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Double-stranded RNA (dsRNA) initiates cellular posttranscriptional responses that are collectively called
RNA silencing in a number of different organisms, including plants, nematodes, and fruit flies. In plants, RNA
silencing has been associated with protection from virus infection. In this study, we demonstrate that dsRNA-
mediated interference also can act as a viral defense mechanism in mosquito cells. C6/36 (4edes albopictus) cells
were stably transformed with a plasmid designed to transcribe an inverted-repeat RNA (irRNA) derived from
the genome of dengue virus type 2 (DEN-2) capable of forming dsRNA. Clonal cell lines were selected with an
antibiotic resistance marker and challenged with DEN-2. The cell lines were classified as either susceptible or
resistant to virus replication, based on the percentage of cells expressing DEN-2 envelope (E) antigen 7 days
after challenge. Eight out of 18 (44%) cell lines designed to express irRNA were resistant to DEN-2 challenge,
with more than 95% of the cells showing no DEN-2 antigen accumulation. One of the DEN-2-resistant cell lines,
FB 9.1, was further characterized. DEN-2 genome RNA failed to accumulate in FB 9.1 cells after challenge.
Northern blot hybridization detected transcripts containing transgene sequences of both sense and antisense
polarity, suggesting that DEN-2-specific dsSRNA was present in the cells. In addition, a class of small RNAs 21
to 25 nucleotides in length was detected that specifically hybridized to labeled sense or antisense DEN-2 RNA
derived from the target region of the genome. These observations were consistent with RNA silencing as the

mechanism of resistance to DEN-2 in transformed mosquito cells.

Dengue (DEN) viruses are mosquito-borne members of the
family Flaviviridae, genus Flavivirus, and can cause dengue
fever and dengue hemorrhagic fever-dengue shock syndrome.
Dengue fever and dengue hemorrhagic fever-dengue shock
syndrome represent the most important arthropod-borne viral
diseases in the world, affecting 50 to 100 million people every
year, with 10 to 20 times as many at risk (13). DEN viruses have
a positive-polarity, single-stranded RNA genome approxi-
mately 11 kb in length that encodes three structural proteins
and seven nonstructural proteins in the order 5 C-prM-E-
NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5 3'. DEN viruses, like
other flaviviruses, generate detectable amounts of intracellular
double-stranded RNA (dsRNA) as an intermediate of their
replication (40).

Aedes aegypti and Aedes albopictus are the principal vectors
of DEN virus. DEN virus and other arthropod-borne viruses
actively replicate in the mosquito host, but little is known about
how these mosquitoes cope with the infection. Like most ar-
thropod-borne viruses, DEN viruses can cause significant dam-
age when they infect vertebrate cells, yet mosquito cells sustain
persistent, noncytopathic DEN virus infections; thus, they may
have evolved mechanisms to specifically counteract or control
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RNA virus replication without significantly impairing host
function. In infected vertebrate cells, dsSRNA triggers a num-
ber of antiviral responses by inducing alpha and beta interfer-
ons and activating enzymes such as protein kinase R and 2’-
5’-oligoadenylate synthetase (11), but these defenses are not
known to exist in invertebrates. However, our work has sug-
gested that the dsSRNA produced as an intermediate in repli-
cation of most arboviruses is a signal that also sets off an
invertebrate host defense system (1, 29). Caplen et al. (4) also
have recently demonstrated that dsRNA triggers sequence-
specific interference with DEN virus type 1 (DEN-1) replica-
tion in mosquito cells.

Work with plant viruses has been instrumental in defining
the phenomenon of RNA-mediated gene silencing. In the early
1990s, plant virologists demonstrated that a small proportion
of transgenic plants engineered to express a part of a plant
virus genome were resistant to homologous viruses (23). It was
similarly shown elsewhere that expression from a plant virus
expression vector of a portion of either a plant endogenous
gene or a transgene could very efficiently silence the homolo-
gous gene (21). The latter phenomenon was termed virus-
induced gene silencing (32). A related phenomenon, in which
expression by a virus vector of sequences from a heterologous
virus genome induced resistance to the unrelated virus, was
termed RNA-mediated cross-protection between viruses (31).
Ratcliff et al. (30) provided evidence that viruses were poten-
tially both initiators and targets of gene silencing in plants and
concluded that the gene silencing phenomenon likely was a
natural defense against viruses. It was subsequently shown that
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FIG. 1. Maps of pIEl-null plasmid and derivatives used to confer DEN-2 resistance in transformed C6/36 mosquito cells. (A) Map of the
DEN-2 genome showing the locations of the prM sequences used in this study. Nucleotide position numbers for the Mnp and prM290 sequences
are given. (B and C) The pIE1-null plasmid was used as a backbone for insertion of DEN-2 prM sequences, and the three D2prM-containing
constructs are shown. DEN-2 prM sequences were cloned into the Xbal site in sense, antisense, or inverted-repeat orientations. Arrows indicate
the hsp70 promoter of the hygromycin resistance gene and the IE-1 promoter driving the prM inserts. The Xbal site downstream from the
baculovirus hr5/IE-1 enhancer-promoter, which was used for inserts, and the EcoRI (R1) restriction sites are shown. UTR, untranslated region.

virus-induced gene silencing is one facet of posttranscriptional
gene silencing (PTGS), a general phenomenon triggered by
dsRNA by which plants detect and defend against infection
(14). The dsRNA that triggers gene silencing can be effectively
delivered as part of an RNA virus replicative intermediate
(32), by transformation with a plasmid that expresses a tran-
script with an inverted-repeat sequence (39), or after in vitro
transcription and annealing (37). Hamilton and Baulcombe
(14) showed that 21- to 25-nucleotide (nt) small interfering
RNA (siRNA) derived from the dsRNA trigger was a hallmark
of PTGS.

At the same time that the trigger of PTGS was being eluci-
dated, it was demonstrated that inoculation of Caenorhabditis
elegans or Drosophila melanogaster with dsRNA resulted in
degradation of cognate mRNA (8, 19, 27, 41); this phenome-
non was called RNA interference (RNAI) in invertebrates (34,
41). RNAI, or RNA silencing, is a powerful cellular mechanism
that results in the degradation of the introduced dsRNA, as
well as homologous mRNA present in the organism, and has
been used as a knockdown mechanism to study gene function

during development in a number of organisms (24). Recently,
Li et al. (22) demonstrated that RNA silencing was induced in
Drosophila cells by infection with an animal virus.

The occurrence of RNA silencing in such a wide-ranging
group of organisms makes it seem likely that an RNA silencing
mechanism exists in A. aegypti and A. albopictus mosquitoes as
well and that it might be a mechanism for regulating arbovirus
replication in natural hosts. We previously demonstrated virus-
induced RNA-mediated resistance to DEN-2 in mosquito cells
and mosquitoes by expression of the DEN-2 prM gene in
either antisense or sense polarity from a double-subgenomic
Sindbis (SIN) virus expression vector (10, 28). We have shown
elsewhere that double-subgenomic SIN virus-induced DEN vi-
rus interference in mosquitoes has many of the characteristics
of PTGS-RNAI (1, 29).

In this study, virus resistance was generated in cultured mos-
quito cells by transcription of DEN virus-specific RNA from
plasmid DNA that was designed to form a hairpin structure in
the cells. Cultured mosquito (C6/36) cells were transformed
with DNA plasmids designed to express dsRNA derived from
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FIG. 2. Nucleotide sequence of the D2Mnp-D2prM290as insert in
plasmid pIE1D2prMir. (A) Sequence of nt 400 to 966 of DEN-2 (New
Guinea C) genome RNA (uppercase), followed by a linker region
(lowercase), followed by the complementary sequence to DEN-2 RNA
nt 448 to 738. Self-complementary regions are underlined. (B) Dia-
gram of the insert transcript, showing formation of a 290-bp double-
stranded region. Complementary regions are underlined, and arrows
indicate sequence polarity. The 3’ untranslated region (UTR) is a
baculovirus genome sequence from the pIE1-3 cloning vector.

the genome of DEN-2. A cell line designated FB 9.1 that was
highly resistant to DEN-2 generated siRNA 21 to 25 nt in
length, consistent with RNA silencing as the mechanism of
resistance. This study demonstrates that dsSRNA-mediated in-
terference can serve as a mechanism of virus resistance in
mosquito cells. Development of a stably transformed mosquito
cell line that exhibits RNA silencing represents a powerful tool
for characterizing this endogenous antiviral mechanism and
will provide a model system for identifying viral genes that
potentially counteract RNA silencing.

MATERIALS AND METHODS

Cells and virus. C6/36 cells (ATCC no. CRL-1660) were grown in Leibow-
itz-15 (L-15) medium containing 10% fetal bovine serum (FBS), 100 U of
penicillin/ml, and 100 pg of streptomycin/ml at 28°C. Conditioned medium used
during the cell selection process consisted of 50% fresh medium and 50% C6/36
cell conditioned medium (medium removed from confluent C6/36 cells and
filtered through a 0.2-wm-pore-size filter) containing 10% FBS, 100 U of peni-
cillin/ml, 100 g of streptomycin/ml, 2 mM L-glutamine, and 300 U of hygromycin
B/ml. Hygromycin B-resistant cell lines were grown on L-15 with 10% FBS, 100
U of penicillin/ml, 100 wg of streptomycin/ml, 2 mM L-glutamine, and 300 U of
hygromycin B/ml. DEN-2 (Jamaica 1409) was used interchangeably with DEN-2
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FIG. 3. Resistance of clonal transformed C6/36 cell lines to DEN-2
challenge. Clonal cell lines were selected by resistance to hygromycin
and challenged with DEN-2 infection at an MOI of 0.01. The height of
bars shows the percentage of cells containing DEN-2 E antigen by IFA
7 days postchallenge. (A) Bars a to j (shaded), cell lines transformed
with pIE1-null (H cell lines); bars k to z" (open), cells transformed with
pIE1ID2prMir (FB cell lines). (B) Bar a, H cell line; bars b to 1
(stippled), cell lines transformed with pIE1D2prM290s (S cell lines);
bars m to z"” (striped), cells transformed with pIE1D2prMas (As cell
lines). Cell lines with <5% E-antigen-containing cells (arrows) were
considered DEN-2 resistant.

(New Guinea C) for challenges. After DEN-2 challenge, transformed cells were
maintained with L-15 supplemented with 2% FBS, 100 U of penicillin/ml, and
100 pg of streptomycin/ml containing 300 U of hygromycin B/ml.

Plasmid construction. pIE1-null was generated by modifying the pIE1-3 plas-
mid (Novagen, Madison, Wis.) (17) to contain the hygromycin resistance gene
under the control of the Drosophila heat shock protein 70 (hsp70) promoter
before the insertion of the inverted-repeat DEN virus sequences. The hsp70
promoter constitutively expresses hygromycin in C6/36 cells (5). DEN-2 se-
quences (Fig. 1A) were amplified by reverse transcription-PCR and subcloned
into modified pBluescript (Stratagene, La Jolla, Calif.) before insertion into the
Xbal site of pIEl-null (1), which yielded plasmids pIE1D2prM290as and
pIE1D2prM290s (Fig. 1B). pIE1D2prMir was constructed by inserting the Mnp
sequence (np, no protein) in sense orientation into the Xbal site of
pIE1D2prM290as (Fig. 1B). Mnp was isolated from pBMnp as an Nhel/Xbal
fragment, as described by Gaines et al. (10). The orientation of all inserted
DEN-2 sequences was confirmed by sequencing. The nucleotide sequence of the
D2prMir insert and the structure of the expected mRNA are shown in Fig. 2.

Establishment of clonal cell lines. Lipofectin (Gibco BRL, Rockville, Md.)
was used to transfect plasmids pIE1-null, pIE1D2prM290s, pIE1D2prM290as,
and pIE1D2prMir into C6/36 mosquito cells. Following selection for transfor-
mants by growth in hygromycin-containing medium, colonies were picked by
using extra-long gel-loading micropipette tips and inoculated into 25-cm? flasks
containing 5 ml of conditioned medium. Upon colony formation, this process was
repeated, with all clonal cell lines established after at least two rounds of puri-
fication.

DEN-2 challenge of clonal cell lines. Cell lines were challenged with DEN-2
between 4 and 10 passages after establishment. Cells were challenged with
DEN-2 (Jamaica 1409) at a multiplicity of infection (MOI) of 0.01. At 7 days
postchallenge cells were fixed in 3:1 acetone—phosphate-buffered saline for 5 min
at —20°C and stored in phosphate-buffered saline. Immunofluorescence assays
(IFA) were performed with anti-DEN virus envelope monoclonal antibody 4G2
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FIG. 4. TFA. Untransformed C6/36 cells; null cell line H 9.1; sense cell line S 9.3; antisense cell line As 4.2; and fold-back cell lines FB 2.1, FB

9.1, FB 9.2, and FB 17.2 were stained for DEN-2 E antigen 7 days after challenge with DEN-2. Cells were counterstained with Evans blue so that

uninfected cells appear red, while infected cells appear yellow-green.

(16), a biotinylated sheep anti-mouse antibody, and a streptavidin-fluorescein
conjugate as previously described (12). Three microscopic fields of view from
each coverslip were photographed with an Olympus DP10 digital camera. All
digital files were modified in Adobe Photoshop 5.0 by adjusting the brightness by
+20 and the contrast by +75. Cells containing DEN-2 antigen were counted and
expressed as a ratio to the total number of cells counted. All experiments were
performed with duplicate coverslips, and the percent DEN-2-infected cells was
expressed as the average of all trials. Cell lines were considered stably resistant
to DEN-2 if several independent challenge experiments showed that less than
5% of cells contained DEN-2 antigen at 7 days postchallenge. Challenges with
the heterologous flavivirus West Nile virus were performed in the same manner.

Southern blot hybridization analysis. High-molecular-weight DNA was iso-
lated from clonal cell lines with a DNeasy minikit (Qiagen Inc., Chatsworth,
Calif.). Genomic DNA was digested with the appropriate restriction enzyme,
loaded onto an 0.7% agarose—1X Tris-acetate EDTA gel, and electrophoresed at
100 V for 2 to 3 h. DNA was transferred to a positively charged nylon membrane
(Brightstar; Ambion, Austin, Tex.) by standard Southern blotting protocols (33).
Probes were labeled by randomly primed incorporation of [a-*?P]dCTP (3,000
Ci/mmol) with the Megaprime DNA labeling system (Amersham-Pharmacia
Biotech, Piscataway, N.J.) and with the use of linearized pIE1D2prMir as tem-
plate. The specific activity of probes was 4.0 X 10® dpm/p.g. Probes were heat
denatured and added to hybridization buffer (7.0% sodium dodecyl sulfate
[SDS], 0.47 M Na,HPO,, 1.7 mM H;PO,). Hybridization proceeded overnight at
65°C, followed by two washes in 2X SSC (1X SSC is 0.15 M NaCl plus 0.015 M
sodium citrate)-0.1% SDS at 20 min each and two washes in 0.2X SSC-0.1%
SDS for 30 min each. Blots were exposed to Kodak Biomax MR film at —70°C
with an intensifying screen for 1 to 7 days.

RNA analysis. For standard Northern blot analysis, total cellular RNA was
extracted from clonal cell lines with the Qiashredder and RNeasy minikits (Qia-
gen Inc.). Fifty micrograms of total RNA was electrophoresed in a 1.25% aga-
rose-1X MOPS (morpholinepropanesulfonic acid)-0.66 M formaldehyde gel
and blotted to a positively charged nylon membrane. RNA probes corresponding
to the D2prM290 sense and antisense strands were transcribed in vitro by using
T3 or T7 RNA polymerase with the MAXIscript kit (Ambion) including 20 mCi
of [a-**P]UTP/ml with an activity of 800 Ci/mmol. The specific activity of RNA
probes was determined to be 1.4 X 10° cpm/pg. Blots were hybridized with 2.0
% 10® cpm of RNA probe/ml in UltraHyb (Ambion) hybridization buffer at 68°C
for 12 to 16 h and washed twice with 2X SSC-0.1% SDS for 20 min each,
followed by two washes in 0.2X SSC-0.1% SDS for 30 min each. Blots were

exposed to Kodak Biomax MR film at —70°C with an intensifying screen for 1 to
7 days.

For slot blot analysis, total cellular RNA was extracted from cells at each time
point postinfection by the acid guanidinium thiocyanate-phenol-chloroform
method described by Chomczynski and Sacchi (6). Five micrograms of total RNA
was applied to each well of a slot blot apparatus (Schleicher & Schuell, Keene,
N.H.) containing a nylon membrane as described previously (1). Labeled anti-
sense RNA probe corresponding to the NS2B-NS3 region of the DEN-2 genome
was used as described above. Blots were exposed to phosphor storage screens for
1.5 h, and the storage screens were scanned on a STORM phosphorimager
(Molecular Dynamics, Inc.; Amersham Pharmacia Biotech Ltd.). Quantitation
and analysis of phosphorimager data were performed with ImageQuant software
(Molecular Dynamics, Inc.) and Microsoft Excel (Redmond, Wash.).

To detect siRNAs, total RNA was extracted with acid guanidinium thiocya-
nate-phenol-chloroform and ethanol precipitated. The redissolved precipitate
was heated to 65°C and then placed on ice, and high-molecular-weight RNA and
DNA were precipitated by addition of polyethylene glycol (molecular weight,
8,000) to a final concentration of 5% and NaCl to a final concentration of 0.5 M
(14). Low-molecular-weight RNA was precipitated from the supernatant by
addition of 3 volumes of ethanol. The low-molecular-weight RNA was further
purified by binding to a DEAE-Sepharose CL-6b column or used directly after
formamide denaturation for electrophoresis in a 16% polyacrylamide-7 M urea
gel. Separated RNA was blotted and cross-linked to a positively charged nylon
membrane. Hybridization was performed in Ultra-Hyb hybridization buffer with
labeled strand-specific DEN-2 prM RNA probes (15). Hybridization occurred at
40°C overnight followed by washes at 50°C in 2X SSC-0.2% SDS. Hybridization
signal was detected after 5 days of exposure to a phosphor storage screen with a
STORM phosphorimager.

RESULTS

Identification of DEN-2-resistant cell lines. After selection
for hygromycin resistance and cell colony purification, four
types of transformed cell lines were obtained: 10 IE1-null
(null [H]) cell lines containing no DEN-2 sequence, 10
IE1D2prM290S (sense [S]) cell lines designed to transcribe a
290-nt segment of the DEN-2 prM gene in sense orientation,
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FIG. 5. Southern blot analyses of DNA isolated from cell lines FB
9.1, H 9.1, and C6/36. Lane a, DNA from FB 9.1 digested with EcoRI;
lanes b and ¢, DNA from C6/36 cells digested with EcoRI and Kpnl,
respectively; lane d, DNA from FB 9.1 digested with Kpnl. Blots were
hybridized with pIE1D2prMir labeled with 3P. Locations of size mark-
ers are indicated at the left.

18 TE1D2prM290As (antisense [As]) cell lines designed to
transcribe a 290-nt segment of the DEN-2 prM gene in anti-
sense orientation, and 18 IE1D2prMir (fold-back [FB]) cell
lines designed to express dsRNA derived from the DEN-2 prM
gene (Fig. 1 and 2) (Materials and Methods).

Resistance to DEN-2, defined as 5% or fewer DEN-2 E-
positive cells by IFA per trial, was observed in one sense line (S
9.3), one antisense line (As 4.2), and eight inverted-repeat
RNA (irRNA) lines (Fig. 3). No resistance to DEN-2 was
observed for any of the null cell lines (Fig. 3A). Only 14 and
7% of cell lines transformed with a plasmid designed to express
sense or antisense RNA, respectively, derived from DEN-2
were found to be resistant to DEN-2. In contrast, 44% of cell
lines transformed with a plasmid designed to express dsRNA
derived from DEN-2 were resistant to DEN-2 challenge.

Assays for DEN-2 resistance. Several of the resistant cell
lines had 1% or fewer cells containing DEN-2 E antigen by
IFA. Results of IFA performed 7 days after DEN-2 challenge
on untransformed C6/36 cells; null cell line H 9.1; sense cell
line S 9.3; antisense cell line As 4.2; and irRNA cell lines FB
2.1, FB 9.1, FB 9.2, and FB 17.2 are shown in Fig. 4. Although
untransformed C6/36, H 9.1, and FB 17.2 cells all contained a
high proportion of DEN-2-positive cells, cell lines S 9.3, As 4.2,
FB 2.1, FB 9.1, and FB 9.2 were =99% resistant.

In addition to IFA, resistance to DEN-2 was measured by
comparing the amounts of infectious virus in the cell culture
medium of untransformed and transformed cells after DEN-2
challenge. Cell culture medium was collected from C6/36, H
9.1,S9.3, As 4.2, FB 2.1, and FB 9.1 cells at 7 days post-DEN-2
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FIG. 6. Northern blot analysis of mRNA transcripts produced in
FB 9.1 and H 9.1 transformed cell lines. Blots were probed for sense
(A and B) or antisense (C and D) D2prM290 sequence. RNA was
isolated from H 9.1 (A and C) and FB 9.1 (B and D) cells. Probe was
strand-specific, labeled transcript from D2prM290 insert. Ethidium
bromide staining of rRNA in each lane is shown below.

(Jamaica 1409) challenge and titrated in Vero cells by plaque
assay (25). C6/36 cells and cell line H 9.1 had DEN-2 titers of
1.7 X 10° and 4.3 X 10° PFU/ml, respectively. Cell lines S 9.3
(5.1 X 10° PFU/ml), As 4.2 (2.3 X 10> PFU/ml), FB 2.1 (2.1 X
10° PFU/ml), and FB 9.1 (1.2 X 10 PFU/ml) all produced 100-
to 1,000-fold-less infectious DEN-2 than did the H 9.1 line.
These titration data corresponded well with the sparse number
of cells fluorescing with E antigen in S 9.3, As 4.2, FB 2.1, and
FB 9.1 cell lines 7 days after DEN-2 challenge (Fig. 4). Resis-
tance continued to be observed in these cell lines after 40 to 50
passages, indicating stability of the resistant phenotype (data
not shown). We tested the specificity of resistance by infecting
FB 9.1 cells with the NY99 strain of West Nile virus (Flaviviri-
dae), and more than 60% of the cells displayed West Nile virus
E antigen by IFA at 7 days postinfection, suggesting that the
silencing response was sequence specific (data not shown).

Physical state of pIE1D2prMir in cell line FB 9.1. Cell line
FB 9.1 was characterized further by Southern blot analysis to
determine the organization of plasmid DNA in the DEN-2-
resistant cell line. Cellular DNA was digested with EcoRI, an
enzyme that recognizes nine sites in pIE1D2prMir, and Kpnl,
which has no recognition sites within the plasmid DNA. Five
EcoRlI sites reside in the hr5 enhancer region (bp 1 to 488) of
the hr5/IE-1 baculovirus regulatory sequence, producing very
small fragments upon digestion. Lane a of Fig. 5 shows results
after digestion of cell line FB 9.1 DNA with EcoRI. Based on
EcoRI restriction digests of pIE1D2prMir, the bands seen at
approximately 650, 1,200, 2,000, and 3,000 bp were from intact
plasmids. A number of additional bands also were observed,
probably from junctions between plasmid and cellular DNA,
suggesting that plasmids were integrated at multiple sites in the
cell genome. Digestion with Kpnl revealed predominantly a
high-molecular-weight band greater than plasmid unit length.
This suggests integration of multiple copies of the plasmid
DNA into the genome but does not rule out the presence of
extrachromosomal plasmid arrays similar to those seen else-
where for other transformed C6/36 cell lines (26).

Northern blot analysis. PTGS in transgenic plants is char-
acterized by low steady-state levels of transgene transcripts. H
9.1 and FB 9.1 cells were analyzed by Northern blot hybridiza-
tion for the presence of sense or antisense D2prM290 tran-
scripts (Fig. 6). Hybridization with both prM290 sense and
antisense RNA probes revealed a transcript in FB 9.1 cells of
approximately 1,100 nt that was of the size predicted for the
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FIG. 7. Slot blot analysis comparing DEN-2 RNA accumulation in FB 9.1 and H 9.1 cells after DEN-2 challenge. Total cellular RNA from each
cell line on days 1 to 14 following DEN-2 challenge was blotted and probed for DEN-2 RNA, with a 3*P-labeled probe complementary to the
NS2B-NS3 gene region of DEN-2 RNA. (a) RNA from H 9.1 cells. (b) RNA from FB 9.1 cells. (c) Relative amounts of DEN-2 RNA determined
by phosphorimager analysis. dpi, days postinfection. *, data from 11-day-postinfection time point for H 9.1 cells were unavailable.

D2prMir transcript [D2prMir + 3’ untranslated region and
poly(A)], indicating the probable existence of intracellular
dsRNA (Fig. 6). No specific hybridization was seen with H 9.1
cellular RNA. Prior to blotting, the agarose gel used in the
Northern blot analysis was stained with ethidium bromide and
showed similar quantities of mosquito rRNA, indicating that
similar amounts of total cellular RNA were loaded in each lane
(Fig. 6).

Mechanism of DEN-2 resistance. RNA silencing results in
sequence-specific degradation of target mRNA. To determine
the fate of DEN-2 genome RNA in resistant cell lines, FB 9.1
cell cultures and H 9.1 cell controls were infected with DEN-2
(Jamaica 1409) at an MOI of 0.01, and total RNA was ex-
tracted every 24 h for 14 days and analyzed for accumulation of
DEN-2 RNA by blot hybridization. DEN-2 RNA concentra-
tion increased daily in C6/36 cells (data not shown) and, after
a 24-h delay, accumulated over the entire time course in H 9.1
cells (Fig. 7). However, only minimal DEN-2 RNA accumu-
lated in FB 9.1 cells, even at 14 days postinfection.

Detection of siRNA. RNA silencing in plants resulted in the
accumulation of a class of small RNAs that were approxi-
mately 21 to 25 nt in length (14). We reasoned that, if RNA
silencing occurs in mosquito cells, the resistant cell lines should
produce siRNAs that are readily detectable by Northern blot
analysis with a probe specific for DEN-2 prM RNA. In addi-
tion, since the irRNA is constitutively transcribed in the FB 9.1
cell line, both sense and antisense DEN-2-specific siRNAs
should be detected in these cells. However, the control cell line
H 9.1 should not contain these RNAs. Indeed, we were able to
detect RNAs of 21 to 25 nt in length that hybridized to both
sense and antisense RNA probes derived from the prM region
of DEN-2. In contrast, no small RNAs of this size were de-
tected in H 9.1 cells (Fig. 8).

DISCUSSION

In this study, we present evidence that an RNAi-like defense
against DEN virus infection can be efficiently triggered in mos-
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FIG. 8. Northern blot hybridization to detect siRNA in mosquito
cell lines. Total RNA was extracted from untransformed C6/36 cells
(A), the H 9.1 cell line (B and D), and the FB 9.1 cell line (C and E)
and enriched for small RNA (Materials and Methods). Lanes A to C
were probed with *?P-labeled strand-specific antisense RNA comple-
mentary to the DEN-2 prM gene; lanes D and E were probed with
sense RNA from the DEN-2 prM gene.

quito cells by dsSRNA corresponding to a portion of the DEN-2
genome. PTGS in plants and RNAI in invertebrates are trig-
gered by intracellular dsSRNA and result in degradation of
mRNA with cognate sequences. Both are thought to represent
an evolutionarily ancient system that has as one function pro-
tection of organisms from virus infection and transposon inva-
sion.

The hr5 enhancer and immediate-early 1 (IE-1) promoter
region of Autographa californica nuclear polyhedrosis virus has
been shown elsewhere to allow efficient gene expression in
C6/36 cells (17, 18) and was selected for transcription of the
sense and antisense RNAs and irRNAs. Transformation with a
plasmid designed to express irRNA resulted in a much higher
proportion of resistant cell lines (44%) than did transforma-
tion with plasmids that expressed either positive-sense (14%)
or antisense (7%) RNA alone. These results mirror those
reported by Waterhouse et al. (39), who showed that 44 to 54%
of plants were resistant to potato virus Y after transformation
with an inverted-repeat DNA containing viral genome se-
quences, whereas less than 15% of plants were resistant to
potato virus Y after transformation with sense or antisense
DNA constructs. Other researchers have reported similar in-
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creases in the frequency of PTGS when inverted-repeat DNA
constructs were used in place of sense or antisense DNA con-
structs (7, 35, 36, 38). irRNAs also have been transcribed from
transgenes in Drosophila to initiate stable, heritable gene si-
lencing, further suggesting that this strategy may be very effi-
cient for interfering with RNA virus replication in mosquitoes
(9, 19, 20).

Our previous work (1, 29) demonstrated that resistance to
DEN-2 in mosquito cells and adult mosquitoes could be in-
duced by expression of the D2prM290 sequence from a SIN
virus expression vector and that expression of RNA with anti-
sense polarity and that of RNA with sense polarity were
equally effective. Virus resistance had many of the character-
istics of RNA silencing, including the presence of D2prM290-
specific siRNA, and we assumed that the trigger was produc-
tion of DEN-2 dsRNA as part of the partially double-stranded
SIN virus replicative intermediate. In the work reported here
we showed that expression of a nuclear transcript that is capa-
ble of forming dsRNA provides a more efficient trigger of viral
interference than does expression of transcripts with either
sense or antisense polarity, giving further evidence that the
presence of intracellular dsRNA triggers RNA silencing in
mosquito cells.

pIE1D2prMir, the plasmid used in transformation to pro-
duce the FB 9.1 cell line, was constructed with DEN-2 (New
Guinea C) prM sequences, and cells transformed by this plas-
mid were challenged with the DEN-2 (Jamaica 1409) strain.
The sequences of the two virus genomes in the 290-nt prM
region differ by approximately 4%, and this should not have
disrupted complementary sequence recognition thought to be
required for an RNA silencing mechanism. Resistance per-
sisted over as many as 50 cell passages due to stable integration
of the transgene. Lack of resistance to West Nile virus chal-
lenge indicated that the specificity of interference was deter-
mined by expression of DEN-2 sequences from the transform-
ing plasmid.

The plasmid integration pattern in FB 9.1 cells was complex
and appeared to be a combination of fragments or single cop-
ies of the plasmid integrated at multiple sites and unit-length
inserts, possibly tandemly aligned. Although we have not de-
termined the plasmid copy number of the FB 9.1 cell line,
previous studies in this laboratory have shown that stably trans-
formed C6/36 cells can contain high copy numbers of unit-
length plasmid, sometimes organized in large arrays (26). A
transcript of the predicted size from the D2prMir insert was
detected by using both sense and antisense DEN-2 prM RNA
probes, indicating that transcription from the transgene could
form dsRNA. No attempt was made to distinguish between
nuclear and cytoplasmic transcripts.

FB 9.1 cells challenged with DEN-2 failed to accumulate
DEN-2 genome RNA. Infection of untransformed C6/36 cells
with DEN-2 resulted in production of genomic RNA that was
readily detectable by blot hybridization by 24 h postinfection
and increased linearly at least until day 5 (1). Infection of
transformed cells containing no DEN sequence (null cell line
H 9.1) also resulted in accumulation of DEN-2 genome RNA,
although RNA production appeared to be delayed by 24 h. In
contrast, DEN-2-resistant cell line FB 9.1 contained barely
detectable viral genome even 14 days after challenge, suggest-
ing that DEN-2 RNA was degraded. Even though the FB 9.1
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cell line produced no DEN-2 E antigen detectable by IFA (Fig.
4) and little virus RNA (Fig. 7) over a 14-day period after
DEN-2 infection, FB 9.1 cells released infectious DEN-2, al-
though with at least a 100-fold-lower titer than in either C6/36
or H 9.1 cells. This observation most likely reflects the relative
sensitivity of the IFA and slot blot hybridization assays and the
virus plaque assay.

Most importantly, 21- to 25-nt RNAs derived from the trig-
gering DEN-2 sequences, the hallmark of RNA silencing, were
present in resistant cells. Biochemical studies in Drosophila
embryo lysates and Schneider S2 cells have suggested a mech-
anism for RNA silencing involving an enzyme called Dicer with
RNase III and helicase domains that degrades dsRNA to 21- to
23-bp fragments. These are denatured to produce siRNA ef-
fectors (3, 41) that associate with an RNA-induced silencing
complex to act as guides for sequence-specific degradation of
cognate mRNA (15). Dicer-like genes occur in phylogeneti-
cally diverse organisms (3), and our stable cell lines can be
used to examine whether similar mechanisms implement the
mosquito RNA silencing system.

If mosquito cells mount an innate antiviral response trig-
gered by the presence of dsRNA such as that found in both
SIN and DEN virus replicative intermediates, how are arbovi-
ruses able to sustain lifelong persistent infections in their mos-
quito vectors? Plant viruses have evolved counterdefenses
against PTGS (2), and recent studies by Ding and colleagues
have shown that an insect virus also encodes a protein that
suppresses RNA silencing (22). We will use these cell lines to
investigate the possible existence of DEN viral mechanisms to
counter RNA silencing that might have resulted in this evolu-
tionary balance between virus and host.
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