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Summary

Heritable RNA interference (RNAi) mediated by was assessed in amnopheles gambiaecell line and in
transgenes exhibiting dyad symmetry represents an Anopheles stephensilarvae. Our data indicate that
important tool to study the function of genes expressed at dsRNA-mediated silencing of a target gene from plasmid
late developmental stages. In this study, we determined DNA can be achieved at high levels idnophelescell lines
whether the transcriptional machinery of Anopheles and larvae. The region that links the sense and antisense
mosquitoes is capable of directing suppression of gene sequences of the target gene plays a determining role in
expression from DNA constructs designed to transcribe the degree of silencing observed. These results provide
double-stranded RNA (dsRNA) as extended hairpin-loop important information for the development of heritable
RNAs. A series of DNA vectors containing sense and RNAI in Anopheles
antisense regions of the green fluorescent protelBGFP
target gene was developed. The effect of these vectors onKey words: RNAI, heritable RNA interferencinophelesmosquito,
a transiently expressed or stably integratedEGFP gene  EGFP, DNA vector, gene silencing.

Introduction

Transmission of human malaria, a disease that causes moreTo date, the only reported attempts at using RNAI to study
than one million deaths a year, is accomplished by a small groggne function inAnopheleamosquitoes have relied upon the
of mosquito species belonging to tA@ophelesgenus. The direct delivery of high concentrations if vitro-synthesised
recent development of an efficient gene transfer technology falsRNA molecules in cell lines and adults (Blandin et al., 2002;
Anopheles stephensind Anopheles gambiaenosquitoes Levashina et al., 2001). While this approach offers a rapid
(Catteruccia et al., 2000a; Grossman et al., 2001), combinggknetic screen of putative target genes, interference to gene
with the recent completion of ti#e gambiaegenome sequence expression is transient, non-inheritable and subject to
project (Holt et al., 2002), has paved the way for studies on trs#gnificant variations between individuals. In some organisms,
genetics of these important disease vectors. However, progréssluding Caenorhabditis elegan@avernarakis et al., 2000),
towards the identification of mosquito molecules involvedtrypanosomes (Bastin et al., 2000; Shi et al., 2@D@sophila
in the interaction with thd’lasmodiummalaria parasite has (Fortier and Belote, 2000; Kennerdell and Carthew, 2000;
been hampered by the lack of efficient technologies, such &iccin et al.,, 2001) and plants (Smith et al., 2000), stable
mutagenesis screens and gene knock-out by homologoagpression of dsRNA from integrated transgenes exhibiting
recombination, routinely used in other organisms to perforndyad symmetry has recently been achieved, thus overcoming
functional genomic studies. Gene silencing by RNAthe problems related to the transient nature of RNAi mediated
interference (RNAI), an evolutionarily conserved phenomenoiby the delivery ofin vitro-synthesised dsRNA. The stable
triggered by double-stranded RNA molecules (dsRNAs), haBNAi approach is anticipated to contribute significantly to the
recently been envisaged as a powerful tool for studying geriavestigation of the function of genes involved in mosquito—
function in different model organisms (Fire et al., 1998).parasite interactions iAnophelesnosquitoes.
Although the mechanism by which dsRNA mediates gene In this study, we have assessed the molecular requirements
silencing is not fully understood, it is known to invoke a multi-for maximising the silencing efficiency of dsRNA-encoding
step process that results in the cleavage of long dsRNAs ingenes irAnophelesWe have developed a series of constructs
21-25 nucleotide fragments that then direct the sequencerarked with the red fluorescent protein DsRed (Matz et al.,
specific degradation of homologous endogenous mMRNA999), in which sense and antisense regions of the coding
(Bernstein et al., 2001; Elbashir et al., 2001; Hamilton andequence of the green fluorescent proEe®FP (Heim and
Baulcombe, 1999; Hammond et al., 2000; Zamore et al., 2000)sien, 1996) were connected by different spacers and placed



1818 A. E. Brown, A. Crisanti and F. Catteruccia

A Plasmid pMinEGFP Plasmid pMRED
Actin5C  EGFPHspT Actin5C  DsRed Hspl
B Plasmid Design of EGFRIR Predicted dRNA
structure
pIR-EGFResS (465 bp EGFP ams sense intron) ; wmm
Actin5C Intron Hspl
pIR-EGFReNS (465 bp EGFP ams, reverse intron) mmm@
ActinSC  Reverse HspT
intron
plR-EGFResLinker (465 bp EGFP ams, 8 bp spaer) @mmmﬁ)

Actin5C 8 bp spaer HspT

pPIR-EGFP20S (720bp EGFP ans sense intron) mnmmmmmm
Actin5C Intron HspT

C Plasmid pR-EGFP

[ r Tkb
MR Actin5C DsRed Hspr Actin5C  EGFRIR Hspl ML

Fig. 1. Plasmid maps and predicted structure of dsRNA transcripts. (A) Schematic representation of target plasmid pMinEGFBI and contr
plasmid pMIiRED. (B) Design of EGFP inverted repeats (EGFP-IR) and predicted structure of dsRNA transcript. Filled arrogsirpointi
opposite directions represent the EGFP-IR. Spacer regions are shown. (C) Schematic representation of generic dsRNA-aspnession p
pIR-EGFP. Each IR-EGFP construct was cloned into pMiRED within the armgnos Actin5C, D. melanogaster actins@romoter; HspT,

D. melanogaster Hsp7@rminator sequence. The EGFP-, EGFP-IR- and DsRed-encoding genes are indicated by filled arnmivsdiéit,

arm; MR, minosright arm.

under the control of a constitutive promoter. The silencingestriction sites to the'sand 3 ends of the antisense arm,
activity of these constructs was assessell stephendarvae  respectively. To prepare pIR-EGSBES and pIR-EGFRS, a
and A. gambiaecells transiently expressing tleGFP target 67 bp PCR product corresponding to intron 1 frABorgambiae
gene. Furthermore, an RNAI construct was also analysed ftysozyme gene (Kang et al., 1996; GenBank accession U28809)
its ability to silence arEGFP gene stably integrated in the was amplified fromA. gambiaegenomic DNA, addindecaRV
genome ofA. stephendarvae. andXhd restriction sites to the’ and 3 ends, respectively, and
inserted between the EGFP-IR (FIf). pIR-EGFResINS was
) produced by inserting the intron described above in its reverse
Materials and methods non-splicing orientation, by inverting the restriction sites
Plasmid construction (Fig. 1B). pIR-EGFRsd.inker was produced by inserting a
All EGFP inverted repeats (IR) were produced bynon-palindromic 1®p oligonucleotide (ATCGTTAACC)
duplicating, with opposite direction, tE&SFPgene (Clontech, between the EGFP-IR (Fi$iB). In each construct, the IR-
Palo Alto, USA) by directionally inserting a 46p (from  EGFP cassette was then inserted betvaeg#n5Cpromoter and
position 219 to 683) or full-length 72 (from 1 to 719) PCR Hsp70terminator elements fromrosophila melanogasteand
product into the plasmid pCR2.1v (Invitrogen, Paisley, UK).cloned as aotl cassette into pMiRED (Nolan et al., 2002),
BanHI andEcdRV restriction sites were added to tHeabd 3 ~ which contained th®sRedmarker gene also cloned under the
ends of the sense arm product, respectively Xdraland Xhd control of theactin5Cpromoter (FiglA,C).
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Cell culture and plasmid transfections Results
A. gambiaeSua 4.0 cells were grown in Schneider's Design of dsRNA-expressing plasmids

Drosophilamedium (GIBCO, Paisley, UK) supplemented with  |n order to create a reliable and objective model of RNAI in
10% foetal calf serum (FCS), 10@itsmi~! penicillin and  Anophelesthe green fluorescent prote&GFP from plasmid
100pg mi~t streptomycin (Invitrogen) at 26. A total of  pMInEGFP (Catteruccia et al., 2000a; Figh) was selected as
4x10P cellsmi~ were plated 24 before co-transfection the target gene, since it allowed a direct and non-invasive
experiments, and solutions containinggteach of pMInEGFP  jnvestigation of dsRNA-mediated silencing at different time
(Fig.1A) and either pMIRED or a dsRNA-transcribing points without the need to sacrifice individuals. Studies in
plasmid were co-transfected as described previouslglants have suggested that the region linking the perfect
(Catteruccia et al., 2000b). Cells were examined two days aftgfverted repeat (IR) sequences of the target gene is critical to
transfection at a wavelength of 480 to detect EGFP sjlencing efficiency (Smith et al., 2000). In this light, a series
expression and 563 to detect DsRed expression. of DNA constructs encoding dsRNA molecules were
, , . developed, containing sequences of HBFP target gene
Mosquito breeding and rearing cloned in sense and antisense orientations and linked in a head-
Wild-type and transgeniénopheles stephenkiston adult  to-head manner by distinct spacer regions. In the tobacco plant
mosquitoes (strain sd 500) were maintained at 28°C, 70%jcotiana tabacumthe process of intron excision from hairpin
humidity and fed on 5% glucose. To induce egg productiolrRNA (hpRNA) has been reported to enhance gene-silencing
female mosquitoes 3-5 days old were starved foraémd  efficiency (Smith et al., 2000). To assess whether this
allowed to feed on mouse blood. Two days after blood feedin%henomenon could also be ObserveAmQ)phebsa construct
eggs were laid and transferred into buckets wi® bbntaining was deve|0ped that contained 4:&5 sense and antisense
5% NaCl. Larvae were grown at 25°C, 70% humidity and feeGFP sequences flanking a 8p intron from theA. gambiae
on fish food. After 10-18ays, pupae were collected and adultiysozyme gene (Kang et al., 1996; pIR-EG&B; Fig. 1B).
mosquitoes were allowed to emerge in cages. The same intron was also cloned in its inverted non-splicing
orientation in construct pIR-EGE&ENS, with the aim of
. . o , producing a long hairpin loop in the dsRNA molecule
A. stephensmosquito embryos were injected essentially agrig 1B). Furthermore, to determine whether the length of the
described previously (Catteruccia et al., 2000a). For tran&e%irpin loop affects silencing efficiency, construct pIR-
R!\IAi studies, Wild—typeA. stephensembryos were injgcted EGFRissLinker was developed, which contained abfBlong
with a mixture of pMINEGFP (400gmi—) and either |inyer petween the sense and antiseB&&EP arms (Fig.1B).

PMIRED or one of the dsRNA-transcribing plasmids ap aqgitional construct, pIR-EGFRS, contained 72Bp
(400pg mi—). For RNAI studies against stably expressed,ims corresponding to the full length of tEGFP gene

EGFP,A. stephensline Vg (Catteruccia et al., 29(1)06‘) Was geparated by th&. gambiaeintron in its splicing orientation
injected with plasmid pIR-EGFEsLinker (40Cug mi™). The Fig.1B), as studies in other organisms have shown that the

levels of EGFP expression were assessed daily in larvggngih of the dsRNA affects RNAI efficiency (Ngo et al., 1998:
positive for DsRed at the wavelengths described above.  pgrigh et al., 2000; Tuschl et al., 1999). All dSRNA constructs
were derived from plasmid pMiIRED (Nolan et al., 2002),
which contained a red fluorescent proté&sRed marker gene

Cells and larvae were captured on a Nikon inverteqaqqette inserted within the arms of thinos transposable
microscope with an attached Nikon DXM1200 digital camerag|ament (Franz and Savakis, 1991), with the perspective of

Fluorescent gene expression was quantified using the L“Ciacféveloping stable transgenic lines expressing dsRNA

image-processing and analysis software (Version 4.61, Niko(?:ig. 1A). The EGFP target gene from plasmid pMinEGFP
UK, Kingston, UK). The levels of EGFP and DsRed (Fi

i i .1A) and the dsRNA-transcribing genes from each IR
expression were measured using the MeanGreen and Mea”%fstruct were all placed under the control of &oéin5C

feature of the software, which calculates the statistical Me3% omoter fromDrosophila melanogasterto ensure similar
of the intensity of the green or red components of piXelSyanseriptional levels. A schematic representation of all dSRNA
respectively. Using this software, it was possible to calculatg,nstrycts is given in Fig.C. All IR constructs weré vitro

the mean EGFP fluorescence in only those cells in whichanserined to prove they could produce dsRNA species (data
DsRed was co-expressed. The software was validated By shown).

measuring the intensity of EGFP expression in homozygous

and heterozygous larvae from #hestephendine Vs. Briefly, dsRNA-mediated gene silencing in A. gambiae Sua 4.0 cells
individuals homozygous for thEGFP insertion consistently To assess the ability of a DNA-based system to mediate
showed MeanGreen values that were approximately doubRNAI in Anophelescells, dsRNA-transcribing constructs,
those from heterozygous larvae of the same age, demonstratimgrked with theDsRedmarker gene, were co-transfected
a good correlation between MeanGreen values and transgenéh target plasmid pMinEGFP into th.e gambiaeSua 4.0
copy number. For statistical analyses, unpairgests were cell line in a series of consecutive experiments. In this
performed; the null hypothesis was rejecte&@=Q2.05. experimental system, the occurrence of RNAIi against the

Embryo microinjection

Quantitative analysis of RNAI
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A

Fig. 2. Fluorescence micro-
photographs ofA. gambiae Sua
4.0 cells andA. stephenslarvae.

In A-D, column 1 shows DsRed B
fluorescence, column 2 shows
EGFP fluorescence and column 3
shows DsRed fields superimposed
upon EGFP fields to show co-
localisation (yellow). (A) Sua 4.0
cells transfected with pMInEGFP
and pMIRED show perfect co-
localisation. (B) Sua 4.0 cells -
transfected  with  pMInEGFP
and pIR-EGFRkssLinker show
virtually no EGFP expression.
(C) Wild-type A. stephensiarvae
injected with pMIinEGFP and
pMIRED  show exact co-
localisation. (D) Wild-type A.
stephensi larvae injected with D
PMINEGFP and pIR-EGFRs
Linker show very limited EGFP
expression. Cells were captured on
a Nikon inverted microscope at
20x magnification 4% post-
transfection. Larvae were
photographed at X0Omagnification
48h post-hatching. (E) Four-day-
old EGFP-expressing. stephensi E
larvae from transgenic line gv
injected with pMiRED (column 1)

or pIR-EGFResLinker (column

2). Column 3 shows localisation of
DsRed expression from pIR-
EGFRies-Linker in the same larva.

target gene will be indicated by a decrease in the intensity oéduction of EGFP expression was observed as compared
EGFP fluorescence in those cells that express the DsR&dth control experiments (FiA). Cells transfected with
marker. Control experiments were performed by coplR-EGFResNS, containing the intron in its inverted, non-
transfecting the target construct pMiInEGFP with plasmidsplicing orientation, exhibited varying degrees BGFP
pMIRED, containing the DsRed marker cassette but not theilencing in different cell subsets, ranging from almost
EGFP-IR (Fig.1A). In these cells, perfect co-localization of complete to very limited silencing and averaging 70.7% with
the green-fluorescent target and red-fluorescent controéspect to controls (FigA). In cells transfected with pIR-
plasmids was observed (F@A). The intensity of EGFRslinker, in which the large hairpin loop was replaced
fluorescence of the EGFP and DsRed proteins was natith a short 1p spacer region, silencing of the target gene
affected by the expression of the other marker (data na@&xpression increased to 98.2% in all transfected cells
shown). In all samples, quantitative analysis was performe(Figs2B, 3A). High-level silencing (96.4% inhibition) was
using an image-processing software that allowed thalso observed when the dsRNA corresponding to the full-
quantification of the mean intensity of green and redength EGFP sequence was delivered (pIR-EGESS;
fluorescence of each cell. In cells co-transfected witlrig. 3A). In all samples analysed, dsRNA transcription did
pPMINnEGFP and pIR-EGE#RsS, in which theA. gambiae not inhibit DsRed expression, and the levels of the DsRed
intron was placed in its splicing orientation, a 93.6%protein were consistently comparable to controls (BA).
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5 120. A Fig. 3. Quantification of RNA interference iA. gambiaeSua 4.0

‘0 cells andA. stephensiarvae. (A) A. gambiaeSua 4.0 cells co-

g_ 100 transfected with pMIinEGFP and one of the dsRNA-expressing
& - Ex Ex plasmids. (B) Wild-typeA. stephendarvae injected with pMinEGFP

B a0 and one of the dsRNA-expressing plasmids. The intensity of EGFP
g S ECF and DsRed expression was calculated using the Lucia G image-
E 60 processing and analysis software. Red and green fluorescence levels
O were normalised to control experiments in which pMinEGFP and
w40 pMIRED were delivered. Black bars indicate normalized EGFP
-§ expression levels; grey bars indicate normalized DsRed expression.
Tg 20 The plotted data show mean valuesem. from >20 fields captured

5 0 [~ | = | in thr(_ae separate trans_fectlo_n experiments or _>20 injected larvae per
z PMIRED S465 NS465 Linker S720 experiment. All reductions in EGFP expression were found to be

Plasnid 465 highly significant P<0.01). DsRed expression levels did not vary

significantly between individual experimenf®>0.05). S 465, pIR-
EGFRigsS; NS 465, pIR-EGFRNS; Linker 465, pIR-EGFRs

.08, 1201 B Linker; S720, pIR-EGFRcS. (C) EGFP-silencing after injection of

§5_3 100 either pMIiRED (broken line) or pIR-EGE#-Linker (solid line) into

% = = ™= stableEGFP-expressing transgenic linesVThe intensity of EGFP

B 80 expression was calculated 3, 4 amibys post-hatching.

g

[ 60 mEGFP control larvae analysed, the expression of the green and red

Q 40 8 DsRed fluorescent protein largely coincided, as indicated by their

'§ overlapping profiles (Fi®2zC). However, when pIR-EGRES

= 20 i was co-injected with the target plasmid, a 76% decrease in the

g [~ level of EGFP expression was observed with respect to control

z 0 PMIRED S465 NS465 Linker S720 larvae (Fig3B). A similar effect was observed after the

Plasnid 465 injection of construct pIR-EGFBESS, which caused a 79%
reduction in EGFP expression (FBB). When construct pIR-

? 90 C EGFRdlinker was injected, reduction of EGFP expression

= was almost complete, averaging 93% as compared with control

> 801 _2 larvae (Fig2D, 3B). Although some EGFP expression was

E 701 //// observed in larvae injected with all three constructs, it

g 60 /E’ e LVt oWiRED appeared to be confined to those few cells that did not exhibit

E’ 50 // LineVB +pIR- expression of thBsRedgene. In agreement with the cell data,

o 40 .7 +EGFp4§5Liﬁker plasmid pIR-EGFEssNS had a less significant silencing effect,

@ 30 1 Z and EGFP inhibition averaged 58% with respect to controls

% 109 RNAI against a stably expressed EGFP target gene

o0 Day 3 Day 4 Day 5 We then assessed the effects of the dsRNA-transcribing
Time (days) construct pIR-EGFRsLinker on a stably expressedGFP

transgene. This construct was chosen as it had consistently
mediated the strongest inhibition of target gene expression
Transient dsSRNA-mediated gene silencing in A. stephensiin both cell lines and larvaeA. stephensiembryos from
larvae transgenic line ¥, stably expressing tteEGFPgene under the
To examine whether the RNAi-mediated gene silencingontrol of theactin5C promoter, were injected with pIR-
observed inA. gambiaecells could also be achieved vivo, EGFRedlinker, and EGFP expression was monitored
the activity of the dsRNA constructs was analysed irthroughout larval development. As a control, homozygous
mosquitoesA. stephensembryos were microinjected with a embryos from line ¥ were also injected with plasmid
mixture of the target vector pMinEGFP and one of the dsSRNApMIRED (Fig.1A). Quantitative analysis of fluorescence was
transcribing plasmids. Larvae surviving the injectionperformed between three days and five days post-hatching,
procedure were analysed for DsRed fluorescence as awmer which period control larvae showed a linear increase in
indicator of successful delivery of the DNA species. Tointensity of EGFP (Fig3C). Injection of pIR-EGFRdLinker
ascertain the perfect co-localization of target and targetingignificantly decreased the overall intensity of green
constructs, control experiments were performed by injecting #luorescent protein expression (FRJS,3C), with the most
mixture of the pMINnEGFP and pMIRED plasmids. In all noticeable effects observed five days post-hatching when 80%
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silencing was achieved (Fi8C). Late larval stages showed TheEGFPtarget gene transiently introduced iitoopheles
more varied silencing effects. In some cases, EGFP expressioells and embryos provided a simple and impartial model for
was slowly restored to normal levels, while in approximatelytesting the gene-silencing efficacy of the targeting constructs.
50% of larvae gene silencing continued to be observed (dafdis fluorescent marker allowed analysis at the protein level
not shown). Injections were performed into the posterior entioth visually and quantitatively using image-processing
of the embryos, thus the DsRed marker was mainly localisesbftware. RNAi was also observed when a stably integrated
in the last few segments of the larval abdomen (). EGFP gene was targeted. The analysis of RNAi against an
endogenous gene could have been compromised by the
_ _ occurrence of selection against constructs inducing a high
Discussion degree of inhibition, as this could have had a deleterious effect
In this study, we performed a systematic analysis of then fitness and viability of the organism. The level€GFP
ability of different DNA constructs to induce RNAI in inhibition depended on the amount of plIR-EGé=Pinker
Anophelescells and larvae. The advantage of using DNAdelivered. In individuals injected with a 10-fold lower
constructs to generate dsRNAs is based upon their inherecincentration of pIR-EGRBsLinker, no significant silencing
stability over in vitro-synthesised dsRNA molecules. of EGFP expression was observed (not shown). Plasmid DNA
Furthermore, the development of an efficient heritable RNApersisted for many days after injection, and in most cases
technique to study the function of genes expressed at lalBsRed was still visible in fourth instar larvae. This could
developmental stages Anophelesnosquitoes will eventually represent an advantage over usimgitro-synthesised dsRNA
rely on the use of dsRNA-transcribing constructs capable oholecules, whose half-life has been postulated to be too
producing high-degree silencing combined with good stabilityimited to study late developmental genes (Kennerdell and
of the inverted repeats. A careful analysis of the most suitabl@arthew, 1998; Misquitta and Paterson, 1999; Montgomery
construct is therefore particularly important at this preliminaryand Fire, 1998; Wianny and Zernicka-Goetz, 2000).
stage to assess the molecular requirements determining theThe results described here provide the first comparison of
degree of gene silencing. DNA constructs in mediating gene silencingAinophelesand
The results reported here show that inhibition of target genepresent an important step towards the development of stable
expression depended considerably upon the spacer regiand heritable RNAI in these important malaria vectors.
separating the inverted repeats, while the length of the IR itself
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