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MicroRNAs (miRNAs) are small noncoding RNAs that play critical
roles in controlling posttranscriptional gene regulation and have a
profound effect on mosquito reproduction and metabolism. Juvenile
hormone (JH) is critical for achieving reproductive competence in the
main vector of human arboviral diseases, Aedes aegypti. We report
a JH-mediated mechanism governing miRNA expression. Using a tran-
scription factor screen with multiple primary miRNA (pri-miRNA) pro-
moters, we identified that the Ecdysone-induced protein E75 (E75)
isoform (E75-RD) induced miRNA gene promoter activity. E75 binding
sites were determined in miRNA promoters by means of cell transfec-
tion assay. E75-RD was found to be up-regulated by JH, as shown by
the JH application and RNA interference (RNAI) of the JH receptor
Methoprene-tolerant (Met). Small RNA sequencing from RNAi of
Met and E75 displayed an overlapping miRNA cohort, suggesting
E75 to be an intermediate component within the JH hierarchical
network controlling miRNAs. Further experiments confirmed that
E75-RD positively regulates several miRNAs including miR-2940.
Reducing miR-2940 resulted in the arrest of follicle development
and number of eggs laid. Performing miRNA target predictions and
RT-qPCR from antagomir Ant-2940-3p-treated fat body tissues
identified the mRNA target Clumsy (AAEL002518). The molecular
interaction between this gene target and miR-2940 was confirmed
using an in vitro dual luciferase assay in Drosophila S2 cells and in
Ae. aegypti Aag2 cell lines. Finally, we performed a phenotypic res-
cue experiment to demonstrate that miR-2940/Clumsy is responsible
for the disruption in egg development. Collectively, these results
established the role of JH-mediated E75-RD in regulation of miRNA
gene expression during the mosquito reproductive cycle.

small noncoding RNA | hormone | isoform

M osquitoes are responsible for transmitting numerous disease
pathogens to humans due to their obligatory blood feeding
for reproduction. The Aedes aegypti mosquito is a carrier of mul-
tiple arboviral diseases, such as dengue fever, yellow fever, chi-
kungunya, and Zika virus. Limited treatment is available for these
diseases and thus vector population control can be an effective
method to curb disease transmission. Since Ae. aegypti is also capable
of transmitting multiple viruses that circulate in the same geographic
region they inhabit, removing or reducing the vector population ef-
fectively could inhibit the spread of all viral diseases (1). During a
single gonotrophic cycle, each mosquito lays ~100 to 150 eggs
and can undergo this reproductive cycle up to approximately three
times during her lifespan. Thus, inhibiting the reproductive cyclicity
could have a significant impact on the immediate and future pop-
ulation densities and provides an effective target for biological con-
trol efforts. A greater understanding of the underlying molecular
mechanisms that regulate mosquito reproduction is needed in
order to develop such vector control methods.

In insects, hormones play critical roles in development, meta-
morphosis, reproduction, longevity, differentiation, and migratory
behavior (2, 3). In adult female mosquitoes, juvenile hormone III
(JH) mediates the posteclosion (PE) developmental phase and is
involved in tissue maturation required for subsequent reproduc-
tive events, such as production of yolk protein precursors and egg
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development, following acquisition of host blood. The JH hemo-
lymph titer increases over time, reaching peak levels at ~48 to 50 h
PE and declining thereafter (4). JH binds its receptor, Methoprene-
tolerant (Met), a member of the basic helix-loop-helix-Per-Armt-Sim
(BHLH-PAS) transcription factors, leading to a cascade of events
that results in transcriptional activation and repression of JH
target genes. Previous research has centered on the impact of JH
on transcriptional regulation of messenger RNA genes (4, 5). This
had resulted in the identification of two Met-regulated transcrip-
tion factors, Kriippel homolog 1 (Kr-h1) and Hairy, and their role
in repression of JH-regulated mRNA transcripts (6-8).

One of the critical organs that undergoes JH-activated matu-
ration is the fat body, an analog to the vertebrate liver and ad-
ipose tissue. The fat body is the insect center for metabolism and
immunity. Interference with the JH-dependent fat body matura-
tion process inhibits the ribosomal biogenesis pathway and results
in insufficient production of lipids and yolk, leading to an inhibition
of egg development (9).

MicroRNAs (miRNAs) belong to a class of small noncoding
RNAs that are posttranscriptional regulators of mRNA expression
and have been linked to different mosquito biological processes.
miR-275 was shown to target sarcojendoplasmic reticulum Ca’*
adenosine triphosphates (SERCA) to control proper blood digestion
in the midgut, and miR-8 regulates the Wingless signaling pathway
in the fat body for secretion of lipids into the hemolymph during
vitellogenesis (10-12). Inhibition of both miRNAs results in biological
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defects that lead to egg inhibition and prevention of mosquito
reproduction. Newer advancements in genome-editing tools using
CRISPR/Cas9 have allowed for the generation of miRNA-specific
mutations in mosquitoes that have had a more-profound impact
on reproductive physiology than antagomir-based treatments.
This technique has been applied to generate miRNA-specific
mutations for miR-309, responsible for targeting the Homeo-
box gene SIX4, and for miR-277, responsible for targeting both
the insulin-like peptide-7 and insulin-like peptide-8 (13, 14). The
phenotypic outcome from these mutagenesis experiments com-
pletely inhibits egg development and thus is a promising tech-
nique for a population control tool.

Regulation of miRNA gene expression in mosquitoes has received
limited attention. Several studies in Drosophila melanogaster have
highlighted the potential for the insect hormone 20-hydroxyecdysone
(20E) to regulate miRNA expression of the primary miRNA
(pri-miRNA) containing miR-100, miR-125, and Let-7 through
the ecdysone receptor (15, 16). This miRNA locus is similarly
regulated by the 20E-inducible transcription factor Broad in the
cockroach Blattella germanica during metamorphosis (17). In-
terestingly, the combined treatment of JH and 20E will repress
activity of this loci, suggesting that both insect hormones have a
functional role in miRNA regulation (18). Recently, a study on
the hormonal control of miRNAs in the mosquito gut implicated
both JH and 20E in this process (19). However, the molecular
mechanism governing JH control of miRNA gene expression has
not been elucidated. Thus, we explored the role of the JH-mediated
transcription factors and their potential to regulate miRNA ex-
pression in the mosquito fat body during the PE developmental
phase. We provide evidence that JH mediates the expression of
the transcription factor Ecdysone-Induced Protein 75 (E75). We
demonstrate that a specific E75 isoform (E75-RD) is an interme-
diate component of the JH hierarchical transcriptional network and
acts as a direct activator of miRNA expression. We further show
the functional role of one E75-regulated miRNA, miR-2940-3p, as a
direct regulator of the glutamate receptor Clumsy. Blockage of
miR-2940-3p results in an overexpression of clumsy mRNA tran-
scripts, leading to a reproductive defect in egg development. The
presented work demonstrates a miRNA aspect of gene expression
mediated by JH regulation through E75-RD. This research expands
our knowledge of insect development and highlights a potential for
the expansion of an alternative mosquito control strategy.

Results

RNAi Treatment of Drosha Leads to pri-miRNA Enrichment. Identi-
fying the candidate transcription factors for miRNA expression
regulation can be challenging due to the scarcity of information
on promoter elements located upstream of miRNA start sites to
which the transcription factors would typically bind. This issue
arises in large part due to the nature of the miRNA biogenesis.
Mature miRNAs originate from a pri-RNA strand that is quickly
degraded after cleavage by Drosha in the miRNA biogenesis
pathway (20-22). As a result, pri-miRNAs are seldom detected in
a standard small RNA sequencing (RNA-seq) application and,
consequently, are missing from the genome annotation data. A
methodology to enrich for pri-miRNAs addressing this specific
issue has been described using a Drosha-knockout human cell
line (23). We utilized this methodology using RNA interference
(RNAI) targeted against the Ae. aegypti drosha transcript, followed
by RNA-seq analysis for the identification of novel pri-miRNAs
and their potential start sites. We performed RNAI for targeting
Drosha (AAEL008592) expression from adult female mosquitoes
and collected fat body tissue at 72 h PE. We evaluated the knock-
down efficiency of our treatment using RT-qPCR and found drosha
levels to be ~80% lower in treatment group than in Luciferase
RNAI control group (iLuc) (Fig. 14). To confirm an enrichment
of potential pri-miRNA transcripts within our Drosha knock-
down group, we subsequently measured gene expression levels of
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the long noncoding transcript AAEL027655. AAEL027655 is cur-
rently the only transcript within Ae. aegypti genome adjacent to a
premiRNA sequence, in this case premiRNA-276, and we hy-
pothesize this is to be a representative of an authentic pri-miRNA
transcript. When we measured the transcript level of AAEL027655
within our iDrosha group, we found a higher level of the transcript
than in the iLuc control (P < 0.05; SI Appendix, Fig. S14), con-
firming that the RNAI treatment was both sufficient in reducing
drosha mRNA levels and led to an enrichment of the pri-miRNA
transcripts.

Identification of pri-miRNA Transcripts in the Ae. aegypti Genome.
We next performed RNA-seq analysis on the iDrosha and iLuc
samples in an attempt to discover Ae. aegypti pri-miRNAs. Three
biological replicates were included in treatment and control groups,
and each biological sample was sequenced to the depth of ~20
million reads (2 x 100) (SI Appendix, Table S1). Reads were
mapped to the Ae. aegypti reference genome (L5.1) and expression
levels were compared between the iLuc and iDrosha groups.
AAEL027655 (fold change, +3.8 at 72 h PE) displayed an up-
regulation within the iDrosha dataset, consistent with the RT-
gPCR findings (SI Appendix, Dataset S1). Using the Integrative
Genomics Viewer (24), we manually scanned for reads mapping
upstream of premiRNA genomic locations to identify potential pri-
miRNAs. Using this approach, we discovered an enrichment of
reads located upstream to the precursor miRNA (pre-miRNA) of
miR-2940 and miR-252 in the iDrosha samples that was absent in
the iLuc samples. (Fig. 2 and SI Appendix, Fig. S2). Based off this
enrichment, using RT-qPCR, we confirmed the enrichment of both
pri-miRNAs and selected three pri-miRNAs (miR-276, miR-2940,
and miR-252) for further functional promoter analysis (Fig. 1B and
SI Appendix, Fig. S1 A and B).

Analysis of pri-miRNA Promoters with JH-induced Transcription Factors in
Cell Transfection Assay. To determine potential regulators of pri-
miRNAs, we utilized a cell-based luciferase assay in Drosophila S2
cells. Promoter regions of miR-276, miR-2940, and miR-252 were
subcloned using PCR into the promoterless firefly luciferase vector
(pGLA.17) and transfected with or without protein expression vec-
tors (pAcS.1). Initially, we measured luciferase levels from different
Ae. aegypti transcription factors that have previously been charac-
terized during the PE developmental phase, which include Met and
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Fig. 1. RNAi treatment of Drosha leads to enrichment of pri-miRNA tran-

scripts. (A and B) Relative gene expression levels of drosha and pri-miRNA-
2940 from fat body tissues at 72 h PE after treatment with dsRNA targeting
Drosha (iDrosha). WT and dsLuciferase (iLuc) are controls. For gene expres-
sion analysis, each group represents an average of three independent ex-
periments that included three to four biological samples per experiment.
Statistical significance was calculated using a one-way ANOVA. *P < 0.05.
The data are shown as average + SEM.
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Taiman, Hairy and Groucho, or Kriippel-homolog 1 (Kr-h1), on
each of the individual pri-miRNA promoters. The overexpression
of each transcription factor had no effect on the amount of lucif-
erase produced by any of the three candidate promoters tested
(Fig. 34 and SI Appendix, Fig. S4 A and B). Thus, we reasoned that
an additional factor was likely responsible for pri-miRNA regula-
tion. We searched previous fat body—specific RNA-seq data during
the PE phase to identify additional transcription factors expressed
during this phase. E75 (A4EL007397) was found to have a relative
expression level value equal to that of Kr-h1; thus, we speculated it
could have a regulatory function during this phase (6). E75 is a
nuclear receptor comprised of three major isoforms—E75-RA,
E75-RC, and E75-RD (previously referred to as E75A, E75B, and
E75C, respectively) (25). We examined the expression profile of
each individual isoform during the PE and post-blood meal (PBM)
phases and reasoned that since E75-RD was the most abundant
isoform during the PE phase (26) and displayed a temporal profile
peaking at 60 h PE, it is likely associated with JH regulation during
the PE phase (SI Appendix, Fig. S34). We cloned the E75-RD
isoform into the pAcS.1 protein expression vector and repeated the
luciferase assay. Interestingly, the expression of E75 increased the
amount of luciferase produced by all three candidate promoters of
miR-2940, miR-252, and miR-276 (Fig. 34 and SI Appendix, Fig.
S4 A and B), suggesting that this transcription factor is a key
activator of miRNA regulation in the JH pathway.

Identification of E75 Interaction with pri-miRNA Promoters. We next
utilized a progressive deletion strategy in order to identify the spe-
cific DNA motif bound by E75 on the promoter region for all three
of these candidate promoters. The 5’ region of each promoter
plasmid was truncated until the luciferase activity was equivalent
to the promoterless pGLA.17 plasmid. We found the respective up-
stream regions for miR-2940 (165 to 115), miR-276 (570 to 560), and
miR-252 (325 to 280) to contain the DNA region responsible for E75
binding (Fig. 3B and SI Appendix, Fig. S5 A and B). To confirm this
result, we performed a site-directed mutagenesis assay on the specific
DNA region from the wild-type (WT) plasmid and found activity
levels equivalent to the empty control vector. Mutating a 6-base pair
(bp) region on the miR-2940 promoter (Fig. 3 C and D) and 13-bp
region on the miR-252 promoter alleviated E75 activity (SI Appendix,
Fig. S5C). Thus, both these in vitro experiments suggest that E75 is
an activator of miRNAs and confirm the specific DNA binding site
on the promoter for E75 regulation of miR-2940 and miR-252
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expression. We next set to perform a series of in vivo experiments
to determine whether E75 regulation of miRNA expression was
occurring within the fat body tissue during the PE developmental
phase.

Evaluating the Impact of JH on E75 Transcription Levels. As E75 is
largely thought to be an ecdysone-responsive gene (27, 28), we set
out to establish its role within the JH hierarchical network. Two
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Fig. 3. E75-RD is an activator of the pri-miRNA-2940 promoter. (A4) Lucif-

erase reporter assay after cotransfection with either Met and FISC (Taiman),
Hairy and Groucho, Kruppel, or E75-RD protein expression vectors and the
pri-miR-2940 promoter firefly reporter construct. Pri-miRNA promoter firefly
luciferase measurements were divided by measurements from a promoter-
less firefly vector and the respective candidate protein expression. (B) Luciferase
measurements from a serial deletion series of the pri-miRNA-2940 promoter
with E75-RD protein expression. (C) Luciferase measurements of the pri-miRNA-
2940 promoter with a mutated DNA sequence between the 135 and 130
DNA region. (D) Putative E75-RD binding site with flanking regions within the
pri-miRNA-2940 promoter. The red DNA sequence corresponds to the WT
promoter, and the blue sequence corresponds to the mutation. Firefly lucif-
erase measurements are normalized to an internal Renilla luciferase control.
Transfection experiments were completed independently three times with
each experimental group having three technical replicates. Statistical signifi-
cance was calculated using a Student’s t test. *P < 0.05. The data are shown as
average + SEM.
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experiments were completed to support the hypothesis that E75-
RD is regulated by JH. Topically applying JH to the abdomen of
newly emerged adult mosquitoes can result in an artificial acti-
vation of JH pathway in the fat body tissue (29). Accordingly, we
applied JH III topically to the abdomen of female mosquitoes at
0 to 3 h PE and dissected fat body tissues at 6 h posttreatment.
We analyzed E75-RD expression and noted that fat body samples
treated with JH III had higher levels than the acetone treatment
alone and WT controls (Fig. 4 4 and B). Next, we performed RNAi
for the JH receptor Met. Removal of Met through double-stranded
RNA (dsRNA) knockdown has been shown to be an effective
method to prevent JH activation, blocking the induction of both
Hairy and Kr-h1 (6, 30). We reasoned that E75-RD would also
display a lower expression level in the absence of Met. We injected
adult female mosquitoes at 0 to 24 h PE with dsRNA targeting ei-
ther met (iMet) or luciferase (iLuc) and subsequently measured E75-
RD expression levels in the fat body tissue 4 d later. On treatment
with iMet, we found that E75-RD was lower than in the ilLuc control
group (Fig. 4 C and D). Taken together these experiments indicate
that the E75-RD isoform is regulated by JH through Met.

E75 Acts as an Intermediate Component within the JH/Met Hierarchical
Network in Regulating miRNAs. To investigate the role of E75 and as
an intermediate component of the JH hierarchical network, we
performed small RNA-seq from iMet and iE75 fat body samples.
Identification of transcriptions shared between both knockdown
groups would provide insight into the E75 regulatory role during
this phase. We purified total RNA from iLuc, iMet, and iE75 fat
body samples and prepared small RNA libraries for next-generation
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Fig. 4. E75 acts an intermediate component within the JH/Met hierarchical

network. (A and B) In vitro application of JH Il impacts E75 and Hairy. Rel-
ative gene expression levels of E75-RD and Hairy from WT-, acetone-, and JH
Il-treated fat body tissues dissected at 6 h post treatment, respectively.
(C and D) RNAI treatment of Met reduces expression of isoform E75-RD.
Relative gene expression levels of Met and E75-RD from WT, iLuc, and iMet
from fat body tissues dissected at 72 h PE. (E and F) lllumina small RNA-seq
analysis of Met and E75 RNAi-depleted Ae. aegypti mosquito fat body at
72 h PE. Venn diagram analysis of Met and E75 RNAi small RNA-seq analysis
showing 55% of genes up-regulated in iE75 are also up-regulated in iMet,
and 77% of genes down-regulated in iE75 are also down-regulated iMet,
respectively. Circles containing only iMet? or iE751 indicate genes specifically
up-regulated (fold change > 1.2) within that dataset. Circles containing only
iMet| or iE75] indicate genes specifically down-regulated (fold change < 0.8)
within that respective dataset. The intersection containing either iMET?/
iE751 or iMet|/iE75] indicates genes shared within the respective datasets.
For gene expression analysis, each group is the average from three inde-
pendent experiments that included three to four biological samples per
experiment. Statistical significance was calculated using a one-way ANOVA.
*P < 0.05. The data are shown as average + SEM.
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sequencing (SI Appendix, Fig. S6 and Table S2). Three indepen-
dent biological samples from each treatment group were used for
the differential expression analysis. We examined the global small
RNA profile (transfer RNA, ribosomal RNA, pre-miRNA, long
noncoding RNAs, and small nuclear RNAs) and found large ex-
pression changes in the iMet and iE75 groups but not in the iLuc
control. The proportion of reads mapping to rRNAs, IncRNAs,
snRNAs, and tRNAs was higher in the iMet and iE75 groups,
while that related to premiRNAs was lower in both treatment
groups, suggesting a global shift for the regulation of RNA tran-
scripts (S Appendix, Fig. S7). In terms of the percentage of genes
shared between the two datasets, we selected genes (fold change <
0.8 for down-regulation and >1.2 for up-regulation) between iMet
and iE75 for comparison. We found that ~55% of the genes that
were up-regulated in the iE75 dataset were also up-regulated in
the iMet dataset, while about 73% of the genes that were down-
regulated in the iE75 dataset also appeared in the iMet dataset
(Fig. 4 E and F and SI Appendix, Fig. S84). The down-regulated
set of genes contained 40 of the 52 premiRNA transcripts, with
the remaining 12 not being differentially expressed and on the low
end of detection.

As the majority of the shared premiRNA transcripts between
iMet and iE75 were down-regulated, we next focused our anal-
ysis on the individual expression of mature miRNAs in the iMet
and iE75 datasets (SI Appendix, Dataset S3). As our luciferase-
based, pri-miRNA promoter analysis experiments demonstrated
only E75-RD to be capable of directly activating pri-miRNA ex-
pression, we speculated that iE75 treatment would have a larger
impact on miRNA expression than iMet. We indeed found that 60%
(60/102) of mature miRNAs identified had a greater reduction (fold
change < 0.8) in the iE75 group than in iMet, suggesting that iE75
knockdown had a more-impactful change on miRNA expression
than iMet knockdown (Fig. 5 and SI Appendix, Table S3).

When we examined the specific expression profiles of miR-276-
3p, miR-252-5p, and miR-2940-3p in the iMet dataset, their ex-
pression was 25, 23, and 25% lower than in the iLuc control, re-
spectively (SI Appendix, Dataset S3). This expression was then
even further reduced in the iE75 dataset by 52, 48, and 39% when
compared with the iLuc control, respectively. The expression
levels for miRNAs were validated using RT-qPCR from inde-
pendent E75 RNAI treatment groups (P < 0.05; SI Appendix,
Figs. S9 A-C). These results establish E75 to be an intermediate
component within the JH/Met hierarchical network.

miR-2940-3p Is Critical for Primary Ovarian Follicle and Egg Development.
We examined the functional roles of miR-2940-3p, miR-276-3p, and
miR-252-5p during the gonotrophic cycle. Synthetic RNA probes
complementary to the mature miRNA strand, termed antagomirs
(Ant), were designed and injected into adult female mosquitoes 6
to 24 h PE and measured for efficiency 4 d postinjection (P < 0.05;
SI Appendix, Figs. S10 A-C) using RT-qPCR from fat body tissue.
After confirmation of miRNA depletion, female mosquitoes were
provided a blood meal and subsequently examined for primary
follicle development 24 h postfeeding. We found that treatment
with Ant-2940-3p impaired primary follicle development growth
(average length: 182 pM) relative to that in WT and antagomir
control groups (average lengths: 220 and 221 uM, respectively,
P < 0.05; SI Appendix, Fig. S114). Concordantly, we measured egg-
laying numbers and found that Ant-2940-3p females deposited
fewer eggs (average number: 57 eggs per female) than the WT
and antagomir control groups, both of which laid an average of
90 eggs per female (P < 0.05; SI Appendix, Fig. S11B). Treatment
with either Ant-276-3p or Ant-252-5p had no major impact on
the reproductive cycle when similarly analyzed. These experiments
highlight the importance of miR-2940-3p in egg production during
the gonotrophic cycle.
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Fig. 5. MA plot depicting small RNA-seq results from iE75 analysis. The
x-axis represents the log mean average value for each miRNA expression
(counts-per-million), and the y-axis represents the log ratio between the
iMet and iE75 samples. Each point is representative of an individual gene,
and the different colors represent different classes of noncoding RNAs.

Computation and In Vivo Analyses Indicate miR-2940-3p Targets
Clumsy. To identify the molecular target of miR-2940-3p, we
coupled RNA-seq analysis from iE75 knockdown fat body samples
with an in silico approach using different bioinformatics miRNA
target prediction programs to produce a highly selective list of
potential mRNA targets. As our previous results indicated that
miR-2940-3p is regulated through the transcription factor E75,
RNAI treatment of E75 should reduce miRNA-2940-3p levels
and accordingly alleviate its repressive effect on potential mRNA
targets. As a result, we performed RNA-seq analysis from iE75 fat
body samples and specifically selected the 3'untranslated regions
(UTR) from those genes with up-regulated expressions (fold
change >1.3) to be used as the reference dataset for miRNA
target prediction (SI Appendix, Table S4 and Dataset S4). Using
this approach greatly restricted the starting list of the potential
14,718 transcripts within the Ae. aegypti transcriptome to only
342 transcripts found to be up-regulated within the E75 knockdown
fat body samples. The predicted mRNA-miRNA interactions from
these 342 transcripts were evaluated using the two bioinformatics
programs, miRanda (31) and RNA hybrid (32), producing a total of
nine genes predicted by both programs with a miR-2940-3p binding
site (SI Appendix, Table S5). To confirm an authentic mRNA target,
we screened for elevated gene expression levels in vivo using RT-
qPCR from fat body tissue treated with Ant-2940-3p. Of the nine
predicted mRNAs on the target list, only AAEL002518 was dem-
onstrated to have a higher gene expression level than in the WT and
Ant-Scr groups (scrambled) (Fig. 64). The UniProt database
defines AAEL002518 as a glutamate ion channel, containing both
a transmembrane domain and ligand-binding site for glutamate or
glycine. Using a protein Basic Local Alignment Search Tool suggested
that AAEL002518 is homologous to the D. melanogaster gene clumsy.
These data suggest that mosquito clumsy AAEL002518 is either di-
rectly or indirectly regulated through the actions of miRNA-2940-3p.

In Vitro Analysis Indicates miR-2940-3p Directly Targets Clumsy. To assess
whether clumsy is the authentic target of miR-2940-3p, we utilized a
cell culture-based luciferase assay. The 3’'UTR of AAEL002518 was
cloned downstream of the Renilla translational stop codon within the
psiCheck-2 vector to generate a 3'UTR-fused luciferase reporter.
The reporter vector was then transfected into Drosophila S2 cells
along with a miR-2940-3p mimic, and luciferase activity was mea-
sured 24 h posttransfection. We found that the addition of the
miR-2940-3p mimic resulted in a 20% lower luciferase activity
than in the treatment group containing the Allstar mimic (negative
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siRNA control) (Fig. 6B). Our bioinformatics predictions iden-
tified two potential binding sites for miR-2940-3p within the 3’
UTR of clumsy, referred to as Site-1 and Site-2 (SI Appendix, Fig.
S12). To identify the specific site to which miR-2940-3p binds to
on the UTR transcript, we performed a site-directed mutagenesis
assay to scramble the seed sequence to abolish the miRNA-mRNA
interaction and alleviate luciferase repression. The mutation in Site-
1 alleviated the repressive effect by the miR-2940-3p mimic, while
that in Site-2 still resulted in a ~20% lower luciferase activity than
the Allstar control group (Fig. 6 C and D). This result confirms that
miR-2940-3p—mediated repression of AAEL002518 is directed
through Site-1 on the 3'UTR.

As miR-2940-3p is a Culicinae subfamily—specific miRNA, we
additionally performed the transfection experiments in the Ae.
aegypti Aag?2 cell line using endogenous miRNA as a substitute
for the miRNA mimic. Transfection of Aag2 cells with psiCheck-2
vector containing the 3'UTR of clumsy resulted in a ~15% decrease
of luciferase activity in comparison with the empty psiCheck-2 vec-
tor. Mutating Site-1 restored luciferase levels to the empty psiCheck-
2 vector, while mutating Site-2 still resulted in luciferase reduction
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Fig. 6. miR-2940-3p directly targets Clumsy (AAEL002518). (A) Relative gene
expression level for clumsy measured by RT-qPCR from fat body tissue in
WT-, Ant-Scr—, and Ant-2940-treated individuals. (B) Dual luciferase reporter
assay for clumsy in Drosophila S2 cells. (C and D) Dual luciferase reporter
assay for clumsy using mutated binding sites in Drosophila S2 cells. Inde-
pendent plasmids were generated with mutations on the 3'UTR in the po-
tential “seed” sequence for the predicted miR-2940-3p binding site. The
seed sequences are highlighted in blue, and the corresponding substitutions
on the mutated plasmid are highlighted in red. For gene expression results,
each experiment consisted of three to four biological samples, and each
experiment was repeated a total of three independent times. Statistical
significance was calculated using a one-way ANOVA. *P < 0.05. For lucif-
erase transfection experiments, results are expressed as the relative ratio
of Renilla luciferase activity to Firefly luciferase activity. Statistical signif-
icance was calculated using an unpaired Student’s t test. The data repre-
sent three biological replicates with three technical replicates and are
shown as average + SEM.
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(P < 0.05; SI Appendix, Fig. S13). This finding further supports
our results obtained using the S2 cell line, where Site-1 was found
to be responsible for mediating transcript repression. The com-
bination of both the in vitro S2 and Aag2 cell-based results further
strengthens our findings that AAEL002518 is an authentic target
of miR-2940-3p.

Clumsy RNAi Rescues Ant-2940-3p Treatment. We next confirmed
that up-regulation of AAEL002518 is responsible for the reproduc-
tive defects we noted in the Ant-2940-3p treatment experiments. We
performed a phenotypic rescue experiment by simultaneous knock-
down of miR-2940-3p and AAEL002518 in the same individuals. We
synthesized dsRNA targeting AAEL002518 (P < 0.05; SI Ap-
pendix, Fig. S14) and mixed it with synthetic Ant-2940-3p, using
final concentrations of 2 pg/uL and 200 pmol/pL, respectively.
Depleting AAEL002518 along with Ant-2940-3p treatment partially
restored primarily follicle development (average length: 193 pM) in
mosquitoes to the level noted in the Ant-Scr/iLuc and WT control
groups (average length: 205 and 213 pM, respectively), confirming
that up-regulation of A4EL002518 is responsible for the repro-
ductive defects caused by Ant-2940-3p treatment (SI Appendix,
Fig. S154). We additionally measured the number of eggs laid
and found clumsy RNAIi (69 eggs per female) to restore egg depo-
sition more than Ant-2940-3p treatment (59 eggs per female, P <
0.05; SI Appendix, Fig. S15B).

AAEL002518 is an Ae. aegypti homolog of clumsy, originally
discovered in D. melanogaster, as an ionotropic glutamate receptor
belonging to the subtype kainate receptors. Glutamate receptors
contain a ligand-binding domain, responsible for binding the amino
acid glutamate and a transmembrane channel for trafficking dif-
ferent ions across the cell membrane (33). We attempted to mimic
our phenotypic rescue experiments using AP-5, a synthetic antag-
onist of kainate receptors (34), as a substitute for dsSRNA targeting
AAELQ002518. The mixture of Ant-2940-3p and AP-5 was able to
rescue both primary follicle growth (average length: 209 uM) and
egg development, suggesting that Clumsy was effectively inhibited
by the chemical treatment. These experiments demonstrate that the
up-regulation of Clumsy is responsible for the reproductive defect
noted with Ant-2940-3p treatment.

Discussion

miRNAs play a critical role in multiple physiological processes
across different insect systems. Our study focused on the control
of miRNAs due to their importance as regulators of gene expres-
sion in reproduction in the disease vector Ae. aegypti. We investi-
gated the effect of the JH pathway on miRNAs during the PE
phase of the mosquito reproductive cycle. This reproductive phase
is critical for nutrient mobilization, energy homeostasis, as well as
for acquisition of reproductive competence required for egg pro-
duction during the vitellogenic phase.

Most of the research focusing on miRNA regulation in insects
has centered on the pri-miRNA transcript responsible for encoding
the miRNA cluster of Let-7, miR-125, and miR-100. This locus
was originally identified in D. melanogaster to be inducible by 20E
treatment and later demonstrated to be specifically regulated
through the ecdysone-specific Broad complex (15, 16). These
findings were shown to extend to a less-derived insect system, the
cockroach B. germanica, suggesting that the mechanism of 20E reg-
ulation on miRNA expression is highly conserved in insect species
(17). While these studies have centered on role of 20E and Broad in
larva-to-adult transitionary phase, the JH pathway transcription fac-
tors mediating miRNA expression are largely unexplored. Both Let-7
and miR-278 have been demonstrated to be authentic targets of the
JH transcription factor Kr-hl in Anopheles gambiae and Locusta
migratoria (35, 36). Inhibition of Let-7 leads to an increase of Kr-hl,
resulting in reduced vitellogenin transcripts and an abolishment of
ovarian development.
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Our study identified E75 (specifically the isoform E75-RD) as
a factor in the juvenile hormone hierarchical network that reg-
ulates miRNAs. E75 has been classified as an “early” responsive
gene under the ecdysone signaling pathway (27); however, there
are in vitro studies utilizing S2 cells that do suggest the possibility
of JH regulating specific E75 isoforms. Applying JH III to culture
medium induced both the expression of E75A and an additional
isoform currently unidentified in Ae. aegypti (37, 38). An additional
follow-up study identified the transcription factor fushi tarazu
Transcription 1 (-FTZ-F1) as a potential regulator of JH III-
regulated E75A expression (39). JH III has also been implicated in
B-FTZ-F1 regulation in Ae. aegypti fat body tissue (40); and thus,
our future studies will examine the potential role of p-FTZ-F1 on
E75-RD regulation during the PE developmental phase.

Two methodologies used to identify miRNA-mRNA interac-
tions are in silico bioinformatic predictions and the in vivo Cross-
Linking Immunoprecipitation-Seq approach targeting Agol. While
both techniques are effective at identifying authentic miRNA-
mRNA interactions, both have significant drawbacks. In silico
predictions generally have an extremely high false-positive rate
and require the use of multiple of bioinformatic programs, and
CLIP-Seq techniques can be still technically challenging despite
improvements in RNA ligation and library preparation. Here, we
utilized the information that E75 is a regulator of miR-2940 to gen-
erate a highly curated list of potential mRNA targets for miR-2940-3p
from E75 knockdown RNA-seq analysis. This approach removed
~95% of potential mRNA transcripts that may have appeared as
false-positive result following our in silico bioinformatic analysis.
This allowed for selecting a very limited list of potential mRNA
genes that aided the identification of Clumsy as an authentic
target of miR-2940-3p.

While our antagomir-based treatments of miRNAs revealed
that miR-2940-3p has a functional role in female reproduction,
miR-276-3p and miR-252-5p likely play in other aspects of mos-
quito physiology. The depletion of miR-252-3p impacted nymphal
development in B. germanica (18), and the depletion of miR-276-
Sp resulted in enhanced female fertility in Anopheles gambiae
(41). Since E75-RD has been identified as the regulator of the
pri-miR-276 and pri-miR-252 transcripts, it is likely having a
functional role in regulating those miRNA-specific processes.

The underlying molecular mechanism of how the overactivation
of Clumsy during the PE developmental phase leads to an in-
hibition of primary ovarian and egg development still needs to be
examined. The downstream signaling response activated by Clumsy
and the impact on fat body development can be critical to designing
a novel reproductive control strategy. Although glutamate receptors
are highly conserved in eukaryotic systems, the potential ligands
have evolutionarily differed between vertebrate and insect systems
(34). This underlines a prospective control strategy where a chem-
ical agonist could be used to specifically target Ae. aegypti Clumsy
and would be ineffective in activating the vertebrate homolog.

Overall, the present work not only highlights a previously un-
identified role for E75-RD as a factor within the JH hierarchical
network but also demonstrates E75-RD as a critical regulator of
miRNA expression in the mosquito.

Materials and Methods

Mosquito Rearing. The Ae. aegypti was reared at 27 °C and 80% humidity, as
described previously (42). Blood feeding of adult mosquitoes was performed
using White Leghorn chickens.

Double-Stranded RNAi and Antagomir Injections. DsRNAs were synthesized
using the MEGAscript Kit (Ambion), and antagomirs were obtained from
Dharmacon, as previously described (11). Further details are described in
SI Appendix, Supplemental Materials and Methods.

RNA Extraction and qPCR Analysis. RNA Extraction, complementary DNA
synthesis, and gPCR analysis were performed as previously described (4).
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Oligos are listed in Dataset S5. Further details are described in S/ Appendix,
Supplemental Materials and Methods.

Juvenile Hormone In Vivo Application. Newly emerged female mosquitoes (3 h
PE) were collected and chilled on ice, and a 0.3-uL aliquot of 1 pg/mL JH 1l
(Sigma) or solvent (acetone) was topically applied to the abdomen. Fat body
tissue (~5 to 6 per biological replicate) was collected 6 h posttreatment and
subjected to RNA extraction and RT-qPCR.

miRNA Computational Target Predictions. The 3'UTRs were extracted from the
Aaegl5.1 genome database. UTRs were specifically selected from genes that
displayed a >1.3 Log2 fold change from the iE75 dataset. The miRNA-mRNA
target prediction programs miRanda and RNAhybrid were then used to
determine best match with the mature aae-miR-2940-3p sequence.

Cell Culture Conditions. Drosophila S2 (Invitrogen) and mosquito Aag2 cells
were maintained at 26 °C in Schneider’s Drosophila medium (Gibco, Life Tech-
nologies) supplemented with 10% heat-inactivated fetal bovine serum (Gibco,
Life Technologies) and 1x Penicillin-Streptomycin (ThermoFisher Scientific).

Promoter Luciferase Assay. The promoter luciferase assay was performed as
previously described (6). DNA fragments were cloned into the pGL 4.17
vector (Promega), and coding domain sequence regions for protein ex-
pression were cloned into pAc5.1-V5 vector (Invitrogen). Full details on ex-
perimental protocol are contained in SI Appendix, Supplemental Materials
and Methods.

In Vitro Validation of miR-2940-3p Interaction with Clumsy 3'UTR. In vitro
target validation was performed as previously described (43). Full details on
experimental protocol are contained in S/ Appendix, Supplemental Materials
and Methods.
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Chemical Injections. For the AP-5 rescue experiment, mosquitoes were coin-
jected with a mixture of AP-5 and antagomir at a final concentration of
50 nM and 200 pM, respectively. Mosquitoes were allowed to recover for 3
to 4 d on both H,0 and sugar water before blood feeding.

RNA-seq Library Preparation and Analysis. Total RNA samples were prepared
as described above and sent to University of California Riverside Gencore
for Illlumina next-generation sequencing on the NextSeq 550 platform. Full
details on library construction and bioinformatics analysis are contained in
SI Appendix, Supplemental Materials and Methods.

Small RNA Library Preparation and Analysis. A total of 3 ug total RNA was run
on a Novex TBE-Urea 15% (Invitrogen) at 100 V for 1 h. The gel was stained
with SYBR Gold for 10 min and visualized under ultraviolet light. The portion
containing small RNAs was excised with a razor and purified using a ZR
small-RNA Polyacrylamide Gel Electrophoresis recovery kit (Zymo). Confir-
mation of small RNAs was completed using a small RNA bioanalyzer chip
(Agilent) and used for the small RNA library prep kit (NEB). Library prepa-
ration followed the manufacturer’s protocol, with no changes. Small RNA
reads were trimmed to 18 bp (fastx-tool kit) and mapped to the Ae. aegypti
genome, allowing one mismatch using Bowtie (44). Mapped reads were
counted using HT-Seq (45), and differential expression analysis was com-
pleted using EdgeR (46). Mature miRNA read counts were generated using
miRDeep?2 software (47).

Data Availability. All study data are included in the article and/or S/ Appendix.
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