2000; MARTINEK and YounG 2000; PicciN et al. 2001).
According to this method, dsRNA can be produced from
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transgenes exhibiting dyad symmetry. However, this ap-
proach is complicated by the fact that IR constructs may
be difficult to clone in E. coli (CoLLINS 1981). Also, in
eukaryotes, from yeast to mammals, IR sequences are
unstable and undergo genetic rearrangements (see LEACH
1994; WALDMAN et al. 1999; LoBACHEV et al. 2000). In
mice, palindromic transgenes show high rates of struc-
tural instability, which is associated with the presence
of an inverted repeat within each transgene (COLLICK
et al. 1996; AKGUN et al. 1997; LEWIS et al. 1999; WALDMAN
et al. 1999). Rearranged versions of IR transgenes are
generated at high frequency, and this aspect might com-
plicate the analysis of knock-out or knock-down experi-
ments. Symmetrically transcribed transgenes are instead
expected to be prepared more easily and maintained
more stably and can thus provide a convenient alterna-
tive approach, if it is established that they can induce
RNAIi at a comparable efficiency. With the aim of car-
rying out a quantitative comparison between the silenc-
ing effect induced by IR and symmetrically transcribed
transgenes, we prepared two types of IR w constructs. In
a first type, named pUAST-IR,-w, two inverted repeated
copies of the same 1.4-kb wsegment carried by the Sym-
pUAST-w transgene were inserted downstream of the
UAS regulatory elements, with 200 bp spacing. In a sec-
ond type, named pUAST-IR-w, the same IRs were in-
serted without spacing, to produce a perfect snap-back
RNA (Figure 3A; see MATERIALS AND METHODS).

Several independent lines carrying a single-copy inser-
tion of each IR construct on the second chromosome
were then obtained. Among them, we selected for each
type of IR transgene two lines having an eye-color phe-
notype similar to that displayed by those carrying Sym-
pUAST-w, to facilitate the phenotypic comparison of F,
flies resulting by individually combining each transgene
with the Gal4-producing or nonproducing transposons.
To enhance the sensitivity of the assays, the phenotypic
and quantitative analyses were again performed on F,
females having the w/wt heterozygous genotype, who
thus carried, in addition to the two mini-w transposons,
a wild-type genomic copy of the w gene. When in com-
bination with the Act5C-Gal4 active element, the Sym-
pUAST-w, pUAST-IR;w, and pUAST-IR-w transgenes all
induced an appreciable reduction of the eye pigmenta-
tion compared to that of their Gal4-defective sibling
controls (Figure 3A, compare Gal4+ and Gal4— lanes
in each panel). Flies carrying either of the two types of
IR transgenes appeared to be more strongly silenced,
although those carrying the pUAST-IR-w construct were
remarkably heterogeneous at the phenotypic level (Fig-
ure 3A, compare top and bottom). Moreover, we noted
that a fraction of these flies exhibited a variegated eye-
color phenotype, mainly characterized by the presence
of darker red patches (Figure 3A, see arrow) on a less
pigmented, orange background. Size and position of
the patches varied among individuals, suggesting that
w mosaicism occurred throughout development.

Quantitative estimate of the silencing effect induced
by IR or symmetrically transcribed w transgenes: To es-
timate the silencing efficiency of each type of transgene,
we determined the eye pigment content in the three
types of silenced and control hybrid females. Although
the eye color was only slightly reduced in the Sym-pUAST-w
transgenic lines, the red pigment content was reduced
to ~10% with respect to the controls (Figure 3B). This
discrepancy is apparent only because, as reported in the
literature, variation in the eye pigment level cannot be
easily appreciated visually (ZIEGLER-GUNDER and Ha-
DORN 1958; GREEN 1959; MACKENZIE et al. 1999). The
pigment amount was reduced even further in flies ho-
mozygous for a third chromosome Sym-pUAST-w inser-
tion (Figure 3B, line 7b), indicating that the silencing
effect is reinforced by increasing the transgene dosage.
In contrast, the transgenes transcribing only the sense
(pUAST-w, construct) or the antisense (pUAST-w,, con-
struct) strand did not induce any significant reduction
of the pigment amount, consistent with the view that
the genetic silencing is dependent on the production
of dsRNA. As already indicated by the phenotypic analy-
sis, the eye pigment content was more drastically reduced
in the pUAST-IR ;w and pUAST-IRw silenced flies, where
it was found, respectively, to be ~2 and 3% of the con-
trols. We then checked, by Northern blot analysis, whe-
ther the gene silencing triggered by the Sym-pUAST-w
transgene was paralleled by depletion of the homolo-
gous target mRNA. To detect specifically the endoge-
nous w mRNA, we used a probe derived from w mRNA
sequences not included in the SympUAST-w transgene.
As shown in Figure 3C, the level of the endogenous w
mRNA was reduced to ~24% of the controls in these
silenced flies and, more drastically, to ~9% in those
expressing the pUAST-IR,-w transgene. Thus, all the re-
sults obtained indicate that Sym-pUAST-w can actively
silence the endogenous copy of the w gene, although
it is less effective (approximately threefold) than the
corresponding IR transgenes. One of the factors lim-
iting the efficiency of the Sym-pUAST-w construct might
be the collision of polymerases during simultaneous
transcription on both strands. However, we noted that
Sym-pUAST-w sense and antisense transcripts were pro-
duced ata quite appreciable level (see Figure 1D). Thus,
it is more likely that only a minor fraction of the sense-
antisense RNA molecules produced by this transgene
anneal to form dsRNA and that this may limit its silenc-
ing efficiency. Accordingly, our findings that the Sym-
PpUAST-w effectiveness can be modulated by the strength
of the Gal4 promoter, and reinforced by increasing the
transgene dosage, support the hypothesis that the amount
of dsRNA molecules produced may be a limiting factor.
It is noteworthy that these effects have been reported
also for IR transgenes (P1ccIN et al. 2001), in spite of
the fact that a very limited number of dsRNA molecules
are sufficient to induce RNAi when injected in Drosoph-
ila embryos (KENNERDELL and CARTHEW 1998). It is
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FiGure 3.—Comparison
of the silencing effect in-
duced by symmetrically tran-
scribed or IR w transgenes
on target gene expression.
(A) At the top, schematic
structure of three transgenes
expressing w dsRNA is shown.
The SympUAST-w transgene
produces dsRNA by symmet-
rical transcription, while the
two IR constructs carry the
same segment of the w gene
arranged as a dimer with dyad
symmetry, spaced (pUAST-IR-
w,,) or not (pUAST-IR-w) by
a200-bp segment of nonpal-
indromic DNA. Below, phe-
notypes of w'/w heterozy-
gous females carrying each
type of transgene, either in
combination with the Act5C-
& y*-Gal4 inactive transposon
;2“ (lane Gal4—) or activated by
N the Act5C-Gal4 driver (lane
Gal4+), are shown. Within
each line, the silenced flies
carrying the Sym-pUAST-w or
the pUAST-IRw, transgene
showed a substantially uni-
form phenotype (compare
the two individuals of the
same genotype shown in the
top and bottom), whereas
those carrying the pUAST-
IR-w construct are remark-
ably heterogeneous at the
phenotypic level, with many
exhibiting a variegated eye
color (see arrow). (B) Quan-
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titative estimate of the eye pigment content accumulated in each of the three types of silenced (shaded bars) and control hybrid
females (solid bars). In the transgenic line 7b, which carries a third chromosome insertion of the Sym-pUAST-w transgene, the
silencing effect has been checked in both heterozygosity (transgene dosage 1) or homozygosity (transgene dosage 2). Note that
constructs transcribing only the sense (pUAST-w,) or the antisense strand (pUAST-w,) did not induce any significant reduction
of the pigment amount. For each transgene, phenotypic and quantitative analyses were performed in at least two independent
transformed strains. (C) Northern blot analysis of poly(A)* RNA preparations obtained from pUAST-IRw,, or Sym-pUAST-w
silenced flies. To detect specifically the level of the endogenous w mRNA, the probe used was derived from w mRNA sequences
not included in the Sym-pUAST-w transgene (see MATERIALS AND METHODS). In both types of silenced flies, the level of endogenous
w mRNA was strongly reduced with respect to the controls (w*/w). A probe corresponding to the gene encoding the Drosophila
rp49 protein was also utilized to control the amount of RNA loaded in each lane.

therefore possible that both types of transgenes pro-
duce, in vivo, a significantly lower level of active dsSRNA
species than expected on the basis of their transcrip-
tional activity.

Structural stability of IR or symmetrically transcribed
w transgenes: Flies with variegated eyes were detected
in both the pUAST-IR-w lines examined, indicating that
this construct can generate mitotic mosaicism. We ex-
cluded the possibility that the eye mosaicism could be
caused by a position effect, as w mosaics were present
in both transgenic lines. In addition, it has recently been
shown that heterochromatin-mediated transcriptional
silencing of a Gal4-dependent promoter is efficiently

counteracted by Gal4 binding (AumMaD and HENIKOFF
2001). To check whether wvariegation was due to struc-
tural instability of the pUAST-IR-w palindromic con-
struct, we examined the two pUAST-IR-w transgenic lines
by Southern blot genomic analysis. As a control, we
analyzed also flies carrying either the pUAST-IR,, or the
Sym-pUAST-w construct. Flies of each genotype were all
homozygous for the w'** allele (a white partial deletion).
Two independent lines were examined for each trans-
gene. For each line we analyzed four BamHI-digested
DNA samples, each derived from a pool of 30 adult
flies, by hybridization to the 1.4-kb w cassette used as
probe. This probe should detect three bands, two of
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extracted from a pool of 30 adult
flies, were digested with BamHI (B)
and analyzed using the 1.4-kb w cas-
sette as probe. On the basis of their
specific restriction patterns (shown at
the top; note that the map is not pre-
cisely to scale), bands of 2.9, 3.0, and
2.8 kb (indicated by the arrowhead)
were expected from the Sym-pUAST-w,
pUAST-IR-w,, and pUAST-IRw trans-
genes, respectively. A band of variable
size (=4.7 kb), whose length was spe-
cific for each line, derived from the
mini-w reporter and the genomic se-
quences flanking the insertion site,
while a third band of largest size
(marked by the arrow) derived from
the endogenous w'"* allele. Additional
hybridizing bands, whose position is
marked by the bracket, are noted in

Sc 1

SvimpUAST-w pUAST-IR P

which derived from the transposon (see the restriction
map in Figure 4), while a third, of largest size (marked
by the arrow in Figure 4), derived from the endogenous
w''¥ allele. One of the transposon’s bands was expected
to be of 2.8, 2.9, or 3.0 kb, depending on the specific
transgene (the position of these bands is marked by the
arrowhead in Figure 4), while the second, derived from
the mini-w reporter, was expected to be a different size
(=4.7 kb) in each independent line. In fact, one end
of this fragment was located within the transposon, with
the other being located in the flanking genomic se-
quence. Surprisingly, novel bands, whose intensity was
less than that of single-copy sequences, were detected
in some of the samples derived from each of the two
pUAST-IR-wlines. These bands might presumably derive
from rearrangements occurring at the pUAST-IR-w lo-
cus. With only one exception, these bands were <2.8 kb
(the position of most of these additional bands is
marked by the bracketin Figure 4). Itis therefore plausi-
ble that they might involve large deletions in the region
spanning the mini-w reporter or partial deletions oc-
curring in the IR region. In that case, they might repre-
sent heterogeneous truncated forms of the transgene,
readily accounting for the phenotypic heterogeneity of
pUAST-IR-wsilenced flies. In mice carrying perfect palin-
dromic transgenes, rearrangement of the inverted re-

pUAST-IR -w

some of the pUAST-IR-w samples and
might correspond to a truncated ver-
sion of this transgene.

peat has been reported to occur frequently in either
somatic or germline cells (CoLLICK et al. 1996), being
detectable in some cases in 15-56% of the transgenic
progeny (AKGUN et al. 1997). Most frequently, these
events produce small asymmetric deletions at the center
of the palindrome that lead to a stabilized structure
(CoLLICK et al. 1996; AKGUN et al. 1997). Although we
have not determined the precise nature of rearrange-
ments occurring at the pUAST-IR-w transgenic locus, it
is plausible that it might similarly undergo the same
types of events described in mice.

Noticeably, no trace of rearrangements was found in
flies carrying the pUAST-IRw transgene (Figure 4), nor
were phenotypic mosaics observed among these trans-
genic individuals, suggesting that a spacing length of
200 bp can be sufficient to allow a stable mitotic inheri-
tance of IR transposons. This observation is in good
agreement with a recent report that indicated that the
recombinogenic potential of long, perfect genomic IRs
is strongly reduced by increasing the distance between
the repeats (LOBACHEV et al. 2000).

Gal4-dependent gene silencing can be restricted to a
localized body domain of the fly: To assess the general
effectiveness of symmetrically transcribed transgenes
and to test their ability to silence gene expression in
specific body regions only, we attempted to interfere



Gene Silencing in Drosophila 645

with the expression of a Drosophila gene involved in
an essential, ubiquitous metabolic process. For this pur-
pose we chose minifly (mfl, also called Nop60b; see PHIL-
LIPS et al. 1998), a gene involved in ribosome biogenesis
whose defective mutations have been characterized in
our laboratory (GIORDANO et al. 1999). mfl provides an
ideal target for RNA], given that mfl-defective alleles are
characterized by quantitative alterations of the gene
product. Functional analysis of these alleles, all due to
Pelement insertions outside the coding sequence, showed
that the level of m/fl transcription was critical, so that a
dose-effect rule modulates the mutant phenotypes. In
fact, strong loss-offunction mutations cause larval le-
thality, while partial loss-of-function alleles produce a
viable hypomorphic phenotype characterized by pleio-
tropic defects, such as small body size; developmental
delay; hatched abdominal cuticle; reduction in the num-
ber, length, and thickness of bristles; and reduced fe-
male fertility (GIORDANO et al. 1999).

To interfere with mfl expression we then prepared
Sym-pUAST-mfl, a transgene allowing symmetrical tran-
scription of a 1.7-kb segment derived from the mfl gene
(see MATERIALS AND METHODS), and a second trans-
gene, named pUAST-IR,-mfl, in which two inverted re-
peated copies of the same 1.7-kb mfl segment, spaced
by 200 bp, were introduced into the pUAST vector. Both
transgenes were then ubiquitously activated by the Act5-
Gal4 driver and the corresponding silenced flies were
compared phenotypically. Ubiquitous activation of the
Sym-pUAST mfl transgene led to developmental delay and
reduced female fertility, with a large percentage (>90%)
of flies showing hatched abdominal cuticle and reduction
in the number, length, and thickness of bristles, all fea-
tures consistent with a partial loss-of-function mfl phe-
notype. In contrast, pUAST-IR,-mfl/Act5-Gal4 heterozy-
gotes showed late-larval or pupal lethality, indicating
that in these flies mfl expression was reduced below the
critical threshold. To disrupt the m/ activity only in se-
lected cell types, we then crossed the Sym-pUAST-mfl
and pUAST-IR,,-mfl transgenic lines to pnr-Gal4, a strain
expressing Gal4 under the control of the promoter of the
pannier (pnr) gene. As shown in Figure 5A, this promoter
drives Gal4 expression specifically along a mid-dorsal band
(CALLEJA et al. 1996). Remarkably, Sym-pUAST-mfl/prr-
Gal4 heterozygotes exhibited a strict localization of the
defects typical of the mf] hypomorphic phenotype, show-
ing a reduction in the number, length, and thickness of
bristles only along the dorsal midline (Figure 5B). These
traits, which reproduced with fidelity the phenotypic de-
fects typical of the mfI" allele within the pnrdorsal domain,
indicated that mfl function was partially disrupted within
this specific region only. This observation substantially
confirms that symmetrically transcribed transgenes can be
of general validity in inducing RNAi and that the silenced
phenotypes are those expected for a partial loss-offunc-
tion of the target gene. As expected on the basis of the
previous results, the phenotype of pUAST-IR,-mfl/ prr-Gal4

UAS-y*

SympUAST-mfl
= +

FiGure b.—Localized RNA interference of mfl expression.
(A) Visualization of the body domain in which Gal4 expression
is restricted in the pnr-Gal4 driver line. The pnr domain is
marked by the y" dorsal band, due to the localized expression
of a UASy" transgene in a fly of y mutant genotype that carried
the pnr-Gal4 activator transposon. (B) Phenotypes of females
in which the Sym-pUAST-mfl transgene was either inactive (—)
or activated by the pnr-Gal4 driver (+). In these silenced flies,
a reduction in the length and thickness of bristles occurs
within the Gal4 expression domain (marked by the arrow in
the enlargement at bottom; the arrowhead marks the external
region), reproducing the phenotypic defects typical of the m/l
hypomorphic mutation only along the dorsal midline. (C)
Phenotypes of pUAST-IR,-mfl/pnr-Gal4 silenced females. The
two independent transformed lines (2cand 3a) analyzed were
both characterized by absence of dorsal bristles within the pnr
dorsal domain; in addition, occurrence of a cleft at the dorsal
midline is observed in individuals of line 3a.

silenced flies was instead more extreme, being character-
ized by a nearly total depletion of bristles within a body
region that, although essentially centered along the dorsal
midline, appeared to extend slightly beyond the pnr do-
main (Figure 5C, line 2¢). The phenotype of one of the two
independent transformed lines analyzed was even more
strongly affected, since the silenced flies were further char-
acterized by the presence of a cleft in the middle of the
thorax (Figure 5C, line 3a). This cleft presumably results
from a failure of the two halves of the thorax to fuse
correctly at the dorsal midline during metamorphosis,
suggesting the occurrence of localized cell death during
the late larval or early pupal stages. As mjl is an essential
gene, its restricted inhibition is indeed expected to cause
cell death within the specific body region. In fact, apo-
ptotic cell death has been described in the ovaries of
females homozygous for a mfl partial loss-of-function muta-
tion (GIORDANO et al. 1999).

Interestingly, the finding that both types of m/l silenced
flies showed highly localized defects indicates that RNAi
triggered by both types of transgenes is not substantially
spread to the neighboring cells. This contrasts with that
previously reported for worms (FIRE ef al. 1998) and Plana-
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FIGure 6.—Nuclear localization of transcripts derived by
RNA interference vectors. In situ hybridization of a wantisense
probe strongly labeled the nuclei of ovary follicle cells from
both Sym-pUAST-w or pUAST-IR-w,, silenced females. Identical
distribution was observed with a w sense probe.

ria (SANCHEZ ALVARADO and NEwWMARK 1999), where
RNAI can spread from the site of interfering RNA applica-
tion, and with the systemic spread of transgene-induced
cosuppression states observed in plants (PALAUQUI ¢t al.
1997; VoIiNNET and Baurcomse 1997). Although it is
presently unclear whether this reflects a peculiar differ-
ence distinguishing the process of RNAi occurring in
Drosophila from that of other organisms, it certainly
indicates that, at least in flies, the Gal4/UAS binary sys-
tem can productively be utilized to trigger RNAI in re-
stricted body domains.

Nuclear localization of transgenic transcripts: We wished
to investigate the possibility that the transcripts derived
from symmetrically transcribed or IR transgenes might
have any specific subcellular localization in vivo. Inter-
estingly, in situ hybridization experiments revealed that
both the sense and antisense transcripts accumulated
at high levels within the nuclei of ovary follicle cells of
flies silenced for both w (Figure 6) and mfl (data not
shown), regardless of the specific type of construct they
carried. While the mfl gene is expressed constitutively
(GIORDANO ¢t al. 1999), the w gene is inactive in follicle
cells. This indicates that the transgenic transcripts accu-
mulate within the nuclei regardless of the presence of
the homologous target mRNA. Although further experi-
ments are required to assess the functional significance,
if any, of this unusual localization, it is possible that it
may reflect the existence of a nuclear step of the RNAi
process. To this regard, it is interesting to note that
in situ experiments performed in C. elegans cells have
similarly revealed the presence of a strong nuclear signal
after RNAi (MONTGOMERY et al. 1998). More recently,
the biochemistry of RNAi has been intensively investi-
gated by using Drosophila embryo extracts (TuscHL et
al. 1999). The results obtained by several authors have
indicated that short sense and antisense 21- to 22-nucle-
otide (nt) RNAs are produced from both dsRNA and
the target mRNA during a two-step process (HAMMOND
et al. 2000; KETTING and PLASTERK 2000; ZAMORE et al.
2000). In a first step, a RNaselll-type protein, called
Dicer-1, degrades dsRNA into ~21-nt dsRNA intermedi-
ate active forms [short interfering RNAs (siRNAs)],
forming a siRNA-Dicer complex (BERNSTEIN et al. 2001),

while in a second step this complex might recruit addi-
tional proteins, recognizing and cleaving the target
RNA. Although it is well established that the RNAi pro-
cess leads to a substantial loss of the cytoplasmic target
mRNA, it cannot presently be excluded that one of
these steps might, at least in part, take place in the nu-
cleus. Compartmentalization of separate dsRNA-pro-
cessing pathways in the nucleus and cytoplasm has in
fact been hypothesized (MATZKE et al. 2001). Moreover,
it has recently been suggested that the active degrada-
tion complex might cleave the target RNA at the nuclear
pores, as it exits the nuclear compartment (WATER-
HOUSE et al. 2001). Finally, a candidate Dicer homolog
in Arabidopsis has been noted to contain two bipartite
nuclear localization signals (JACOBSEN et al. 1999; BERN-
STEIN et al. 2001).

CONCLUSIONS

Our results show that symmetrically transcribed trans-
genes, activated by the Gal4/UASinducible expression
system, can successfully be utilized to trigger RNAi in
Drosophila and that their use can be particularly valu-
able when partial loss-of-function mutant phenotypes
are desirable. Symmetrical transcription of transgenes
was reported to induce effective RNAi also in Trypano-
soma (WANG et al. 2000), indicating that this approach
might be of general validity and possibly be extended
to other organisms. Our data also provide direct evi-
dence that endogenous dsRNA formed by simultaneous
transcription of sense-antisense strands can actually
represent a cellular regulatory signal able to trigger
a genetic repressed state. Intriguingly, in vivo sense-
antisense transcription has been invoked as a possible
mechanism for the regulation of several genes (LiPMAN
1997; Eppy 1999), and many biological phenomena, as,
for example, X chromosome inactivation or imprinted
gene expression in mammals, are known to involve tran-
scription of both strands at specific loci (see HEARD et
al. 1999; SLEUTELS et al. 2000 for reviews). In Drosophila,
both strands of the Suppressor of Stellate [ Su(Ste)] locus
are transcribed, and the production of Su(Ste) dsSRNA
has been implicated in the silencing of the paralogous
Stellate (Ste) gene (ARAVIN et al. 2001). Given the strong
silencing effect exerted by dsRNA molecules in a large
variety of organisms, it is possible that symmetrical tran-
scription of endogenous genomic sequences might play
a wider role in the regulation of gene expression than
previously suspected.

Concerning the functional analysis of the Drosophila
genome, our results might also furnish a useful clue
toward a better comprehension of the mechanisms ac-
counting for the unexpected high efficiency displayed
by a recently developed gene search (GS) mutagenesis
approach. This method makes use of P-element vectors
containing copies of the UAS sequence oriented to di-
rect outward transcription bidirectionally (ToBaA et al.
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1999), with the principal aim of eliciting over- or ectopic
expression of the target gene. This would lead to the
collection of gain-offunction mutations, favoring the
identification of genes that are not uncovered by loss-
offunction phenotypes. The efficiency of the GS method,
much higher than that of classical P-element mutagene-
sis schemes, was unexpected and so far substantially
unexplained (Tosa et al. 1999). We suggest that its high
efficiency is based in part on the potential ability of this
vector to interfere with the expression of the target gene
by producing dsRNA. In fact, the capability of triggering
outward transcription bidirectionally makes the trans-
poson able to induce either loss- or gain-offunction
mutations, depending on the transcriptional polarity of
the target gene. On this basis, we surmise that, despite
the expectation, a significant portion of the mutations
isolated by this method might be loss-of-function instead
of the expected gain-of-function alleles.

This work was supported by Telethon (grant no. E1090 to M.F.)
and MIUR (PRIN Project “Ribosomal pathologies: molecular mecha-
nisms” to MLF.). I.P. was supported by Telethon grant no. E1090.
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