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Hematophagous mosquitoes transmit devastating human diseases. Reproduction of
these mosquitoes is cyclical, with each egg maturation period supported by a blood
meal. Previously, we have shown that in the female mosquito Aedes aegypti, nearly half
of all genes are differentially expressed during the postblood meal reproductive period
in the fat body, an insect analog of mammalian liver and adipose tissue. This work aims
to decipher how transcription networks govern these genes. Bioinformatics tools found
89 putative transcription factor binding sites (TFBSs) on the cis-regulatory regions of
more than 1,400 differentially expressed genes. Putative transcription factors that may
bind to these TFBSs were identified and used for the construction of temporally coordi-
nated regulatory networks. Further molecular biology analyses have uncovered mecha-
nisms of direct and indirect negative transcriptional regulation by the steroid hormone
20-hydroxyecdysone (20E) through the ecdysone receptor (EcR). Genes within the two
groups, early genes and late mid-genes, have distinctly different expression profiles.
However, both groups of genes show lower expression at the high titers of 20E and are
down-regulated by the 20E/EcR cascade by different molecular mechanisms. Transcrip-
tional repression of early genes is indirect and involves the classic 20E pathway with
ecdysone-induced protein E74 functioning as a repressor. Late mid-genes are repressed
directly by EcR that recognizes and binds a previously unreported DNA element, differ-
ent from those utilized in the 20E-mediated gene activation, within the regulatory
regions of its target genes and recruits Mi2 that acts as a corepressor, initiating chroma-
tin condensation.

ecdysone receptor j gene repression j corepressor

The Aedes aegypti mosquito is the primary vector for viruses that belong to the Flavivir-
idae family, causing severe human diseases, including dengue, yellow fever, chikungu-
nya, and Zika (1–3). Vector control is the primary option for prevention of diseases
inflicted by dengue and Zika viruses due to the unavailability of vaccines. Ae. aegypti is
an outstanding model for studying anautogenous insect vectors because the reproduc-
tive events occur within a short time span and are highly synchronized with blood
feeding. The cyclical nature of reproductive events in female mosquitoes serve as a foun-
dation for pathogen transmission, making it an important phenomenon for research.
In a previous transcriptome-wide study, we have reported that nearly half of all tran-

scripts are differentially expressed in temporally distinct patterns during the postblood
meal (PBM) reproductive period in the fat body (FB) of a female Ae. aegypti mosquito
(4). We also identified the major regulators for each of these patterns and demonstrated
that there is a correlation between the titers of the two insect hormones, juvenile hor-
mone (JH) and 20-hydroxyecdysone (20E), and the gene-expression patterns. Of the
four broad groups of genes—namely early genes (EGs), early mid-genes (EMGs), late
mid-genes (LMGs), and late genes (LGs)—expressions of the those within the first
three groups were affected by 20E. While representatives of EMGs were activated, that
from EGs and LMGs were down-regulated at the high titer of 20E, between 18 and 24
h PBM (SI Appendix, Fig. S1A). However, the expression patterns of genes within these
two groups were markedly different. EGs reached the maximum levels of expression
between 6 and 12 h PBM, while the LMGs were between 36 and 48 h PBM.
The molecular biology of 20E regulatory action has been researched in considerable

detail (5). However, until recently, most of these studies focused on positive regulation
by the ecdysone receptor (EcR), in the presence of 20E, including those controlling
vitellogenesis in Ae. aegypti (6, 7). EcR is conventionally thought to function as a
repressor in the absence of hormone; however, we provided preliminary evidence in
our previous study that EcR may also be involved in the negative regulation of tran-
scripts, in the presense of 20E, during the PBM reproductive period in Ae. aegypti (4).
Since then, other studies have also reported a direct and widespread role of EcR in reg-
ulating tissue-specific transcriptional programs in Drosophila development (8, 9),
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suggesting that it may not be an isolated phenomenon related
to mosquito reproduction. This prompted us to investigate the
molecular mechanism of the 20E-mediated repressive action in
the presence of 20E in Ae. aegypti.
Gene expression through activation or inhibition is deter-

mined by transcription factors (TFs) recognizing their cognate
binding sites, cis-regulatory elements (CREs), in regulatory
regions and promoter sequences of a gene (10). Thus, identify-
ing CREs can lead to the discovery of their corresponding TFs,
aiding in understanding the mechanism behind the expression
profile of a particular gene. Therefore, as a first step in our
investigation we employed bioinformatics tools for the identifi-
cation of CREs in differentially expressed gene sets in the mos-
quito FB, which we believe along with their corresponding TFs
are involved in the formation of gene regulatory networks
during the reproductive period in female mosquitoes. Putative
regulatory networks were built using the protein–protein inter-
action data available from Drosophila. For functional analyses,
we selected the networks for two gene clusters, EGs and LMGs,
where transcripts display a minimum level of expression
between 18 and 24 h PBM when the titer of 20E is at its peak
(SI Appendix, Fig. S1A). Representatives of both clusters have
previously been found to be negatively regulated by 20E
through the EcR (4).
Our analyses have revealed a striking difference in molecular

mechanisms governing 20E/EcR-mediated repression of EGs
and LMGs. Negative regulation of members of the former gene
set is indirect and involves the classic 20E pathway with the B
isoform of the ecdysone induced protein (E74B) functioning as
a repressor. In contrast, we have identified a unique sequence
(TTGATTGA) that is involved in direct repression of the rep-
resentatives of the LMGs by EcR. Genes with this motif in
their cis-regulatory regions (CRRs) were derepressed following
the RNA interference (RNAi)-mediated depletion of EcR. Tests
with cycloheximide (CHX) suggested that no intermediate fac-
tors were required for the 20E-mediated repression of genes
with this ecdysone responsive element specific for repression
(EcREr) within their CRRs. Chromatin immunoprecipitation
(ChIP) and electrophoretic mobility shift assays (EMSA) have
confirmed that the A isoform of the EcR protein (EcR-A) inter-
acts with the specific EcREr DNA element in the CRRs of the
target LMGs. RNAi-mediated depletion showed that Ultra-
spiricle (USP), the heterodimeric partner of EcR, has no role in
the 20E/EcR-mediated direct repression of the LMG tran-
scripts. Instead, AaMi2, a corepressor, is recruited as a compo-
nent of the 20E/EcR complex that binds to EcREr to mediate
gene repression by chromatin compaction of target gene loci.

Results

Discovery of Putative TF Binding Sites Provides an Insight
into Temporal Transcriptional Regulatory Networks.
Identification of overrepresented motifs displayed cluster specif-
icity. The noncoding genomic regions are essential for gene reg-
ulation and genome complexity (11). One of the goals of this
study was to look for CREs within the intergenic regions of the
Ae. aegypti (12). We searched for the intergenic regions and
observed that there are at least three times more genes with
intergenic regions of 2 kb or less (includes gene pairs both in 50
to 30 and 30 to 50 directions) when compared to the numbers in
any other 2-kb window (SI Appendix, Fig. S1B). We also found
that the average length of 50 UTR in the transcripts (∼55% of
the total number of transcripts had annotated 50 UTRs) is 229

bases with more than 60% having a 50 UTR of 200 bases or
less (SI Appendix, Fig. S1C).

We have used the gene-expression data from our previous
study (4) to select genes coexpressed at different times during
the PBM period. We investigated genes from all four groups:
namely, EGs (clusters 1 and 6), EMGs (clusters 4 and 7),
LMGs (cluster 5), and LGs (clusters 2A and 2B). The clusters
were the same as in the original clustering (4), and the largest
cluster (cluster 2) was divided into two clusters. Approximately
200 genes were selected from each cluster based on the maxi-
mum log2 fold-change (log2 FC) in their expression values and
their similarity to the average expression profile of a particular
cluster (Dataset S1). The CRRs of Ae. aegypti genes (2-kb
upstream regions from the translation start sites, ATG), were
extracted with the information regarding the start positions
obtained from the general feature format (GFF3) files. This
step resulted in seven datasets with ∼200 CRRs in each set
(12), and each CRR with a maximum of 2,000 bp.

The datasets generated in the previous step were used as
inputs for the two different motif-finding programs (SI
Appendix, Fig. S2). MEME (13), based on expectation maximi-
zation, identified up to 100 motifs for each set, between the
lengths of 6 and 9 bp. On the other hand, Weeder and col-
leagues (14), with a de novo motif discovery program evaluat-
ing the statistical significance of k-mers, identified the top 50,
6-bp and 8-bp motifs. The intersection between the motifs
detected by the two programs was checked, and in some cases,
similar motifs were merged allowing 2-bp degeneracy. SI
Appendix, Table S1 lists the final set of motifs that were identi-
fied by both programs. The number of motifs in each cluster
ranged from a minimum of 5 to a maximum of 22 (SI
Appendix, Table S1). Each of these motifs, were subjected to
the test of equality of proportions against a randomly generated
set of CRRs. All the motifs detected passed this test. To check
for cluster specificity, a hypergeometric test was applied. The
results, when plotted with the P values from the hypergeomet-
ric test as a heatmap (Fig. 1), showed a clear demarcation
between the motifs from each cluster even though some motifs
were overrepresented in more than one cluster.
Detection of positional and orientation biases, and evolutionary
conservation, resulted in identification of putative TF binding
sites. Many transcription factors act at a certain distance from
the transcription start site (TSS) or other regulatory locations,
and this distance seem to be important for the functioning of
these factors. Therefore, it is expected that their corresponding
TF biding sites (TFBSs) would be concentrated at a certain site
within the promoter space (15). In order to check whether a
motif shows positional bias, the frequencies for occurrences of a
motif within each of the 10 200-bp bins (that the 2-kb
upstream regions were broken into) was checked (SI Appendix,
Fig. S2). Datasets S2–S5 show the raw frequency of the over-
represented motifs in 50 to 30 and 30 to 50 directions along with
the P values from the statistical tests for each of the seven clus-
ters. The results of positional bias (P value cutoff < 0.01) anal-
ysis are shown in the “posi.” column in Fig. 1. About 48% of
the overrepresented motifs were found to display positional bias
for one or more regions within the promoters.

Orientation (50-30 or 30-50) is important for certain TFs to
fulfill their regulatory function; as a result, the corresponding
TFBSs display a bias for a certain orientation. To check the ori-
entation bias, the frequencies of motifs observed in the forward
(50 to 30) and the reverse (30 to 50) directions were calculated.
The results of the orientation bias (χ2 test) are shown in the
“orient.” column of Fig. 1 and in Datasets S2–S5. These results
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Fig. 1. Computational discovery of overrepresented motifs displays a clear demarcation between different groups of genes expressed during the mosquito
vitellogenic cycle. Overrepresented motifs within the CRRs of genes in seven clusters: two of each from EGs, EMGs, and LGs, and one from LMGs, shown in
column 1; P values for overrepresentation of motifs in each cluster calculated by hypergeometric test are shown in the form of heat map (columns 2–8),
darker shade indicates lower P value; the lowest P value (Lowestp) from the hypergeometric test for each motif is shown in column 9; putative TF for each
motif detected from JASPAR database is shown in column 10; column 11 shows P value (cutoff of 0.01; TOMTOM comparison tool) for the TF matches; posi-
tional bias for each motif detected by the test of equality of proportions is shown in column 12; orientation bias determined by χ2 test is shown in column
13, evolutionary conservation determined by aligning Ae. aegypti promoters with the respective orthologs in An. gambiae and C. quinquefasciatus, shown in
column 14; dark shading indicates the detection of positional bias, orientation bias, and evolutionary conservation.
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suggest that about 16% of the motifs displayed orientation
bias, and most (∼70%) that showed orientation bias also dis-
played positional bias.
Comparative genomics also offers methods for predicting

motifs by searching cross-species promoter alignments for phy-
logenetic footprints (i.e., regions of conservation) (16). This is
because conserved noncoding sequences are often reliable
guides to regulatory elements (17). We first selected the genes
in which a particular motif appeared; preference was given to
the region of positional bias. Their orthologs were identified in
Anopheles gambiae and Culex quinquefasciatus, and 2-kb
upstream CRRs were extracted and aligned with the multiple
sequence alignment program MUSCLE (18). For each motif, a
maximum of five genes and their orthologs were checked.
Thirty-nine of the overrepresented motifs were found to be
evolutionarily conserved in the orthologous genes of either one
or both mosquito species (Fig. 1 and Datasets S2–S5). Nine
motifs from the EG, 9 from the EMG, 4 from the LMG, and
17 from the LG clusters were found to be conserved. Approxi-
mately 50% of the conserved motifs also displayed positional
bias (Fig. 1 and Datasets S2–S5).
Identification of TFs corresponding to the putative TFBSs, and
determination of tissue specificity, led to construction of cluster-
specific putative regulatory networks. Our next step was to
identify the TFs corresponding to each of the putative TFBSs
identified within the promoters of the cluster-specific, coregu-
lated transcripts. The TOMTOM motif comparison tool
(https://meme-suite.org/meme/tools/tomtom) was used to map
the overrepresented motifs onto known transcription factors in
the JASPAR database (19). The TOMTOM program con-
firmed similarities using a P value cutoff < 0.01. List of proba-
ble transcription factors were obtained from JASPAR search for
each cluster (Datasets S2–S5). TFs obtained from JASPAR was
used to examine the FlyAtlas2 database (www.www.flyatlas.org/
atlas.cgi) (20) for tissue-specific expression of Drosophila TFs.
From all detected TFs, we identified those expressed in Dro-
sophila FB tissue. A P value cutoff of 0.01 was used for this
purpose. Once the tissue-specificity was determined, a final list
of TFs was obtained (Fig. 1). Eighty-nine overrepresented
motifs were mapped to 34 known TFs that have been shown to
be expressed in the Drosophila FB.
Now that we had identified the TFs, we decided to explore

those related to 20E negative regulatory cascade. We focused on
the two groups of genes, EGs and LMGs, that were down-
regulated at the 20E high titer. We built putative transcriptional
networks using GeneMANIA (21) with the TFs identified by
JASPAR, that were related to EG and LMG clusters (clusters 1
and 5, respectively) (SI Appendix, Fig. S3 A and B and Table S2).

20E-EcR–Mediated Repression of EGs Is Indirect and Occurs
through E74.
Putative transcriptional network suggests 20E/EcR mediated
repression is through E74. A JASPAR insecta database search
with cluster1 motifs resulted in identification of 15 unique TFs
(Fig. 1). Only six of these motifs passed two of the three bioin-
formatics tests discussed in the previous section. A JASPAR
search suggested that these were putative TFBSs for the follow-
ing TFs: Achintya (Achi), ecdysone-induced protein 74EF
(Eip74EF), Trithorax-like (Trl), Homeobox protein extraden-
ticle (Exd), Broad complex isoform Z1 (BR-Z1), and Signal-
transducer and activator of transcription protein at 92E
Stat92E (STAT) (Fig. 1). We checked how these transcription
factors are linked to EcR within the regulatory network, built
using GeneMANIA (SI Appendix, Fig. S3A).

Of the six TFs mentioned above, Stat92E, Achi, and BR dis-
played direct connections to EcR within the network, whereas
Trl and Exd did not show any direct connection (SI Appendix,
Fig. S3A). Two TFs—Mothers against decapentaplegic (Mad)
and Nubbin (Nub)—were linked directly to EcR within the
network, but the putative TFBSs for these factors did not test
positive for any of the bioinformatics tests (Fig. 1) and hence
were not studied further. Eip74EF (E74) did not show any
direct connection but was linked to EcR through BR. Activa-
tion of the early-response genes within the 20E regulatory
hierarchy, like E74, requires prior expression of BR complex
proteins as the EcR protein complex is not sufficient (22). The
E74 gene is located within the Drosophila E74EF puff (23),
and in Ae. aegypti it is known to play crucial roles at different
time points during the PBM phase (24, 25). E74 is one of the
downstream genes in the 20E regulatory cascade, involved in
regulation of 20E target genes. E74 has been shown to serve a
repressor of a subset of secondary ecdysone targets (23).
Shlyueva et al. (26) suggested that repression of enhancer activ-
ity after ecdysone treatment may be independent of EcR motifs
but involves E74 motifs. Therefore, we checked the effects of
EcR depletion on BR and E74.
E74 is activated by EcR in the presence of 20E through BR. We
examined the effects of RNAi-mediated depletion of EcR
(iEcR) and the control Luciferase (iLuc) on the BR and E74
transcripts (Fig. 2 A and B). Significant decline in the transcript
levels of both BR and E74 confirmed the activation of these
factors in the 24 h PBM FB tissue (Fig. 2 A and B). RNAi
depletion of BR also resulted in the decline of E74 transcript
expression (Fig. 2C), suggesting that E74 is activated by 20E/
EcR through BR in mosquito FB at 24 h PBM.
E74-B is responsible for repression of EGs. Next, we tested the
effects of EcR and Luc RNAi depletions on candidate E74
target genes. We selected two E74 target genes, Sideroflexin-1
(AAEL014526) and pancreatic lipase-related protein 2
(AAEL008222), that carry the E74 binding motifs within their
CRRs, 1,850 to 2,000 bases upstream of the translation start
site. A positional bias for the region between 1,800 and 2,000
bases upstream of ATG was detected for this motif. In addi-
tion, these genes were selected because along with being signifi-
cantly differentially expressed, their expression profiles were
very similar to that of the average expression profile of this
group of genes (SI Appendix, Fig. S3C). We examined if E74, is
responsible for negative regulation of these genes.

First, we tested the effect of E74 knockdown on these EGs.
There was a significant increase in the level of transcripts for both
the genes (Fig. 3A and SI Appendix, Fig. S4A) when compared to
the control iLuc, suggesting that they are being negatively regu-
lated by E74. Since BR activates E74, and E74 negatively regu-
lates these EGs, then a knockdown of BR should result in a
decrease of E74 levels followed by an increase in the level of tran-
scripts of the target genes. The results confirmed that these target
genes are de-repressed in the BR depleted 24-h PBM FB tissues
(Fig. 3B and SI Appendix, Fig. S4B).

Similarly, because EcR is responsible for activation of E74
through BR, the depletion of EcR should have effects like that
of BR depletion on the E74 target genes. We checked the
expression of E74 target genes in EcR-depleted tissue, and the
results showed an increase in the transcript levels of target genes
(Fig. 3C and SI Appendix, Fig. S4C), suggesting that depletion
of EcR results in a decrease of the E74 levels, which in turn
results in de-repression of its target genes. Next, we utilized
CHX, a potent translational inhibitor, in the in vitro FB cul-
ture (IVFBC) according to Saha et al. (27) to test the necessity
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of intermediate factors in the 20E-mediated repression. The
transcript levels of the two EGs tested were high without 20E
treatment but were significantly reduced in samples treated
with 20E (Fig. 3D and SI Appendix, Fig. S4D). Addition of
CHX to the 20E-containing culture medium compromised the
20E mediated repression of these genes (Fig. 3D and SI
Appendix, Fig. S4D), indicating the involvement of intermedi-
ate downstream factors in their regulation.
Next, we performed an IVFBC experiment in tandem with

RNAi depletion. Addition of 20E to the culture medium
resulted in repression of the tested EGs, but the repressive
effects were not observed in case of fat bodies with RNAi-
depleted E74 (Fig. 3E and SI Appendix, Fig. S4E), confirming
that the repression of these target genes by 20E is indirect and
through E74. Finally, we examined which of the two E74 iso-
forms was responsible for repressing these genes. AaE74A tran-
script reportedly does not exhibit any significant increase until
24-h PBM and is elevated at 36-h PBM (25). Therefore, we
hypothesized that AaE74B, that shows a sharp elevation at 12-
to 24-h PBM (25), is involved in the repression of EGs that are
down-regulated during the same time period. We confirmed
that the depletion of AaE74A had no significant effect on the
two E74 target EGs that were inhibited at 24-h PBM (Fig. 3F
and SI Appendix, Fig. S4F). Finally, we confirmed the role of
E74B by RNAi+IVFBC experiments where E74B was depleted
with double-stranded RNA (dsRNA) specific to E74B. The
repressive effects of 20E on the E74 target EGs could not be
detected in samples with depleted E74B (Fig. 3G and SI
Appendix, Fig. S4G). Taken together, these results demon-
strated that in the presence of 20E, EcR activates BR expression
that in turn activates E74. Finally, E74, specifically E74B, is
responsible for the inhibition of the expression of its target
genes.

Direct Repression of LMGs Occurs through a Specific Binding
Motif for EcR and Utilizes Mi2 as a Corepressor.
20E and EcR are involved in the repression of LMGs. Seven
cluster-specific overrepresented motifs were identified within
the upstream regions of LMGs (Fig. 1). One of these motifs,
TTGATTGA, is present within 53 CRRs of the 199 transcripts
screened. TTGATTGA was suggested by JASPAR to be a

putative target for EcR:USP. We examined whether this motif
is an authentic target for EcR and whether USP, the heterodi-
meric partner of EcR within the ecdysone activation pathway,
is involved in the repression of the downstream target genes.

We selected two LMGs that have the TTGATTGA motif
within 1-kb upstream regions: AAEL002658 (amp dependent
ligase; motif 998 bases upstream of the translation start site),
and AAEL012037 (sulfate transporter; motif 242 bases upstream
of the translation start site). As in the case of the EGs, the dif-
ferential expression and the similarity of their expression pro-
files to that of the average expression profile of the LMGs, were
used as the criteria for the selection of these two genes (SI
Appendix, Fig. S3B). First, we tested the effects of iEcR on
these genes by qRT-PCR. Transcripts for both the genes
showed a significant increase (Fig. 4A and SI Appendix, Fig.
S5A) when compared to the control iLuc, confirming that they
are down-regulated by EcR in the FB at 24-h PBM. Next, we
utilized CHX in the IVFBC system to test the necessity of
intermediate factors in the 20E-mediated repression of these
genes. The transcript levels of the two genes tested were high
without 20E treatment but were significantly reduced in the
samples treated with 20E (Fig. 4B and SI Appendix, Fig. S5B).
Addition of CHX to the 20E-containing culture medium did
not compromise their 20E-mediated repression (Fig. 4B and SI
Appendix, Fig. S5B), suggesting that the repression of LMGs is
direct and may require the TTGATTGA binding site for the
binding of EcR to the CRRs of these genes. Thus, we examined
the potential binding between EcR and the motif
TTGATTGA. There are two known isoforms of EcR in mos-
quitoes, EcR-A and EcR-B (28). The transcripts of these iso-
forms exhibit dramatically different patterns of expression and
are different in their sensitivity to 20E, after a blood meal-
triggered activation of vitellogenesis in the FB (28). While
EcR-A transcript levels peak at 16- to 20-h PBM coinciding
with the 20E peak, EcR-B transcripts are at their lowest level at
16- to 24-h PBM (28). Therefore, to understand the role of
EcR in direct repression of its target genes we have utilized
EcR-A for all our subsequent molecular analyses.
EcR-A protein interacts with the specific EcREr in the promoters
of LMGs. To confirm DNA–protein interaction, we performed
ChIP assays in the cell culture system, using Drosophila S2 cells.

Fig. 2. Investigation of key components within the EG regulatory network of TFs: (A and B) RNAi depletion of EcR results in the down-regulation of the BR
(A) and E74 (B) transcripts, suggesting an activation of these genes by 20E/EcR. Expressions relative to RPS7 detected by qRT-PCR, in the FB tissue collected from
female mosquitoes after knockdown of EcR (iEcR). (C) RNAi depletion of BR results in the down-regulation of the E74 transcript. Expressions relative to RPS7
detected by qRT-PCR, in FB tissues collected from female mosquitoes after knockdown of BR (iBr). (A–C) Injecting double stranded RNA for the Luciferase gene
(iLuc) served as a control for all RNAi experiments. Data representative of three biological replicates, with three technical replicates and are illustrated as average
± SD, **P value < 0.01, ***P value < 0.001. (B and C) mRNA expressions were measured with primers targeting the common regions of E74.
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Myc-tagged full-length Aedes EcR-A (EcRA-Myc) was cloned
in pAc5.1 vector (Invitrogen) and overexpressed in S2 cells.
The endogenous DmEcR was knocked down by RNAi. The
CRRs of two LMGs AAEL012037 and AAEL002658, harbor-
ing the putative EcREr element were cloned (AAEL0120371Kb-
Luc and AAEL0026581Kb-Luc, respectively) and transfected
into S2 cells treated with 10�6 M 20E, along with EcRA-Myc.
Immunoprecipitations (IPs) were performed with anti-EcR
antibody (DSHB), while anti-IgG antibody (Sigma) was used
as mock control. Quantifications were performed by qRT-PCR
using primer pairs targeting the EcREr region, while primers
targeting plasmid backbone were used as control. A clear
enrichment of EcREr region was observed in ChIP assays using
anti-EcR antibody (Fig. 4C and SI Appendix, Fig. S6A) only in
the presense of 20E (Fig. 4D and SI Appendix, Fig. S6B). These
results confirmed the physical binding of EcR-A and the EcREr
site in the target gene promoters.
The results were further confirmed by the EMSA. Coding

regions for Ae. aegypti EcR-A and that of its heterodimeric part-
ner USP-B were cloned into the pAc5.1-V5 vector (Invitrogen).
Drosophila S2 cells were transfected with EcR-A and USP-B;
20E was added to the culture medium, followed by preparation
of nuclear protein extracts from S2 cells. EMSAs were done
and binding was detected (SI Appendix, Fig. S6C) with a

labeled probe (synthesized oligos for site TTGATTGA and its
flanking regions from the promoter of the EcR target gene
AAEL02658) and nuclear protein extracts from S2 cells. Bind-
ing appeared to be specific based on comparison with 30× and
100× unlabeled specific (same sequence as the labeled probe)
competitors (SI Appendix, Fig. S6C), as increasing the amounts
of the unlabeled probe reduced the binding of the labeled
probe. Addition of Drosophila EcR antibody resulted in the dis-
appearance of the specific band (SI Appendix, Fig. S6C). Addi-
tion of Drosophila anti-USP antibody had no effect on the
binding; however, when both antibodies (anti-EcR and anti-
USP) were added the band disappeared (SI Appendix, Fig.
S6C). The disappearance of the specific band with addition of
anti-EcR antibody with or without anti-USP suggested that
Aedes USP may not have a role in 20E/EcR-mediated repres-
sion of target genes. Finally, we used two labeled probes with
mutated EcREr (SI Appendix, Table S3); no band was detected
for these probes (SI Appendix, Fig. S6D) confirming the bind-
ing specificity of the EcREr.
Corepressor AaMi2, but not AaUSP, is involved in 20E/EcR–medi-
ated gene repression. To confirm the role of USP, we designed
dsRNA targeting USP-A, USP-B, or USP core regions (USP-
core). Depletion of either USP-A or USP-B or USP-core did
not alter the expression of the target genes, AAEL002658 and

Fig. 3. Indirect repression of the target gene Sideroflexin-1 (AAEL014526) by 20E through EcR, Br, and E74: (A–C) RNAi depletion of E74 (A), BR (B), and EcR (C)
results in the up-regulation of the AAEL014526 transcript, indicating a down-regulation of the transcript by 20E through EcR, Br, and E74. All relative expres-
sions were calculated against housekeeping gene RPS7. Injecting dsRNA for the Luciferase gene (iLuc) served as a control for all RNAi experiments. (D) Addi-
tion of CHX compromised the 20E-mediated repression of target gene AAEL014526 indicating the necessity of protein synthesis for the process. Actin was
used as the housekeeping gene. (E) Relative expression of AAEL014526 in tissues subjected to IVFBC in the culture media supplemented with amino acids,
without (iLuc) and with 20E (iLuc+20E), showed a down-regulation of the AAEL014526 transcript with the addition of 20E. RNAi Depletion of the E74 gene
resulted in a rescue of the repressive effects of 20E on the AAEL014526 transcript. (F) RNAi depletion of E74A isoform had no significant effect on the
AAEL014526 transcript indicating that E74A had no role in the down-regulation of this transcript. (G) Relative expression of AAEL014526 in tissues subjected
to IVFBC in the culture media supplemented with amino acids, without (iLuc) and with 20E (iLuc+20E), showed a down-regulation of the AAEL014526 tran-
script with the addition of 20E. RNAi Depletion of the E74B isoform resulted in a rescue of the repressive effects of 20E on the AAEL014526 transcript. (E–G)
Relative expressions were calculated against housekeeping gene RPS7. (A–G) Data are representative of three biological replicates, with three technical repli-
cates and are illustrated as average ± SD, *P < 0.05; **P < 0.01; ***P < 0.001. Injecting dsRNA for the Luciferase gene (iLuc) served as the control.
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AAEL012037 (SI Appendix, Fig. S7), when compared to the
control iLuc, suggesting that USP does not participate in the
repression of these genes by EcR in the presence of 20E.
To search for additional factors involved in 20E/EcR repres-

sion, we performed RNAi of cofactors previously implicated in
Drosophila ecdysone pathway. Specifically, we performed RNAi
for Aedes ortholog of Smrter (XP_021708961.1), Alien
(AAEL005730), Mi2 (AAEL027786), and Hormone Receptor
38 (HR38; AAEL022402), followed by blood feeding and
gene-expression analysis by qRT-PCR. iLuc was used as a nega-
tive control, while iEcR served as the positive control. Only
Mi2 knockdown (iMi2) phenocopied the effect of EcR
depletion on the expression of LMGs, AAEL012037 and
AAEL002658 (Fig. 5A and SI Appendix, Fig. S8A), indicating
that Mi2 may act in the 20E/EcR gene repression pathway. To
further access the role of AaMi2 we performed IVFBC experi-
ments with iLuc, iEcR, or iMi2 mosquitoes with and without
20E (10�6 M). Repression of the target genes were observed in
20E treated iLuc mosquitoes in comparison to nontreated con-
trols (Fig. 5B and SI Appendix, Fig. S8B). 20E repressive action
was compromised in iEcR mosquitoes indicating that the signal
works through EcR. Like iEcR, RNAi of AaMi2 rendered the
system nonfunctional to 20E action, indicating that a func-
tional AaMi2 is necessary for 20E/EcR mediated gene repres-
sion (Fig. 5B and SI Appendix, Fig. S8B).

AaMi2 is a component of 20E/EcR complex that binds to the EcREr
element.Next, we examined whether EcR and AaMi2 physically
interact with each other by conducting coimmunoprecipitation
experiments (co-IP). Flag-tagged full-length AaMi2 (Mi2-Flag)
were cloned in pAc5.1. Both EcRA-Myc and Mi2-Flag were
transfected into S2 cells. The culture medium was supplemented
with dsRNA targeting DmEcR and DmMi2 and the cells were
treated with 10�6 M 20E. After IP with anti-EcR antibody,
Mi2-Flag was detected in Western blots (WBs) with anti-Flag
antibody only when both fusion proteins were coexpressed in
the cell culture system (Fig. 5C). The protein–protein interaction
between Aedes EcR and AaMi2 were further confirmed by addi-
tional co-IP experiments (IP:anti-Myc, WB:anti-Flag; IP:anti-
Flag, WB:anti-Myc; IP:anti-Flag, WB:anti-EcR), where a band
was detected only when both proteins were present (Fig. 5C).

To determine if AaMi2 protein associates with the EcREr motif
in CRRs of target genes repressed by 20E/EcR action, we con-
ducted culture-based ChIP assays. The AAEL0120371Kb-Luc and
AAEL0026581Kb-Luc plasmids harboring EcREr motif was trans-
fected into S2 cells along with EcRA-Myc and Mi2-Flag. Endoge-
nous factors, DmEcR and DmMi2 were depleted via RNAi. The
cells were then treated with 20E (10�6 M). Since Mi2 is known
to function as corepressor that does not directly bind to the pri-
mary TF recognition site (29), we utilized a dual cross-linking
protocol as described in SI Appendix, Materials and Methods.

Fig. 4. Direct repression of the 20E/EcR target gene Sulfate transporter (AAEL012037) by EcR: (A) RNAi depletion of EcR results in up-regulation of the
AAEL012037 transcript, indicating a down-regulation of the transcript by 20E through EcR. Relative expression detected by qRT-PCR, in FB tissues collected
from iEcR female mosquitoes. iLuc served as a control and RPS7 was used as the housekeeping gene. (B) Addition of CHX does not compromise the 20E-
mediated repression of target gene AAEL012037, indicating that protein synthesis is not required for the process. Actin was used as the housekeeping gene. (A
and B) Data are representative of three biological replicates, with three technical replicates and are illustrated as average ± SD, *P < 0.05; **P < 0.01. (C and D)
EcR-A interacts with a unique EcREr (TTGATTGA motif): Cell culture-based ChIP assays demonstrating the binding of EcR-A protein to specific EcREr DNA ele-
ments (C) in the CRR of target gene AAEL012037 (D) only in the presence of 20E. AAEL0120371Kb-Luc and EcRA-Myc was transfected into S2 cells. ChIPs were per-
formed with anti-EcR antibody. Anti-IgG antibody was used as mock control. Data were represented as % of input DNA. Error bars represent ± SD.
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IPs were performed using antibodies against Drosophila EcR and
Mi2. A clear enrichment in signal was observed with ChIP assays
using anti-Mi2 antibody, phenocopying the results from anti-EcR
antibody-based ChIPs (Fig. 5D and SI Appendix, Fig. S9A). These
results indicate an association between Mi2 and EcREr in the
presence of EcR and 20E.
To investigate whether the presence of EcR is a prerequisite

for the association between AaMi2 and EcREr, we performed
ChIP assays in S2 cells transfected with expression vector
EcRA-Myc and Mi2-Flag in the following combinations:
EcRA-Myc+/Mi2-Flag+ and EcRA-Myc�/Mi2-Flag+. Cells
devoid of both EcR-Myc and Mi2-Flag (EcRA-Myc�/Mi2-
Flag�) were used as controls. Both AAEL0120371Kb-Luc and
AAEL0026581Kb-Luc were tested and IPs were performed with
anti-Flag antibody. A signal was detected for EcREr when both

factors were present in the system (Fig. 5E and SI Appendix,
Fig. S9B). However, no enrichment was observed when only
Mi2-Flag was expressed, indicating that its association with
EcREr requires EcR protein (Fig. 5E and SI Appendix, Fig.
S9B). Thus, our experiments suggest that the ligand bound
EcR binds EcREr, recruiting AaMi2 as a corepressor.
Luciferase reporter assays demonstrated the direct repression of
target LMGs by the 20E/EcR/Mi2 complex. We have identified a
previously unreported EcREr element, demonstrated its physi-
cal interaction with AaEcR, and identified AaMi2 as a putative
cofactor of 20E/EcR-mediated gene repression. To test our
model, we performed luciferase reporter assays using S2 cells.
Expression vectors EcRA-Myc and Mi2-Flag and reporter vec-
tors AAEL0120371Kb-Luc and AAEL0026581Kb-Luc were used
for this purpose. First, a titration with 10�8, 10�7, 10�6, and
10�5 M 20E was performed on cells transfected with
AAEL0120371Kb-Luc. A clear repression in luciferase activity
was observed with increasing concentration of 20E, which
peaked at 10�6 M reaching saturation beyond this dosage (SI
Appendix, Fig. S10A). To test the effect of AaEcR, S2 cells were
transfected with AAEL0120371Kb-Luc and increasing concen-
trations of EcRA-Myc (50, 100, 200, and 400 ng), followed by
20E treatment (10�6 M). The endogenous DmEcR was
knocked down by RNAi. Significant repression of luciferase
activity was observed, and the signal was reduced to almost
background levels when 200 ng of EcRA-Myc was transfected
into the cell line (SI Appendix, Fig. S10B).

Next, we investigated the role of the EcREr motif 50-
TTGATTGA-30 on gene repression. A construct was generated
by mutating EcREr motif to 50-CATATG-30, and leaving the rest
of the plasmid intact (AAEL0120371KbΔEcRE-Luc). EcRA-Myc,
AAEL0120371Kb-Luc, and AAEL0120371KbΔECRE-Luc were
variously transfected into the S2 cells followed by hormonal treat-
ment, when required. All cells were treated with dsRNA targeting
endogenous DmEcR. Expectedly, a substantial reduction in
luciferase signal was recorded when 20E, EcRA-Myc, and
AAEL0120371Kb-Luc were present in the system (Fig. 6A). How-
ever, the repression was compromised when cells were transfected
with the mutant vector AAEL0120371KbΔEcREr-Luc (Fig. 6B)
instead, indicating that the repressive signal is transmitted via
binding of EcR-A to EcREr motif (Fig. 6A). Similar experiments
were performed with the second gene promoter AAEL0026581Kb-
Luc and its mutant AAEL0026581KbΔEcREr-Luc (where the
EcREr site was changed to 50-CTCGAG-30) (SI Appendix, Fig.
S11 A and B). The mutation resulted in a loss of repressive action
of 20E/EcR, providing support for our hypothesis (SI Appendix,
Fig. S11A).

Thereafter, we explored the role of the third component, the
cofactor AaMi2. We anticipated that endogenous DmMi2 pro-
tein is responsible for the success of the above experiments.
Indeed, RNAi for DmMi2 in cell culture system mentioned
above completely compromised the 20E-mediated gene repres-
sion (Fig. 6C and SI Appendix, Fig. S11C). The repressive
action of 20E/EcR was restored by overexpression of AaMi2
protein in the system (Fig. 6C and SI Appendix, Fig. S11C). All
cells were treated with dsRNA for DmEcR. The expression of
tagged proteins EcRA-Myc and Mi2-Flag in S2 cells were vali-
dated by anti-Myc and anti-Flag antibodies, respectively (SI
Appendix, Fig. S10C). The efficacy of RNAi knockdowns of
DmEcR and DmMi2 in S2 cells was confirmed by Western
blots (SI Appendix, Fig. S10D).
20E/EcR/Mi2 action leads to chromatin-mediated compaction of
the target gene locus.We next asked whether the receptor com-
plex for 20E direct repression modulates the chromatin

Fig. 5. AaMi2 is involved in the 20E/EcR gene repression pathway. (A)
dsRNA-mediated depletion of AaMi2 phenocopies the effect of EcR knock-
down on the expression target gene AAEL012037. Knockdown of other tested
factors—AaSmrter, AaAlien, AaHr38—did not impact the expression of target
gene. (B) IVFBC experiments demonstrating effects of 20E on the expression
of AAEL012037 in iLuc, iEcR, and iMi2 samples. 20E mediated repression of
the target gene was compromised in both iEcR and iMi2 mosquitoes. (A and
B) iLuc was used as control. All experiments were performed in triplicates
with similar results. Error bars represent ± SD **P value < 0.01, ***P value <
0.001. (C) Co-IP experiments showing protein–protein interaction between
Aedes EcR and AaMi2. EcRA-Myc and Mi2-Flag was overexpressed in S2 cells
either independently or together. Endogenous DmEcR and DmMi2 were
knocked down using dsRNA. (D) ChIP assays demonstrating the association
of AaMi2 with EcREr in the promoter region of 20E/EcR target gene
AAEL012037. AAEL0120371Kb-Luc was transected into S2 cells along with EcRA-
Myc and Mi2-Flag. IPs were performed with Drosophila anti-EcR and anti-Mi2
antibody. anti-IgG antibody was used as mock control. (E) ChIP assays per-
formed with AAEL0120371Kb-Luc and either both EcRA-Myc and Mi2-Flag
(EcRA-Myc+/Mi2-Flag+) or Mi2-Flag only (EcRA-Myc�/Mi2-Flag�), demonstrat-
ing the need for functional EcR-A protein for the association of Mi2 with
EcREr elements. Cells devoid of both EcRA-Myc and Mi2-Flag (EcRA-Myc�/Mi2-
Flag�) were used as controls. IPs were performed with commercially available
anti-Flag antibodies. (D and E) Endogenous DmEcR and DmMi2 were knocked
down using dsRNA. Data were represented as percent of input DNA. Error
bars represent ±SD.

8 of 11 https://doi.org/10.1073/pnas.2116787119 pnas.org

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116787119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116787119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116787119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116787119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116787119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116787119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116787119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116787119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116787119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116787119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116787119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116787119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116787119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116787119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116787119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116787119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116787119/-/DCSupplemental


structure of the target gene AAEL012037. To address this ques-
tion, we performed micrococcal nuclease (MNase) digestion of
chromatin followed by qRT-PCR–based quantification of the
relative MNase protection of target gene regions, in iEcR and
iMi2 mosquitoes. Protection from MNase digestion suggests
greater chromatin compaction and results in higher qRT-PCR
product levels. Primers targeting five loci in the gene
AAEL012037 (A, B, and C targeting the promoter region; D
and E targeting exon regions) were utilized to quantitate relative
MNase protection (Fig. 7, Upper). Of these, region C harbors

both the EcREr element as well as the TSS (Fig. 7, Upper). Mi2
RNAi resulted in clear susceptibility to MNase digestion indicat-
ing a reduction in chromatin compaction at the AAEL012037
CRR (at loci A, B, and C) in the FB, 24-h PBM (Fig. 7, Lower).
However, RNAi of Mi2 did not affect the MNase digestion pro-
file of assayed exon regions, D and E, of AAEL012037 (Fig. 7,
Lower). RNAi of EcR provides similar results as the iMi2 sam-
ples, emphasizing the necessity of EcR-mediated recruitment of
Mi2 in target gene loci to initiate chromatin compaction (Fig.
7, Lower).

Fig. 6. Functional analysis of 20E/EcR/Mi2 repressor complex. (A) Luciferase reporter assays demonstrating direct repression by 20E/EcR through target
gene CRR harboring EcREr. S2 cells were cotransfected with expression vector EcRA-Myc and reporter plasmid AAEL0120371Kb-Luc, along with 20E supple-
mentation of culture medium when required. Reporter plasmid with a mutated EcREr (AAEL0120371KbΔEcREr-Luc) was also used to demonstrate the neces-
sity of the DNA element in transrepression of reporter gene. (B) The putative EcR binding site along with flanking regions harbored within 1-kb region of
AAEL012037 gene promoter and the mutated sequences utilized in this experiment are indicated. (C) Luciferase reporter assay demonstrating the necessity
of a functional Mi2 protein for 20E/EcR mediated repression of target gene AAEL012037. RNAi depletion of endogenous DmMi2 results in compromised
repression via 20E/EcR. The phenotype could be rescued by overexpression of Mi2-Flag in the system. (A–C) DmEcR was knocked down via RNAi in all sam-
ples. Error bars represent ± SD.

Fig. 7. MNase protection assay demonstrating the effect of EcR/Mi2 in chromatin compaction of target gene AAEL012037. (Upper) Schematic representation
of target region amplifications within the AAEL012037 gene locus. Loci A to C target the promoter region, while loci D and E target exonic regions within the
gene. (Lower) Preblood-fed mosquitoes were treated with dsRNA for either EcR or Mi2, followed by blood feeding and FB collection. iLuc was used as con-
trols. Chromatin was prepared from the tissue samples and was subjected to MNase digestion. Quantification for relative MNase protection was performed
by qRT-PCR using primers targeting A to E loci of gene AAEL012037. Undigested chromatin was used as internal control. Error bars represent ±SD. All experi-
ments were performed in triplicates with similar results.
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Discussion

CREs Identified in This Study Provide Insights into Multiple
Regulatory Pathways in Mosquito Reproduction. The event of
TFs binding to their corresponding binding sites is one of the
primary biological processes determining gene expression. In
silico prediction of TFBSs followed by functional assessment
through molecular biology methods can lead to accurate assess-
ment of CRRs. In this study, the use of two different
algorithm-based motif prediction programs have increased the
accuracy and reliability of the detected overrepresented motifs.
All overrepresented motifs may not be TFBSs; therefore, we
employed three different bioinformatics tests, related to the
characteristics of real TFBSs. In addition to checking for posi-
tional and orientation bias, we also checked for evolutionary
conservation using the sequences from two other mosquito spe-
cies that have been sequenced and annotated. The reason
behind checking evolutionary conservation is motivated by the
fact that regulation mechanisms and binding sites are preserved
in an appropriate evolutionary distance except for inordinate
background conservation (30).
The JASPAR database provided us with a list of putative TFs

that could bind to a specific motif. In principle, the multistep
approach used here for identifying the putative TFBSs should
yield good initial results; it is still possible that some of the pre-
dicted candidate motifs may be false positives. It is also possible
that real TFBSs, if they are not overrepresented, might be unde-
tected. Despite these two drawbacks of the computational motif
discovery scheme, we believe that the results, in general, from
the suggested approach are reliable. We did observe that the
annotations for the TSSs in “Vectorbase” were not always accu-
rate; to counter this problem, we have used 2-kb upstream
CRRs (31). Along with providing an insight into the regulatory
mechanism of genes, the CREs may have significant practical
applications. These can be used to generate transgenic mosqui-
toes, refractory to disease transmission, for vector control strate-
gies like population suppression or replacement (32–34).

Gene Regulatory Networks Provide an Insight into Direct and
Indirect Negative Regulation of Transcripts by the Ecdysone
Regulatory Cascade. The prevailing model for 20E action sug-
gests that the EcR-USP heterodimer activates the expression of
genes in the presence of 20E (35), and in the absence of hor-
mone, EcR-USP is known to repress target gene activity
(36–38). Conversely, several genes have been shown to be
down-regulated as a result of 20E/EcR action in Drosophila
melanogaster and Ae. aegypti (4, 26, 39, 40). However, the
mechanism of repression by the ligand-bound EcR remained
largely unexplored, particularly in mosquitoes. We investigated
the molecular mechanism of 20E/EcR-mediated gene repres-
sion in Ae. aegypti and have demonstrated that 20E-liganded
EcR binds directly to the EcREr (TTGATTGA) identified in
the CRRs of some LMGs in order to negatively regulate their
expression. ChIP and EMSA assays have proven that EcR-A
recognizes the specific TTGATTGA site. EcR:USP binding
sites that include inverted repeat of TTGA (50-CGTTGAAT
CAATG-30) and that with TTGA half sites (50-GGTTGAAT
GAATT-30, 50-ATTTCTTTGAATT-30) have been reported
(40). However, in this study we have shown that a direct repeat
of the TTGA site without any spacers is recognized by EcR-A.
We have also demonstrated that the canonical EcR binding
partner USP is not involved in 20E/EcR-mediated gene repres-
sion in the mosquito. Recent ChIP-sequencing studies in Dro-
sophila have also identified many EcR-associated genomic

regions devoid of USP (29, 41). This suggests that specific
DNA motifs facilitate the recruitment of EcR in the presence
of 20E in Drosophila. Whether liganded EcR binds DNA as a
monomer or a homodimer requires further investigation. Also,
the mutation of the EcREr site in a luciferase reporter assay
resulted in the loss of the reporter gene repression, adding fur-
ther evidence to this hypothesis. We performed ChIP and lucif-
erase assays to confirm that EcRB does not recognize EcREr in
the presence of 20E, and therefore has no role in direct repres-
sion of target LGs (SI Appendix, Fig. S12).

Here we have demonstrated that in the mosquito Ae. aegypti,
Mi2 acts as a corepressor in the 20E/EcR-mediated gene repres-
sion. Insect Mi2 proteins are homologs of the widely conserved
CHD family of ATP-dependent nucleosome remodelers. Mi2
protein is an integral component of a large macromolecular
complex called Mi2/nucleosome remodeling and deacetylase
(NuRD) that are known to regulate various developmental pro-
cesses (42, 43). The Mi2/NuRD complex has been reported to
be abundantly present in various organisms with a broad cellu-
lar and tissue distribution (44–46). The complex is known to
cooperate with various TFs in establishing specific transcription
programs that generate the chromatin environment appropriate
for gene repression (47, 48). Our MNase protection assays
indicate that Mi2, recruited by 20E-liganded EcR to CRRs of
20E-repressed genes, constraining target gene transcription by
inducing chromatin compaction. Similarly, Drosophila Mi2 has
been shown to induce chromatin compaction of genes like
Broad and Vrille in the presence of 20E (29). This study by
Krehrer et al. (29) and our findings provide primary evidence
concerning the direct role of 20E in inducing chromatin com-
paction at a target gene locus.

On the other hand, most EGs, that are also down-regulated
at the high titer of 20E, lack the EcREr. Our results suggest
that 20R/EcR activates BR, a canonical ecdysone target gene,
that in turn activates E74. During Drosophila development,
prior expression of BR proteins is required for the induction of
the early primary-response genes and the EcR protein complex
by itself is not sufficient for the activation (22). E74B, one of
the E74 isoforms has been shown to be involved in repression
of downstream genes in the ecdysone regulatory cascade (49).
Therefore, our results, which show that E74 is involved in the
repression of certain target genes, are congruent with the
above-mentioned reports. However, the mechanism of repres-
sion by E74 isoforms requires further investigation.

In conclusion, we have characterized two negative regulatory
pathways for the liganded EcR regulatory cascade during 20E-
driven reproduction of the female Ae. aegypti. Genes within the
two groups (EGs and LMGs) that have distinctly different
expression profiles but both exhibit low levels of expression at
the high titer of 20E, are negatively regulated by the 20E/EcR
cascade by distinctly different molecular mechanisms. In the case
of EGs, E74 is activated by the 20E-liganded EcR through BR,
and in turn is responsible for repression of EGs. In contrast,
LMGs are repressed directly by EcR that recognizes a previously
unreported EcREr within their CRRs recruiting Mi2 that acts as
a corepressor initiating chromatin condensation at LMG loci.

Materials and Methods

A detailed description of the materials and methods is given in SI Appendix,
Materials and Methods. In brief, the culture of Ae. aegypti mosquitoes, RNAi,
qRT-PCR, and IVFBC were performed according to the previously described proto-
cols (4). EMSA, ChIP assays, and luciferase reporter assays were performed
according to Saha et al. (27).
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