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Abstract

Metamorphic transformation from larvae to adults along with the high fecundity is key to insect success. Insect metamor-
phosis and reproduction are governed by two critical endocrines, juvenile hormone (JH), and 20-hydroxyecdysone (20E).
Recent studies have established a crucial role of microRNA (miRNA) in insect metamorphosis and oogenesis. While miR-
NAs target genes involved in JH and 20E-signaling pathways, these two hormones reciprocally regulate miRNA expression,
forming regulatory loops of miRNA with JH and 20E-signaling cascades. Insect metamorphosis and oogenesis rely on the
coordination of hormones, cognate genes, and miRNAs for precise regulation. In addition, the alternative splicing of genes
in JH and 20E-signaling pathways has distinct functions in insect metamorphosis and oogenesis. We, therefore, focus in
this review on recent advances in post-transcriptional regulation, with the emphasis on the regulatory role of miRNA and
alternative splicing, in insect metamorphosis and oogenesis. We will highlight important new findings of miRNA interac-

tions with hormonal signaling and alternative splicing of JH receptor heterodimer gene Taiman.
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Introduction

Insect metamorphosis is the fascinating biological process
and highly successful strategy for environmental adaptation.
Insects undergo metamorphosis for either gradual nym-
phal—-adult transition in hemimetabolous orders or dramatic
larval-pupal—adult transformation in holometabolous spe-
cies. After metamorphosis, adult insects become sexually
mature and capable of reproductive activity. The process of
insect metamorphosis and reproduction is subject to regu-
lation by internal factors such as endocrines and environ-
mental changes such as anthropogenic stressors [1-3]. For
a long time, research in insect metamorphosis and repro-
duction has focused on the endocrine regulation, with the
emphasis on actions of two primary lipophilic hormones,
the steroid hormone 20-hydroxyecdysone (20E, an active
form of ecdysone), and the sesquiterpenoid juvenile hor-
mone (JH). In juvenile stage, 20E initiates larval-pupal or
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nymphal-adult metamorphosis, while JH exerts its status
quo function to keep the insect in its immature state and
thus to ensure proper timing of metamorphosis by repress-
ing the metamorphic action of 20E [4-8]. In adulthood, both
20E and JH can stimulate various aspects of female repro-
duction such as oocyte formation, previtellogenic develop-
ment, vitellogenesis, and choriogenesis, depending on the
great variances in reproductive strategies among different
species [9—12]. As illustrated in Fig. 1, 20E acts through
a heterodimeric receptor comprised of Ecdysone Receptor
(EcR) and Ultraspiracle (USP) [13], leading to transcrip-
tional activation of 20E early inducible genes including
ecdysone-induced proteins 74 (E74), 75 (E75), 93F (E93),
Broad-Complex (Br-C) and Ftz-fI [14, 15]. The regulatory
cascade initiated by 20E is evolutionarily conserved dur-
ing metamorphosis and oogenesis across insect orders [9,
16-19].

With respect to JH, it induces the heterodimerization
of Methoprene-tolerant (Met) with Taiman (Tai) to form
an active JH-receptor complex [20-22], consequently
activating the transcription of JH-responsive genes [5,
23-27]. Kriippel homolog 1 (Kr-hl) is the primary JH-
responsive gene that mediates anti-metamorphic action of
JH [5, 28-30] (Fig. 1). Kr-h1 prevents immature larvae
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Fig.1 Schematic illustration of hormonal regulation in insect meta-
morphosis and oogenesis. 20E acts through EcCR/USP to activate the
transcription of 20E-early responsive genes E74, E75, Br-C, E93, and
Ftz-f1 and initiate larval-pupal or nymphal—adult metamorphosis [14,
15, 19, 175, 176]. JH-Met/Tai receptor complex activates the tran-
scription of primary JH-early responsive gene Kr-hl [20, 21, 23, 28].
Kr-hl prevents immature larvae from precocious larval-pupal meta-
morphosis by inhibiting Br-C expression in holometabolous insects
[31, 32]. Kr-hl also inhibits precocious adult metamorphosis by

from precocious larval-pupal transformation by suppress-
ing the expression of Br-C, known as the pupa-specifier
gene in holometabolous insects [4, 31, 32]. Kr-hl also
inhibits precocious adult metamorphosis by repressing the
transcription of E93, which is defined as an adult-specifier
gene in both hemimetabolous and holometabolous insects
[32-35]. Furthermore, Kr-h1 is shown to inhibit the syn-
thesis of ecdysteroids by repressing the transcription of
steroidogenic enzyme gene Spok in prothoracic glands to
prevent precocious metamorphosis [36, 37], whereas EcR
suppresses JH biosynthesis by inhibiting the expression
of genes coding for JH acid methyltransferase (Jhamt) and
HMG Coenzyme-A reductase (HMGR) in corpora allata
to ensure the onset of metamorphosis [37]. The regulatory
role of Kr-h1 in JH-mediated female reproduction has been
reported in several insect species [10, 38—42] (Fig. 1). In
the migratory locust Locusta migratoria, JH achieves its
vitellogenic effect through Kr-h1 to promote vitellogen-
esis, ovarian development, and oocyte maturation [43,
44]. In the yellow fever mosquito Aedes aegypti, Kr-hl
transduces JH signaling as both activator and repressor to
regulate the expression of JH-responsive genes involved
in previtellogenic development as well as egg production
after a blood meal [39, 45].
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repressing E93 expression in both hemimetabolous and holometabo-
lous insects [32-35]. In addition, Kr-hl inhibits Spok expression in
the prothoracic gland to inhibit ecdysone synthesis and prevent preco-
cious metamorphosis [36, 37], while EcR suppresses JH biosynthe-
sis in by inhibiting the expression of HMGR and JHAMT to ensure
the onset of metamorphosis. In adults, JH exerts its vitellogenic role
through Kr-hl to promote insect vitellogenesis and oogenesis [10,
38, 39, 43]. 20E signaling cascade is evolutionarily conserved during
metamorphosis and oogenesis across insect orders [9, 10, 16—18]

Besides the transcriptional regulation orchestrated by
JH and 20E, microRNA (miRNA) has emerged as a critical
regulator in insect metamorphosis and oogenesis [10, 46,
47]. In addition, RNA alternative splicing has been reported
to control insect metamorphosis and oogenesis [44, 48, 49].
Furthermore, accumulating studies have been conducted to
identify long non-coding RNA (IncRNA) [50-52] and cir-
cular RNA (circRNA) [53-55] potentially involved in insect
development. However, to the best of our knowledge, the
regulatory mechanisms of IncRNA in insect metamorpho-
sis and oogenesis have been solely reported in Drosophila
melanogaster, and IncRNA targets in JH or 20E signal-
ing cascades have not been characterized [56]. Moreover,
circRNA—target interactions in insect metamorphosis and
oogenesis have not been experimentally determined. We,
therefore, focus in this review on recent research progress
in the regulatory role of miRNA and alternative splicing.

miRNA regulation of insect metamorphosis

miRNA, a class of approximately 22-nucleotide-long endog-
enous non-coding RNA, typically binds complementarily to
the 3'-untranslated region (3’-UTR) or the coding sequence



Post-transcriptional regulation of insect metamorphosis and oogenesis

1895

(CDS) of target mRNAs [57-61]. Insect miRNAs often act
as post-transcriptional repressors through translation inhibi-
tion or mRNA degradation in a spatiotemporal way. How-
ever, literatures have reported that miRNAs can bind the
5'-UTR or CDS of mRNAs and upregulate the expression of
target genes [62—65]. Pioneer analysis of phenotypes caused
by loss-of-function mutants or RNAi-mediated knockdown
of genes coding for Dicerl and Argonautel (Agol), two
core enzymes for miRNA biogenesis and functioning, has
revealed the essential role of miRNA in insect metamorpho-
sis and reproduction [66, 67]. In the model organism D. mel-
anogaster, null mutation of Dicerl or Agol leads to marked
defects in pupal formation and oocyte development [66, 68].
As well, in holometabolous beetle Tribolium castaneum and
cotton bollworm Helicoverpa armigera, depletion of Dicerl
results in defective larval-pupal transition [69, 70]. Ago!
knockdown also causes impaired pupation in 7. castaneum
[69]. In hemimetabolous species like the cockroach Blat-
tella germanica, silencing of Dicerl in penultimate instar
nymphs results in overall decline of miRNA expression
along with abnormal metamorphosis [71]. Depletion of
Dicerl also causes retarded oogenesis in B. germanica [67].
Silencing of either Dicerl or Agol in the migratory locust
Locusta migratoria interferes with nymphal—adult transi-
tion in nymphs and vitellogenesis in adults [72, 73]. It has
been recently reported that Regnase-1 RNase is essential
for remodeling miRNA profiles during Drosophila larva-
to-pupa transition [74]. Regnase-1 knockout flies failed to
complete pupal-to-adult shift and died in puparium case
[74]. Initially, miRNA identification and function study in
insects have been mainly performed in D. melanogaster [75,
76]. In a recent review, Belles summarized miRNAs and the
evolution of insect metamorphosis by comparing hemime-
tabolous and holometabolous insect species [47]. In the past
few years, elucidation of miRNA function in mosquitoes
and agriculturally important insects has attracted more atten-
tions. This review of miRNAs is thereby to highlight recent
advances in understanding the precise regulation of insect
metamorphosis and oogenesis coordinated by miRNAs and
hormones by focusing on physiological aspects.

Evolutionarily conserved miRNAs in insect
metamorphosis

Evolutionarily conserved miRNAs are well known to tune
the expression of analogous target genes in insect molting
and metamorphosis. One example of such miRNAs is let-7,
which is generally clustered with miR-100 and miR-125 in a
primary miRNA transcript and polycistronically transcribed
[77]. let-7 cluster (or let-7-Complex, let-7-C) was originally
identified in the worm Caenorhabditis elegans as part of
a pathway of heterochronic genes promoting stage-specific
cell fate decisions [57]. As summarized in Fig. 2a, let-7 is

essential to appropriate remodeling of abdominal neuro-
musculature during Drosophila metamorphosis [78, 79].
Both let-7 and miR-125 target Abrupt gene consequently
regulating wing morphogenesis and proper timing of neuro-
muscular junction maturation during Drosophila larval-to-
adult development [80]. let-7 and miR-125 also repress the
expression of chronologically inappropriate morphogenesis
(chinmo) gene to regulate sequential generation of mush-
room body neurons, cell death, and eviction during Dros-
ophila pupal morphogenesis [81, 82]. In addition, let-7 tar-
gets Abrupt gene, controlling neuron cell fate of mushroom
body at prepupal—pupal stage [83]. In the silkworm Bombyx
mori, knockdown of let-7 using a miRNA sponge with the
binary GAL4/UAS system caused development arrest at lar-
val-pupal transformation by targeting Frz-fI and E74 [84]
(Fig. 2a). In the oriental fruit fly Bactrocera dorsalis, let-7
modulates metamorphosis by repressing E75 [85]. In hem-
imetabolous cockroach B. germanica, let-7/miR-100/miR-
125 are expressed at high levels in the final nymphal instar,
similar to the expression pattern of Br-C [86]. Depletion of
let-7 or miR-100, but not miR-125 by specific antagomiR
treatment brought about reduced wing size and malformed
vein patterns [87] (Fig. 2a). In another hemimetabolous spe-
cies, L. migratoria, let-7 together with miR-278 suppresses
Kr-h1 expression, and application of let-7 or miR-278 ago-
miR in the penultimate instar nymph resulted in partially
precocious metamorphosis [88] (Fig. 2a).

The miR-2 cluster comprising miR-2 family members
(miR-2, miR-13a and miR-13b) and miR-71 is invertebrate
specific, but conserved across insect orders [89]. In B. mori,
miR-2, miR-13a, and miR-13b modulate wing morphogen-
esis via suppressing genes coding for abnormal wing disc
(Awd) and fringe (Fng), two crucial factors in determining
wing vein cells and margin patterning [90] (Fig. 2b). Over-
expression of miR-2 cluster using GAL4/UAS system gave
rise to deformed adult wings during metamorphosis [90]. In
hemimetabolous B. germanica, the miR-2 family members
are upregulated in the final instar nymph and coordinately
suppress Kr-h1 expression by binding the 3’-UTR of Kr-hl
mRNA [91]. Importantly, along with the reduction of Kr-hl
transcription, miR-2/miR-13a/miR-13b eliminates residual
transcripts of Kr-hl at the final instar nymph, thus crucially
contributing to the onset of metamorphosis [91] (Fig. 2b).

Another example of conserved miRNAs is miR-8. This
miRNA is expressed at low levels in the prepupal/pupal stage
of Drosophila and downregulates U-shaped (Ush), a PI3 kinase
inhibitor in insulin pathway [92, 93]. Overexpression of miR-8
in UAS-miR-8 flies made pupae bigger [93], whereas loss of
miR-8 function in miR-8-null alleles reduced metamorphic
transition under heat stress [94]. For the canonical invertebrate
miR-14, its expression reaches a peak at the prepupal stage of
B. mori, coinciding with the increased titer of 20E that initi-
ates metamorphosis. Overexpression of miR-14 using GAL4/
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that miR-14 regulates molting synchrony of B. mori by target-
ing genes in 20E synthesis pathway, including Spook (Spo),
Neverland (Nvd) and Shade (Shd) [96] (Fig. 2c). In the rice



Post-transcriptional regulation of insect metamorphosis and oogenesis

1897

stem borer Chilo suppressalis, miR-14 represses the expres-
sion of Spo and EcR as revealed by dual luciferase assays, and
agomiR-14 treatment at the final larval instar caused apparent
defects in metamorphic development [97] (Fig. 2¢). During
pupariation, the old chitin, a primary component of epidermis,
needs to be degraded and replaced by newly synthesized chitin.
In the brown planthopper Nilaparvata lugens, miR-8-5p and
miR-2a-3p repress chitin biosynthesis pathway genes trmem-
branebound trehalase (Tre-2) and phosphoacetylglucosamine
mutase (PAGM) to tune nymphal ecdysis and nymphal-adult
shift [98]. In L. migratoria, two conserved miRNAs, miR-71
and miR-263, jointly regulate their target genes Chitin syn-
thase 1 (Chsl) and Chitinase 10 (CHT10), respectively, to
control chitin metabolism and molting process [99].

Lineage- and species-specific miRNAs in insect
metamorphosis

During these years, the fast-growing progress has been made
on action of lineage- and species-specific miRNAs in diverse
insect species. Lineage-specific miR-2942 in mosquitos and
miR-2768 in lepidopteran insects are found to modulate lar-
val-pupal transition [100, 101]. miR-173 is identified as a
novel miRNA targeting Frz-fI in hemimetabolous N. lugens.
Administration of agomiR-173 caused nymph mortality, wing
defects, and failure of nymphal—-adult transition [102]. Sev-
eral studies have reported the participation of non-conserved
miRNAs in the molting and metamorphosis process by regu-
lating chitin metabolism. In N. lugens, non-conserved miR-
2703 inhibits the expression of Chsla for metamorphic switch
[103]. Another novel insect miRNA, miR-4924 regulates lar-
val molting by repressing Chitinase I in the beet armyworm
Spodoptera exigua [104]. Intriguingly, in the endoparasitic
wasp Cotesia vestalis, both polydnavirus (PDV)-derived
novel miR-22 and teratocyte-derived miR-281 downregulate
EcR expression and influences metamorphosis of its host, the
diamondback moth Plutella xylostella [105]. This finding sug-
gests that miRNAs from both teratocytes and PDVs of parasite
wasp share EcR as their common target in the host and control
host insect metamorphosis. Thus, evolutionarily conserved and
newly evolved miRNAs both target genes for insect molting
and metamorphosis, indicating that these two categories of
miRNAs use this pathway to achieve common and lineage/
species-specific functions.

Interaction of miRNA and hormonal
pathways
Interplay of miRNA with 20E signaling cascade

There is accumulating evidence of a link between hormone
and miRNA in insect metamorphosis. Several miRNAs elicit

their metamorphic or anti-metamorphic functions via tar-
geting 20E pathway genes, including EcR, E74, E75, and
Fiz-fl. Nevertheless, an increasing body of evidence sup-
ports the importance of 20E-responsive miRNAs and their
critical roles in insect metamorphosis. In Drosophila, 20E
modulates the upregulation of let-7 cluster and the down-
regulation of miR-34, which is indispensable for remodeling
abdominal neuromusculature during larval-pupal—-adult
transition [78—80]. The expression of let-7 or let-7 cluster is
activated by 20E, through EcCR/USP binding to the upstream
ecdysone response elements (EcREs) of let-7-C locus [82,
83, 106]. Moreover, let-7 represses the expression of Frz-
fI and E74, which in turn influences larval ecdysis and
pupal transition in B. mori [84]. In another dipteran species,
Bactrocera dorsalis, let-7 is upregulated by 20E. Injection
of let-7 antagomiR in the final instar larvae reduced E75
expression levels, accompanied by abnormal pupation and
eclosion [85]. The canonical invertebrate miR-14 appears to
be a general regulator in maintaining ecdysone homeostasis
for normal development and metamorphosis. In Drosophila,
miR-14 represses EcR expression for developmental timing,
and reciprocally, 20E via EcR downregulates the expres-
sion of miR-14, thereby forming a positive autoregulatory
loop to amplify the response [107] (Fig. 3a). This positive
autoregulatory loop acts like a switch to boost its own activ-
ity through inhibiting the expression of miRNA and increas-
ing the levels of its receptor, which is likely sensitive to
subtle change of 20E titers. Interestingly, miR-14 suppresses
EcR-B and E75 expression to modulate metamorphosis in
B. mori, and its expression is enhanced by 20E but reduced
by JH [95]. 20E is also demonstrated to alleviate miR-
965-mediated repression of EcR, String and Wingless in D.
melanogaster. At the onset of metamorphosis, 20E reduces
the production of miR-965, which in turn enhances the lev-
els of EcR to trigger histoblast proliferation during pupal
development (Fig. 3a). Thus, similar to miR-14, miR-965
also buffers a positive regulatory loop in a mutual repression
circuit [108]. A mutual repression between miR-281 and 20E
signaling was observed in B. mori. miR-281 suppresses the
expression of EcR-B but not EcR-A in Malpighian tubules,
and its expression is further repressed by 20E, constituting
a regulatory loop in the regulation of B. mori larval-pupal
shift [109] (Fig. 3a).

As illustrated in Fig. 3b, miR-8 is transcriptionally
repressed by 20E-signaling cascade, including EcR, Br-C,
and E74, which could determine the pupa size during Dros-
ophila metamorphosis [93]. Moreover, such control of
20E-induced body size can be eliminated by overexpression
or deletion of miR-8 [93]. In D. melanogaster, the expres-
sion of miR-252 is activated by 20E and Br-C, which in
turn represses the expression of Abelson interacting pro-
tein (Abi). The subsequent reduction in Abi protein levels
leads to a concomitant decrease of cyclins A and B, which
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is required for the successful completion of M-phase in the
cell cycle during larva-to-adult metamorphosis [110]. In
hemimetabolous N. lugens, miR-173, promoted by Br-C in
response to 20E, regulates nymphal molting by targeting
Fiz-fI [102]. 20E via Br-C also negatively regulates miR-
8-5p and miR-2a-3p to control the expression levels of Tre-2
and PAGM for chitin metabolism and nymphal ecdysis in N.
lugens [98]. In L. migratoria, 20E treatment inhibits miR-
263 expression and in turn stimulates the expression of its
target gene Chitinase 10 to promote molting process [99].

Crosstalk of miRNA with JH signaling pathway

Although miRNA regulation in relation to 20E has been
extensively studied in insects, few studies have explored the
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regulatory role of miRNA orchestrated with JH. Currently,
only limited examples of miRNAs which interact with JH-
signaling pathway have been reported. As previously intro-
duced, the miR-2 family acts as the suppressor of Kr-hl, the
master repressor of insect metamorphosis. In the final instar
nymph of B. germanica, the declined titer of JH and elevated
expression of miR-2 work together to remove Kr-hl tran-
scripts, ensuring the entry of metamorphosis [91]. In addi-
tion, in B. germanica, JH represses the expression of let-7,
which contributes to wing development during metamorpho-
sis [86, 87]. Our study has demonstrated that let-7 and miR-
278 bind to the coding sequence of Kr-h] and inhibit Kr-hl
expression in L. migratoria [88]. Intriguingly, the expression
of these two miRNAs is repressed by JH. These observations
together provide the evidence that while JH acts through
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Met/Tai to induce Kr-hl transcription, JH also inhibits the
expression of let-7 and miR-278 to maintain appropriate
levels of Kr-hl essential for preventing precocious meta-
morphosis, revealing a mechanism of precise regulation of
miRNA and JH for insect metamorphosis. In B. germanica,
20E treatment on final instar nymphs reduces the expression
levels of miR-252, but increases the expression of miR-1
and miR-100, whereas 20E plus JH treatment reduces the
expression of miR-252, miR-100, miR-276, miR-190, miR-
14, let-7, miR-125, and bantam [86]. In Drosophila S2 cells,
the expression of let-7 and miR-125 is robustly induced by
20E, and such induction is repressed by subsequent applica-
tion of JH [111]. By dual luciferase reporter assays, Qu et al.
showed that let-7, miR-8, miR-14, miR-34, miR-278, and
miR-304 bound to the 3'-UTR of Germ-cell expressed (Gce,
the paralogue gene of Met) and downregulated its expression
in D. melanogaster [112]. Interestingly, the expression of
Met in the malaria mosquito Anopheles gambiae was shown
to be repressed by miR-8, miR-14, miR-34, and miR-278,
while only miR-29b was found to suppress Met expression
in 7. castaneum [112]. However, the functions of these miR-
NAs in metamorphosis are yet to be elucidated.

miRNA regulation of hormone synthesis

The role of JH and 20E in insect metamorphosis has been
well studied, and several miRNAs have been found to be
involved in regulation of some JH- or 20E-responsive genes.
However, the interplay of miRNAs with JH and 20E synthe-
sis pathways remains largely obscure. Recent studies have
shown that miRNA can modulate the production of JH and
20E, which consequently regulates insect development and
metamorphosis. MicroRNA bantam governs body size by
connecting insulin signaling and ecdysone production in D.
melanogaster [113]. Overexpression of bantam in ecdysone-
producing cells induced pupal growth by inhibiting ecdysone
production. On the contrary, bantam mutant flies displayed
higher levels of ecdysone and reached metamorphosis with
a delay [113]. In the screening of differentially expressed
miRNAs during metamorphosis of C. suppressalis, He et al.
demonstrated that two conserved miRNAs (bantam, and
miR-9b), four lineage-specific miRNAs (miR-80, miR-89,
miR-154, and miR-257), and one species-specific miRNA
(miR-260) presumably modulated ecdysteroid biosynthesis
by targeting three Halloween genes [114]. While miR-9b and
miR-260 repressed the expression of Nvd and Disembod-
ied (Dib), respectively, other five miRNAs (bantam, miR-
154, miR-80, miR-89, and miR-25) jointly downregulated
Spo expression [114]. In these agomiR-treated groups, 20E
titers significantly declined and defective phenotypes of
development, molting, and metamorphosis occurred [114].
The abundance of miR-14 elevates immediately after each
ecdysis, efficiently suppressing 20E biosynthesis. Further

experiments demonstrated that miR-14 repressed Spo
expression to modulate 20E production and metamorphosis
in C. suppressalis (Fig. 2c). Interestingly, in addition to Spo,
miR-14 targets Nvd and Shd to regulate 20E synthesis and
molting process in B. mori [96] (Fig. 2¢). Thus, miRNA-14
acts as an efficient suppressor to switch off 20E production
after ecdysis in these two lepidopteran insects.

Expression analyses of miRNAs in insects have indicated
possible roles of some miRNAs in JH-synthesis pathway
for metamorphosis. By dual luciferase reporter assays, Qu
et al. identified a set of miRNAs that interact with Jhamt
mRNASs in D. melanogaster, An. gambiae, and T. castaneum
[112, 115]. In D. melanogaster, bantam, miR-252, and miR-
304 were shown to downregulate Jhamt. Overexpression
of bantam caused decreased levels of Jhamt transcript as
well as reduced titers of JHB3 and JH III, accompanied by
phenotypes of pupal lethality and malformed genital organs
[112, 115]. In the mosquito An. gambiae, Jhamt is down-
regulated by miR-278. However, in T. castaneum, bantam,
miR-252, and miR-304 target Jhamt [112]. These studies
together imply an antagonistic role of miRNA in repressing
JH biosynthesis, and the variation of miRNA-target interac-
tions. A recent study described a comparative analysis of
corpora allata and corpora cardiac-specific miRNAs with
significant changes during metamorphosis of Ae. aegypti
[116]. Bantam, miR-9a, miR-31, and miR-34 were predicted
to downregulate genes coding for JH biosynthesis enzymes
diphosphomevalonate decarboxylase (PP-MevD), arnesyl-
pyrophosphate synthase (FPPS), HMGR, and aldehyde
dehydrogenase (ALDH), respectively [116]. However, the
regulatory mechanisms and function of these miRNAs in
JH production and mosquito metamorphosis remain to be
characterized.

Regulation of miRNA in insect oogenesis

Insects have two major types of ovarioles, panoistic ovari-
oles, and meroistic ovarioles [12, 117]. The panoistic ova-
ries have no nurse cells, whereas meroistic ovaries possess
either nurse cells in the tropharioum (polytrophic ovarioles)
or nutritive cords in a distance (teleotrophic ovarioles).
Polytrophic ovarioles are present in advanced holometabol-
ous insects such as Diptera (flies and mosquitos), and tele-
otrophic ovarioles are often seen in basal holometabolous
orders such as Coleoptera (beetles) and Lepidoptera (moths
and butterflies) as well as some hemimetabolous orders such
as Hemiptera (bugs). Compared to that in insect metamor-
phosis, miRNA action in insect oogenesis has received less
attention. Likewise, the function of miRNAs in insect oogen-
esis is described more in details on D. melanogaster [46, 75,
118]. Notably, miRNAs linked to insect oogenesis have been
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recently revealed in other important insects, represented by
the panoistic L. migratoria and the meroistic Ae. aegypti.

miRNAs’ regulation in oogenesis of insects
with panoistic ovarioles

L. migratoria, a representative of evolutionarily primitive
insects with hemimetaboly and panoistic ovarioles, is the
first insect that experimentally links miRNA regulation
with JH signaling in oogenesis. Song et al. demonstrated
that Dicerl and Agol were expressed in response to JH.
Depletion of Agol caused substantial reduction of Vg tran-
scripts as well as severely impaired oocyte maturation and
arrested ovarian growth [72]. Similar but mild phenotypes
were also seen with Dicerl knockdown [72]. These observa-
tions imply a crucial role of Dicerl/Agol-dependent miR-
NAs in locust oogenesis. In the fat bodies of JH-deprived
adult female locusts further treated with JH, the expression
of two conserved miRNAs (miR-7, miR-8) and four spe-
cific miRNAs (miRNA-35, miR-57, miR-12, and miR-20)
was significantly increased, while the expression levels of
miR-2, miR-184, miR-13a as well as four specific miRNAs

(miRNA-1, miRNA-6, miRNA-33, and miRNA-58) were
significantly decreased [72]. In addition to transducing
anti-metamorphic action of JH, Kr-h1 also plays an indis-
pensable role in JH-stimulated insect reproduction [10, 43].
As reviewed in the previous section, let-7 and miR-278 act
as the repressors of Kr-hl. Injection of let-7 and miR-278
agomiRs resulted in markedly reduced Vg protein levels,
blocked oocyte maturation and impaired ovarian growth in
L. migratoria [88] (Fig. 4a). Interestingly, let-7 and miR-278
were downregulated by JH and expressed at high levels after
adult ecdysis. The increased JH titer and declined abundance
of let-7 and miR-278 in both previtellogenic and vitellogenic
phases thereby ensured high levels of Kr-hl expression,
consequently promoting oogenesis [88]. Notch is a crucial
player in insect oogenesis [119—121]. Song et al. found that
miR-2/13/71 cluster bound to the protein coding sequence of
Notch mRNA and repressed its expression [122]. Moreover,
miR-2/13/71 was downregulated by JH, and miR-2/13/71
expression significantly dropped after adult eclosion. When
miR-2/13/71 agomiRs were applied, adult female locusts had
significantly reduced Vg transcripts, inhibited oocyte matu-
ration and blocked ovarian growth. Thus, the increase of JH
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Fig.4 Regulatory role of selective miRNAs in insect oogenesis. a let-
7, miR-278, and miR-2/13a/13b/71 play pivotal role in JH-dependent
oogenesis of panoistic Locusta migratoria. JH inhibits the expression
of let-7 and miR-278 that repress Kr-hl expression. The elevated JH
titer and declined abundance of let-7 and miR-278 in adult female
locusts ensure high levels of Kr-h1 required for successful oogenesis
and egg production [88]. Similar regulatory loop was also observed
with JH, miR-2/13a/13b/71 and Notch [122]. Moreover, miR-276
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promotes locust egg development and hatching synchrony by upreg-
ulating brahma gene [64]. b miR-8, miR-275, miR-1174, miR-1890,
and miR-277 are dispensable for 20E-dependent blood intake, blood
digestion, lipid metabolism and vitellogenin secretion in vitellogenic
adult females of meositic Aedes aegypti. Dysfunction of these miR-
NAs caused severely defective oogenesis and egg production [130—
134]
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and decline of miR-2/13/71 expression in vitellogenic adult
female locusts ensure a high level of Notch, consequently
contributing to successful oogenesis and egg production
[122] (Fig. 4a). Collectively, the above two studies on L.
migratoria have identified a regulatory mechanism by which
JH stimulates insect oogenesis by repressing the expression
of miRNAs that target genes promoting female reproduction.
Another interesting finding is about miR-276, which pro-
motes egg development rate and progeny hatching synchrony
by upregulating a transcription coactivator gene, brahma in
locusts [64] (Fig. 4a). miR-276 is expressed significantly
higher in adult females of gregarious phase than solitari-
ous phase. Injection of antagomiR-276 in gregarious adult
females and treatment of agomiR-276 in solitarious females
caused more heterochronic and synchronous hatching of
progeny eggs, respectively [64]. This might partially explain
why the egg-hatching time of gregarious locusts is more
uniform compared with solitarious locusts. Dicerl knock-
down and expression analyses of miRNAs have indicated
possible roles of miRNA in oogenesis of dictyopteran B.
germanica. RNAi-mediated knockdown of Dicerl in adult
cockroaches inhibited epithelium development and ovarian
growth. Moreover, depletion of DicerI caused significantly
reduced expression of let-7, miR-100, miR-125, bantam,
miR-184, miR-1, and miR-275, and let-7, some of which are
predicted to play potential roles in cockroach oogenesis [67].

miRNAs’ regulation in oogenesis of insects
with meroistic ovarioles

In D. melanogaster, null mutation of Dicerl or Agol in
Drosophila leads to obvious defects in oogenesis such as
impaired oocyte maturation, abnormal proliferation of ger-
mline stem cells [66, 68, 123, 124], suggesting an impor-
tant role of miRNAs in fruit fly oogenesis. Loss-of-function
of let-7 or miR-124 in Drosophila influences development
and remodeling of neuromuscular, causing impaired female
fertility and attenuated egg production [78, 125]. The Dros-
ophila Bithorax complex (BX-C) Hox cluster harbors two
bidirectionally transcribed miRNAs, miR-iab-4, and miR-
iab-48, which target Hox gene to control fruit fly fecundity
[126]. miR-125 acts as a spatiotemporal coordinator between
Notch and 20E signaling. 20E induces the expression of
miR-125, which targets Tom, a negative regulator of Notch
signaling to modulate Drosophila ovarian germline stem
cell (GSC) niche formation [127]. miR-7 represses gene-
encoding transcription factor, Tramtrack69 (Ttk69) to con-
trol developmental switch of follicle cells from endocycles
to gene amplification during Drosophila oogenesis [128]. An
ovary-enriched miRNA, miR-318 is upregulated by 20E and
cooperates with Ttk69 to control differentiation of follicular
epithelium during Drosophila oogenesis. Loss-of-function

mutants of miR-318 show impaired choriogenins and female
sterilization [129].

In polytrophic Ae. aegypti, recent studies have docu-
mented that miR-275, miR-1174, miR-1890, miR-277, and
miR-8 play pivotal roles in 20E-dependent blood intake,
blood digestion, lipid metabolism and Vg secretion in vitel-
logenic adult female mosquitoes, and dysfunction of these
miRNAs causes severely defective oogenesis and egg pro-
duction [130-134] (Fig. 4a). Disruption of 20E-regulated
miRNA, miR-275 by its antagomiR treatment brought
about severely impaired blood digestion and egg develop-
ment [130] (Fig. 4b). Moreover, depletion of blood meal-
triggered miR-8 resulted in reduced lipid accumulation,
restrained follicle size and reduced egg number, by modu-
lating Secreted wingless-interacting molecule (Swim) gene
[134] (Fig. 4b). Prior to the blood meal, JH activates the
expression of chymotrypsin-like serine protease (JHA15) in
the midgut, which is essential for blood digestion after blood
meal [135]. Lineage-specific miR-1890 is a negative regula-
tor of JHA15 and downregulated by 20E. Increased titers of
20E after blood meal inhibits the expression of miR-1890
to maintain a high level of JHA 15 required for blood diges-
tion and consequent vitellogenesis and oocyte maturation
[133] (Fig. 4b). Mosquito-specific miR-1174 is a midgut
specifically expressed miRINA, which tunes Serine hydroxy-
methyltransferase (Shmt) gene for sugar absorption, blood
intake and egg maturation [132] (Fig. 4b). miR-277 modu-
lates insulin signal via targeting two insulin-like peptides,
ILP7 and ILPS8, which is essential for lipid metabolism and
ovarian maturation of Ae. aegypti [131] (Fig. 4b). The miR-
309/286/2944 cluster is upregulated after blood meals in
mosquitos [136]. miR-309 represses the expression of gene
coding for SIX homeobox 4 protein (SIX4), which is associ-
ated with maintenance of female GSCs. Genetic disruption
of miR-309 by CRISPR/Cas9 system resulted in failure of
primary follicle formation, suggesting that miR-309-tar-
geted degradation of SIX4 mRNA in ovaries is required for
successful switch from previtellogenic to postvitellogenic
phases of ovarian development [137]. In the malaria mos-
quito Anopheles gambiae, injection of miR-309 antagomiR
resulted in blocked oocyte development as well as declined
egg number [136]. In the Asian tiger mosquito Ae. albopic-
tus, disruption of miR-1891 and miR-286 reduces egg num-
ber and hatching rate, respectively [100]. In a comprehensive
analysis to link miRNA identities with target genes during
the gonadotrophic cycle of Ae. aegypti, miR-989 was identi-
fied as the most abundant miRNA in the ovary and shown to
putatively target Vg, indicating the potential role of miR-989
in mosquito oogenesis [138].

The lepidoptera H. armigera bears polytrophic ovari-
oles. Supply of miR-2002b mimics led to reduced fecun-
dity [139]. In N. Lugens, which has teleotrophic ovarioles,
depletion of Dcrl resulted in malformed follicle cells and
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undeveloped oocytes [140]. miR-4868b downregulates Glu-
tamine synthase, and treatment of miR-4868b antagomiR led
to reduced Vg accumulation, disrupted ovarian development,
and declined fecundity [141]. Clearly, individual miRNAs
in a variety of insect species act differentially to control dif-
ferent aspects of oogenesis.

Alternative splicing linked to insect
metamorphosis and oogenesis

Alternative splicing is a process by which different com-
binations of exons produce multiple forms of mRNA from
a single pre-mRNA [142, 143]. The well-known alterna-
tive splicing event related to insect metamorphosis and
oogenesis is the generation of EcR, USP, E75, E74, and
Br—C isoforms. While the isoforms of key players in 20E
pathway have been well studied in the past two more dec-
ades, the isoforms of key players in JH pathway have been
recently reported on Tai only. Here, we outline the alterna-
tive splicing of 7ai. EcR and USP isoforms are highlighted
in parallel. In D. melanogaster, EcR gene encodes splice
variants EcR-A, EcR-B1, and EcR-B2 that share a common
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binding sequences, but have varied amino-termini that influ-
ence receptor activation and repression properties [144].
EcR isoforms, especially EcR-A and EcR-B1, have been
identified in a number of other insect species with distinct
expression and function in a spatiotemporal-specific manner
[145-150]. During larval stages, EcR-A is predominantly
expressed in imaginal discs that develop into pupal and adult
structures. ECR-B1 appears to be expressed in the tissues
programmed for apoptosis, while ECR-B2 is mainly detected
in Malpighian tubules. These isoforms mediate 20E signal-
ing and coordinates insect metamorphosis [16, 146, 147,
151-153] and oogenesis [9, 16, 154]. Two USP isoforms,
USP-1 and USP-2 (or USP-A and USP-B), have been found
in diverse insect species [145, 146, 155-159]. Both EcR-A/
USP-2 and EcR-B1/USP-1 heterodimers are present, but the
effective combination of these isoforms upon 20E induction
tends to vary in different tissues during molting, metamor-
phosis, and oogenesis [146, 158, 159].

The alternative splicing of Tai [44, 48, 49] was a strik-
ing finding in the past years. Tai, orthologue to vertebrate
steroid receptor coactivator (SRC), is a member of the
basic—helix—loop—helix (PHLH)/Per-Arnt-Sim (PAS) family
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Fig.5 Tai isoforms and their role in metamorphosis and oogenesis. a
In hemimetabolous Blattella germanica, four isoforms are produced
through the combination of IN-1 and IN-2 domains. Depletion of all
four isoforms in nymphs led to 100% mortality. Upon JH induction
and Met binding, only BgTai-A and BgTai-B isoforms mediated the
anti-metamorphic action of JH [49]. b Five splicing variants of Tai
are found in holometabolous Bactrocera dorsalis. Specific knock-
down of BdTai-E caused precocious metamorphosis, similar to that
resulted from simultaneous depletion of all five isoforms [168].
¢ Two isoforms, LmTai-A and LmTai-B are identified in Locusta
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migratoria. Knockdown of both LmTai isoforms or LmTai-A alone
but not LmTai-B resulted in defective phenotypes of oogenesis. Both
isoforms dimerized with Met in the presence of JH and induced Kr-
hl transcription, but LmTai-A mediated a stronger transactivation
than LmTai-B [44]. d In Aedes aegypti, the combinations of exon 12
(matching to IN-1) and exon 13 (matching to IN-2) produce 4 iso-
forms. JH acted via the RTK/PI3K/Akt and SRSF pathway to induce
the production of AaTai-A and AaTai-B, which potentiated the 20E-
EcR/USP transactivation and stimulated female reproduction [48]
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of transcription factors. JH induces the heterodimerization
of Met and Tai to form a transcriptionally active complex to
regulate the transcription of target genes in insect metamor-
phosis and reproduction [4, 5, 10]. No isoform of Met has
been identified. However, two Met genes, Metl and Met2,
are present in the genomes of several lepidopteran insects
[160-162]. D. melanogaster and its close relatives have two
Met paralog genes, Met and Germ-cell expressed (Gcee) [163,
164]. Vertebrate SRC has at least three isoforms with the
splicing variants at the C-terminus region, which exhibit dif-
ferential performances in hormone signaling [165-167]. The
Tai isoforms were first identified in B. germanica, in which
four isoforms are produced through the combination of two
insertion domains (IN-1 and IN-2) near the C-terminus [49].
BgTai-A has both IN-1 and IN-2, whereas BgTai-B bears
only IN-1 and BgTai-C harbors only IN-2. With respect to
BgTai-D, neither IN-1 nor IN-2 is present (Fig. 5a). Deple-
tion of all four isoforms in the nymph caused 100% mor-
tality. However, specific knockdown of individual BgTai
isoforms showed that along with Met, only BgTai-A and
BgTai-B that have the IN-1-mediated anti-metamorphic
signaling of JH. Lozano et al. further performed analysis of
available Tai sequences and demonstrated that IN-1, but not
IN-2 is present in Tai of D. melanogaster, T. castaneum, and
A. mellifera, whereas neither IN-1 nor IN-2 is detected in B.
mori Tai [49]. Five isoforms of Tai, derived from alternative
splicing in the IN-1, were found in the dipteran Bactrocera
dorsalis [168]. During the pre-final larval stage, simultane-
ous knockdown of all BdTai isoforms caused precocious
metamorphosis. Moreover, specific depletion of BdTai-E
that has the entire IN-1 resulted in phenotypes similar to
that caused by knockdown of all Tai isoforms (Fig. 5b).
However, no defective phenotype was observed with spe-
cific silencing of individual other four isoforms. The result
suggests that BdTai isoform with the intact IN-1 is essential
for the anti-metamorphic action of JH in the oriental fruit
fly [169].

Later, two isoforms, LmTai-A with IN-1 and LmTai-B
without IN-1, were identified and experimentally eluci-
dated for their function in the oogenesis of L. migratoria
[44] (Fig. 5¢). Interestingly, LmTai-A was expressed at levels
about 50-fold higher than LmTai-B in the fat body of vitel-
logenic adult female locusts. Moreover, knockdown of both
LmTai isoforms or LmTai-A alone but not LmTai-B resulted
in the substantial reduction of Vg expression, arrested oocyte
maturation, and blocked ovarian growth. Additional applica-
tion of JH analogue on LmTai-A-depleted locusts was unable
to restore the defective phenotypes to the normal levels,
similar to that caused by knockdown of both two LmTai
isoforms. Further studies demonstrated that, although both
LmTai-A and LmTai-B dimerized with Met in the presence
of JH and induced Kr-h! transcription, LmTai-A mediated a
stronger transactivation than Tai-B [44] (Fig. 5¢). The results

suggest that Tai-A with the IN-1 is more active than Tai-B
without the IN-1 in transducing the vitellogenic JH signaling
in L. migratoria. These data also suggest a central role of
IN-1 domain in Tai function during locust oogenesis. The
IN-1 domain encompasses a PRD-repeat motif rich in histi-
dine and proline at the C-terminus, which has been reported
to promote the dimerization of binding partners [170, 171].

Besides functioning as an obligatory component of func-
tional JH-receptor complex, Tai serves as a transcriptional
coactivator of the 20E-receptor ECR/USP [172, 173]. Ae.
aegypti mosquito Tai has 14 exons, of which the combi-
nation of exon 12 (E12, matching to the IN-1 of Tai in B.
germanica, D. melanogaster, T. castaneum, and L. migra-
toria) and exon 13 (E13, homologous to the IN-2 of Tai in
B. germanica) yields four isoforms [48] (Fig. 5d). Accord-
ingly, AaTai-A has both E12 and E13. AaTai-B carries only
E13, whereas AaTai-C possesses only E12. Tai-D lacks both
E12 and E13. Interestingly, JH, through the RTK/PI3 K/Akt-
signaling pathway, stimulated the phosphorylation of serine/
arginine-rich (pre-mRNA) splicing factor (SRSF) to induce
AaTai alternative splicing for the production of the E13-con-
taining isoforms AaTai-A and AaTai-B [48] (Fig. 5d). Con-
sequently, AaTai-A and AaTai-B were abundant in the fat
body of previtellogenic adult female mosquitoes. Depletion
of AaTai-A or AaTai-B, either by inhibiting the alternative
splicing or by isoform-specific RNAI, resulted in remarkably
attenuated expression of 20E-responsive genes after blood
feeding along with severely blocked oocyte development.
Moreover, although four isoforms had similar capability to
heterodimerize with Met in the presence of JH, AaTai-A and
AaTai-B had a stronger capability for 20E-dependent bind-
ing to EcR/USP compared to other two isoforms [48]. Thus,
AaTai-A/B but not AaTai-C/D potentiate the transcriptional
activation by the 20E-receptor complex. These results indi-
cate that JH-induced expression of AaTai-A/B in the fat body
of adult females in the previtellogenic phase is essential for
blood meal-induced and 20E-dependent egg production in
mosquitoes (Fig. 5d). In light of above findings, Tai isoforms
generated from alternative splicing play distinct roles in
insect metamorphosis and oogenesis. While the alternative
splicing motif, IN-1 is evolutionarily conserved, the pres-
ence of diverse Tai isoforms in different insects suggests the
variation of alternative splicing of Tai across insect species.

Prospects and future directions

Insects provide excellent organisms to decipher the molecu-
lar basis of gene regulation at the post-transcriptional level.
The collective studies have established the importance of
miRNA and alternative splicing in insect metamorphosis and
reproduction. It is widely recognized that the relationship
between miRNAs and their targets is multiple to multiple
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[174]. Different miRNAs work together to co-regulate a
common target gene, enforcing the effects on a given phe-
notype [114]. The effects of a single miRNA perturbation
might be masked by changing the expression of relevant
target genes. Moreover, miRNAs appear to be integrated
in negative or positive feedback loops. Thus, the involve-
ment of miRNAs in JH and 20E-orchestrated metamorpho-
sis and oogenesis confers the reduction of transcriptional
noise and fine-tuning of gene expression profiles to achieve
the precise control of these processes. Though hundreds of
miRNAs in diverse insect species have been identified and
their target genes have been predicted, only a limited num-
ber of miRNA—target interactions have been experimentally
determined. This is also true for the interactions of miRNA
with JH and 20E-signaling pathways. It remains difficulty
to uncover in vivo functions of individual miRNAs in non-
model insects. Though a variety of databases and algorithms
are available to predict miRNA-target interactions, a large
number of false positives are still yielded. The fact that
a single gene is likely targeted by multiple miRNAs and
vice versa, each miRNA potentially targets multiple genes
adds to the complexity of revealing the miRNA/gene regu-
latory axis. Certainly, the regulatory network of miRNA,
JH, and 20E signal cascades in insect metamorphosis and
reproduction need to be further dissected. In addition, more
research on linear- or species-specific miRNAs in non-model
insects is required to construct the physiological aspects of
regulatory networks governing insect metamorphosis and
reproduction. The comparative studies are also expected to
explore the evolution of coordination of hormonal and post-
transcriptional regulations in metamorphosis and oogenesis
across insect orders. Beside miRNAs, a number of IncR-
NAs and circRNAs have been identified in various orders
of insects by large-scale sequencing and target prediction.
It will be urgent to experimentally document the effects of
IncRNA and circRNA on metamorphosis and oogenesis.
With the advantage of next generation sequencing plat-
forms, bioinformatic toolkits and genetic manipulations
such as Gal4-UAS and CRISPR/Cas-9 systems, studies on
non-model insects are becoming common, which will help
researchers to unveil the myriad of processes regulated by
miRNA, IncRNA, and circRNA.
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