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miR-34-5p mediates 20E-induced autophagy @
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Abstract

Background 20-Hydroxyecdysone (20E) is an important hormone that regulates insect development and
metamorphosis. The fat body of insects plays a crucial role in nutrient storage and energy metabolism and

is considered the exchange center for regulating insect development. The fat body undergoes remarkable
transformation during insect metamorphosis and is primarily regulated by 20E. microRNAs (miRNAs) have been
identified in different insects and have multiple functions in various physiological processes. However, the interaction
of 20E and miRNAs in fat body regulation remains unclear.

Results We constructed six small RNA libraries using Bombyx mori fat body treated with 20E. Expression and
functional analyses were conducted to identify 20E-responsive miRNAs. In total, 431 miRNAs were identified, including
389 known and 42 novel miRNAs. Differential expression analysis revealed significant expression changes in the
expression of 40,9, and 18 miRNAs at 2 h, 6 h, and 12 h after 20 treatment, respectively. The expression of 10 miRNAs
was validated using quantitative real-time PCR. miR-34-5p is a highly conserved miRNA among the 10 validated
miRNAs, and autophagy-related gene 1 (Atg1) was considered a target gene of miR-34-5p. The expression analysis of
miR-34-5p and Atg1 exhibited an opposite expression pattern in the fat body after the 20E treatment. Dual-luciferase
assay indicated that miR-34-5p could inhibit Atg! expression by targeting a binding site in CDS region of Atg]. In larval
fat body, overexpressing miR-34-5p by injecting miR-34-5p agomir suppressed the expression of Atg! and autophagy,
whereas knocking down miR-34-5p by injecting miR-34-5p antagomir induced the expression of Atg! and autophagy.
Meanwhile, Atg1 silencing by RNAi also inhibited autophagy. These results indicate that miR-34-5p participates in
20E-induced autophagy in B. mori fat body by interacting with Atg1.

Conclusions We systematically identified and functionally characterized miRNAs associated with 20E regulation
in the fat body of B. mori. miR-34-5p is involved in 20E-induced autophagy in B. mori by regulating its target gene
Atgl.These results provide insight into the role of sophisticated interactions between miRNAs, 20E regulation, and
autophagy in fat body remodeling and insect metamorphosis.
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Background

The life cycle of holometabolous insects comprises four
distinct stages: egg, larva, pupa, and adult. Two major
hormones, juvenile hormone (JH) and 20-hydroxyec-
dysone (20E), coordinately regulate insect growth and
development [1, 2]. The steroid hormone 20E plays an
important role during major developmental transitions,
including molting and metamorphosis. JH inhibits 20E
activity by preventing metamorphosis during the middle
larval stages [3, 4]. 20E binds to a nuclear hormone recep-
tor complex formed by the ecdysone receptor (EcR) and
ultraspiracle protein (USP) to activate the transcription
of early response genes, including E74,E75,E93, and BrC,
which upregulated the expression of late response genes
[5, 6]. In addition to these conventional coding genes,
noncoding RNAs, particularly microRNAs (miRNAs),
are involved in the regulation of the ecdysone signaling
pathway and further control the growth and development
in insects.

miRNAs are a class of endogenous small noncod-
ing RNAs with a length of 20-25 nucleotides. They are
ubiquitous in animals, plants, nematodes, viruses, and
other organisms and are highly conserved among spe-
cies [7]. Usually, miRNAs are initially transcribed from
the genome by RNA polymerase II and cleaved into pre-
miRNAs by the Drosha complex in the nucleus. Pre-miR-
NAs are subsequently transported to the cytoplasm and
processed into mature miRNAs by Dicer [8]. Finally, they
bind to target sites in the 5'-untranslated region (UTR),
coding sequence (CDS), or 3'-UTR regions of mRNA,
which regulates translational repression or mRNA
degradation at the posttranscription level [9, 10]. The
development of high-throughput sequencing technol-
ogy has enabled the identification of miRNAs in various
eukaryotic organisms. In mammals, miRNAs predict-
ably control the activities of approximately 50% of all
protein-coding genes [11]. miRNAs are involved in many
biological processes, such as cell proliferation, differenti-
ation [12], apoptosis [13], autophagy [14], immunity [15],
development, and metabolism [16].

To date, miRNAs have been identified in various
insects, and studies have indicated that 20E affects
miRNA expression. In Drosophila, the expression of
the let-7 complex, including let-7, miR-100, and miR-
125, is induced in S2 cells following the 20E treatment,
whereas miR-8, miR-14, and miR-34 expression is inhib-
ited [17-19]. Moreover, the expression of miR-318 is
activated by the ecdysone during Drosophila oogenesis
[20]. In Blattella germanica, the expression of let-7, miR-
100, and miR-125 are increased after 20E treatment, and
miR-252-3p is the only miRNA inhibited by 20E [21]. In

Helicoverpa zea, the expression of miR-277-3p is down-
regulated by 20E exposure [22]. In Galeruca daurica, 21
and 31 miRNAs were up- and downregulated, respec-
tively, following the 20E treatment [23]. Several miRNAs
have been identified and characterized in Bombyx mori
[24], however, the role of miRNAs in fat body remodeling
regulated by 20E remains unclear in many insects.

As a representative economic insect of Lepidoptera,
B. mori is a useful model for studying the interaction
between miRNAs and ecdysone signaling in the fat body.
Previous reports show that 20E upregulates autophagy-
related genes (Azgs) and induces autophagy of the larval
fat body in B. mori [25, 26]. Herein, miRNAs associated
with 20E regulation in the fat body of B. mori were iden-
tified using small RNA-seq technology. The functions
of the putative target genes of the 20E-responsive miR-
NAs were determined, and the results provide a basis
for exploring the regulatory mechanisms of miRNAs in
response to 20E in the fat body of B. mori.

Methods

Insect rearing and sample collection

A population of silkworm strain Dazao p50 was reared
on fresh mulberry leaves at 25°C under 12 h light/12 h
dark cycles. 20E treatment was performed according
to a previous study [26]. 2 mg of 20E (Solarbio, China,
SE8010) was dissolved in 100 pL of ethanol, and then
diluted with sterilized water to 1 mL. The 20E levels in
the 2-day-old 5th instar larvae (L5D2) are low, and the
fat body is sensitive to 20E [25]. Accordingly, insects at
this stage of development were chosen for injection of
20E. The glass pipettes were prepared using two-stage
pull method (70°C for stepl and 60°C for step 2) with
G-100 thin-walled glass capillary using the Model PC-10
puller (NARISHIGE, Japan). For each injection, 2.5 pL
(5 ug) aliquots of 20E was aspirated using the prepared
glass pipette connected with a CellTram Oil manual
microinjector (Eppendorf AG, Germany). After surface
sterilization of L5D2 with 75% alcohol, the glass pipette
containing 20E was punctured into the intersegmental
membrane between the third and fourth abdomen, then
20E was injected directly into the hemolymph. The same
volume of solvent was injected as a control.

For small RNA (sRNA) sequencing, fat body tissues
from the abdominal segment of the 20E treated and con-
trol larvae were separated by forceps and washed with
PBS (pH 7.0, 0.1 M), six fat body samples were collected
at 2 h, 6 h, and 12 h after injection for both 20E treated
groups (named as T_2, T_6, and T_12) and the control
groups (named as C_2, C_6, and C_12). For expression
analysis, the 5th instar larvae tissues (head, epidermis,
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hemolymph, midgut, Malpighian tubules, fat body, silk
gland, testis, and ovary) were collected at 24 h after 20E
injection, and the midgut were collected after discard-
ing the food residues. Three biological replicates of each
samples were collected and frozen immediately in liquid
nitrogen and stored at - 80°C until use.

Total RNA extraction and small RNA sequencing
Total RNA was extracted from each sample using Trizol
reagent based on the manufacturer’s instructions (Invit-
rogen, CA, USA). RNA quantitation and quality assess-
ment were conducted at the Novogene Bioinformatics
Institute (Beijing, China) following standard procedures.
RNA degradation and contamination were monitored on
1% agarose gels. RNA purity was checked using Nano-
Photometer spectrophotometer (IMPLEN, CA, USA).
RNA concentration was measured using Qubit RNA
Assay Kit in Qubit 2.0 Fluorometer (Life Technologies,
CA, USA). RNA integrity was assessed using Agilent Bio-
analyzer 2100 system (Agilent Technologies, CA, USA).

sRNA separation, library construction, and Illumina
sequencing were conducted by the Novogene Bioinfor-
matics Institute (Beijing, China). Total RNA (3 pg) was
used as input material for preparing small RNA librar-
ies. Sequencing libraries were generated using NEB
Next Multiplex Small RNA Library Prep Set for Illumina
(NEB, USA) following the manufacturer’s instructions,
and index codes were added to attribute sequences to
each sample. Briefly, the NEB 3’ SR adaptor was directly
and specifically ligated to the 3’ end of miRNA, siRNA,
and piRNA. Subsequently, SR RT Primer was hybridized
to the excess 3’ SR adaptor that remained free after the
3’ ligation reaction, and a single-stranded DNA adap-
tor was transformed into a double-stranded DNA mol-
ecule. The 5 ends of the adapter were ligated to those of
the miRNA, siRNA, and piRNA molecules. First-strand
c¢DNA was synthesized using M-MuLV Reverse Tran-
scriptase. PCR amplification was performed using Lon-
gAmp Taq 2x Master Mix, SR Primer for Illumina, and
an index (X) primer. PCR products were purified on an
8% polyacrylamide gel. DNA fragments corresponding
to 140-160 bp (the length of small noncoding RNA plus
the 3’ and 5’ adaptors) were recovered and dissolved in 8
pL of elution buffer. The library quality was assessed on
Agilent Bioanalyzer 2100 system using DNA High Sen-
sitivity Chips. The clustering of the index-coded sam-
ples was performed on cBot Cluster Generation System
using TruSeq SR Cluster Kit v3-cBot-HS (Illumina) fol-
lowing the manufacturer’s instructions. After the cluster
generation, libraries were sequenced on Illumina Hiseq
2500/2000 platform and 50 bp single-end reads were
generated.
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Data assembly and filtration

Raw read data in FASTQ format were processed using
custom Perl and Python scripts. Clean data were
obtained by removing reads containing ploy-N, with
a 5’ adapter, without a 3’ adapter or the insert tag, and
low-quality reads from the raw data. The Q20, Q30, and
GC contents of the raw data were calculated. The down-
stream analyses were based on clean, high-quality reads.
Reference genomes for B. mori were downloaded from
SilkDB  (http://silkworm.genomics.org.cn/) and NCBI
genome (https://www.ncbinlm.nih.gov/genome/). The
small RNA tags were mapped to the reference sequence
using Bowtie [27] without mismatches to analyze the
expression and distribution on the reference.

Identification of MiRNAs in B. mori

Known miRNAs were identified based on standard pro-
cedure. Briefly, all the known insect miRNAs were down-
loaded from miRBase v20 (http://www.mirbase.org/).
Mapped small RNA tags were used to search for known
miRNAs. Modified software mirdeep2 [28] and srna-
tools-cli were used to obtain potential miRNAs and draw
secondary structures. The characteristics of the hairpin
structure of the miRNA precursor can be used to predict
novel miRNAs. miREvo [29] and miRdeep2 [28] were
integrated to predict novel miRNAs by examining the
secondary structure, Dicer cleavage site, and minimum
free energy of the unannotated small RNA tags. Cus-
tom scripts were used to obtain the identified miRNA
counts and base bias at the first position with a certain
length and on each position of all identified miRNAs. The
miRNA families were identified using miFam.dat (http:/
/www.mirbase.org/ftp.shtml) for known miRNAs, and
novel miRNA precursors were submitted to Rfam (http:
//rfam.sanger.ac.uk/search/) to search for Rfam families.

Expression analysis of MiRNAs

The expression profile of miRNAs was analyzed based on
an earlier method [30], and the relative expression levels
were denoted as transcripts per million (TPM). Differ-
ential expression analysis of two groups was performed
using DESeq R [31]. P-values were adjusted using g-val-
ues [32]. A g-value<0.01 and|log,(fold-change)| > 1 was
set as the threshold for significant differential expression
analysis.

Target prediction and functional annotation

To further predict the target genes, miRanda [33] was
used for miRNA target prediction. Subsequently, the
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses were applied
to obtain annotation information on the functions of
the differentially expressed miRNAs and target genes
[34-36].
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Quantitative real-time PCR

Total RNA was isolated using Trizol reagent (Invitro-
gen, CA, USA) from the silkworm fat body samples of
C2, T2 C6, T_6,C 12, T_12, and the 3-day-old 5th
instar larvae tissues (head, epidermis, hemolymph, mid-
gut, Malpighian tubules, fat body, silk gland, testis, and
ovary) at 24 h after 20E injection. The expression of the
selected miRNAs was measured by quantitative real-time
PCR (qRT-PCR). RNA (1 pg) was reverse-transcribed
into complementary DNA (cDNA) using a universal
adapter primer provided in the All-in-one™ miRNA
qRT-PCR Detection Kit (GeneCopoeia, USA, QP115).
A miRNA-specific forward primer and a universal RT-
PCR primer (complementary to the universal adapter)
were used for qRT-PCR following the manufacturer’s
instructions. qRT-PCR reactions were performed in a 10
uL volume, including 5 pL of 2x All-in-one qPCR mix,
1 pL of miRNA-specific primer (2 pM), 1 pL of univer-
sal RT-PCR primer (2 puM), 0.2 pL of ROX reference
dye (30 pM), and 1 pL of diluted cDNA. The PCR reac-
tions were incubated at 95°C for 5 min, followed by 40
cycles of 95°C for 10 s, 55°C for 20 s, and 72°C for 10 s.
The 5 S rRNA (GenBank No. M35394.1) was used as a
reference SRNA. qRT-PCR was performed on a Bio-Rad
CFX96 Real-time PCR Detection System in triplicate. For
quantitation of target genes, cDNA was synthesized from
1 pg of total RNA with oligo-dT primer using RevertAid
First-Strand ¢cDNA Synthesis Kit (Thermo Fisher, USA,
K1622). qRT-PCR reactions were performed in a 10 L
volume, which included 5 pL of 2x FastStart Universal
SYBR Green Master (ROX) (Roche, Switzerland), 0.3 pL
of each gene-specific primer (10 uM), and 1 pL of diluted
c¢DNA. PCR reactions were incubated at 95°C for 5 min,
followed by 40 cycles of 95°C for 15 s, 55°C for 30 s, and
72°C for 30 s. Silkworm actinA3 (GenBank No. U49854)
was used as a reference gene. All primers were designed
using the NCBI online primer design tool (https://www.n
cbi.nlm.nih.gov/tools/primer-blast/) (Table S1).

Cell transfection and dual-luciferase reporter assay

The partial CDS sequnence (820~ 1158) of Atgl (Gen-
Bank No. XM_012695474.1) was amplified using gene-
specific primers (Table S1). Xho I and Not I restriction
enzyme sites were added to the 5 ends of the forward
and reverse primers, respectively. Next, the PCR frag-
ment was cloned into the psiCHECK2 vector (Promega,
USA) downstream of the Renilla luciferase gene. The
gene sequence was confirmed by sequencing at the Bei-
jing Genomics Institute (Shenzhen, China).

Human embryonic kidney 293T (HEK293T) cells
were cultured in Dulbecco’s modified Eagle’s medium
(Solarbio, China, 12110) containing 10% fetal bovine
serum (Hyclone, USA, SV30087) at 37C in a 5% CO,
atmosphere. The miR-34-5p mimics, miR-34-5p mutant
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(mutation in the interaction site at position 2~8 of
miR-34-5p), and miR-NC were synthesized by GenePh-
arma (Suzhou, China) based on the sequences listed
in Table S1. HEK293T cells were seeded into 24-well
plates with 500 pL cell culture media. Cell transfection
was performed once the cells reached 80-90% conflu-
ency using X-tremeGENE siRNA transfection reagent
per the manufacturer’s instructions (Roche, Switzerland,
04476093001). The final concentration of miRNA was
100 nM, and the amount of Atgl/psiCHECK2 plasmid
in each well was 100 ng. Luciferase activity was mea-
sured at 48 h based on the manufacturer’s instructions of
Dual-Luciferase Reporter Assay System (Promega, USA,
E1910). The psiCHECK2 vector contained the Firefly and
Renilla luciferase genes. First, the growth medium was
removed from the 24-well plates and cells were washed
gently with 500 pL volume of PBS to remove detached
cells and residual growth medium. Second, 100 pL of
1x Passive Lysis Buffer was added into per each culture
well and the plates were rocked at room temperature
for 15 min. Third, 20 pL of cell lysate from each well was
carefully transfered into the 96-well ELISA plate con-
taining 100 pL of Luciferase Assay Reagent II, mixed by
pipetting 2 or 3 times, and placed the plate in the lumi-
nometer to measure the Firefly luciferase activity (Fluc),
then 100 pL of Stop & Glo Reagent was added into each
well and mixed briefly, the Renilla luciferase activity
(Rluc) was measured again. Rluc was normalized to Fluc
activity, and the ratio was designated as the relative lucif-
erase activity of each test group. Three biological repli-
cates were performed for each experimental group.

MiRNA and DsRNA injection

The 2-day-old 5th instar larvae were synchronized after
molting, and 5 pg of miRNA agomir or antagomir (anti-
sense of agomir with cholesterol modification at the 3’
end, two thioskeleton modifications at the 5’ end, four
thioskeleton modifications at the 3’ end, and full chain
methoxy modification) for each insect was injected into
the hemolymph using the same method as 20E injec-
tion. The larvae were dissected at 24 h after injection.
Total RNA was extracted from the fat body using Trizol
reagent (Invitrogen, CA, USA), and the separated fat
body from three individuals was used for LysoTracker
Red staining immediately.

For the Atgl and GFP transcripts, double-stranded
RNAs (dsRNA) were designed and synthesized in vitro
using T7 RiboMAX™ Express RNAi system (Promega,
P1700) based on the manufacturer’s instructions. dsAtgl
and dsGFP were analyzed on a 2% agarose gel to con-
firm their integrity. Next, 10 ug dsRNA was injected into
the hemolymph of L5D2 using the same method as 20E
injection. The fat body from at least three larvae was
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collected and used for qRT-PCR analysis or LysoTracker
Red staining at 24 h after injection.

LysoTracker red staining

Following a previously described procedure [26, 37], the
larval fat body tissues were collected and fragmented
with forceps. They were washed with PBS and stained
with LysoTracker Red DND-99 (Thermo Fisher Scien-
tific, L7528) at a final concentration of 50 nM for 5 min at
37°C. After washing three times with PBS, fluorescence
observation was done using a Nikon Eclipse C1 confocal
microscope.

Statistical analysis

Data were analyzed using Prism 5 software and pre-
sented as the mean+standard error (SE). Figures were
prepared using Prism 5 and Adobe Illustrator CS5. The
qRT-PCR data were analyzed using two-tailed, unpaired
t-tests, *P<0.05, *P<0.01, **P<0.001. The statistical
significance of the luciferase activity was analyzed using
one-way analysis of variance followed by Tukey’s test
for multiple comparisons. The values are shown as the
mean + SE of three independent experiments. All experi-
ments were repeated three times.

Results

Data analysis of small RNA sequencing

To identify miRNAs in response to the 20E treatment
of B. mori, six libraries from fat bodies of C_2, T_2,
C_6, T_6, C_12, T_12 were constructed and sequenced
using Illumina Hiseq. Raw data were deposited in the
National Center for Biotechnology Information (NCBI)
Short Read Archive under BioProject ID PRJNA1121082.
Approximately 7.1-11.2 million raw reads were gener-
ated for each sample. After discarding the low-quality
reads and adaptor sequences, 6.95-10.95 million clean
reads per sample were filtered (Table S2). A total of
81.84-89.75% clean reads were classified as sSRNAs with
18-35 nt lengths. The length distribution of the sRNA
reads revealed a major peak at 22 nt, which is typical
for the distribution of mature miRNAs (Fig. S1). Finally,
89.23-91.75% of the sRNAs were mapped to the silk-
worm genome (Table S3).

Identification of known and novel MiRNAs

After filtering the dataset and comparing it with known
mature miRNAs and miRNA precursors in the miRBase
V20 (http://www.mirbase.org/) using the BLAST progr
am, we identified 389 mature miRNAs and 406 miRNA
precursors. Samples from C_2, T_2, C_6, T_6, C_12, and
T_12 yielded 340, 326, 307, 331, 284, and 301 known
miRNAs, respectively (Table S4). Using miREvo and
mirdeep2 software, we identified miRNAs that did not
map to conserved known miRNAs, including 42 novel
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miRNAs and 43 novel miRNA precursors. Among the six
samples, 37, 38, 37, 37, 31, and 36 novel miRNAs were
identified (Table S5).

Identification of differentially expressed MiRNAs
Differential expression of miRNAs (DEMs) between the
20E treatment and control was determined based on the
normalized differences between Illumina read counts. In
total, 40 miRNAs (17 and 23 up- and downregulated) in
the T_2 vs. C_2 group, 9 miRNAs (6 and 3 up- and down-
regulated) in the T_6 vs. C_6 group, and 18 miRNAs
(10 and 8 up- and downregulated) in the T_12 vs. C_12
group were significantly, differentially expressed (Fig. 1;
Table 1).

Target prediction and functional analysis

To better understand the functions of DEMs in response
to 20E, putative DEM target genes were predicted using
miRanda. In total, 6005 target genes associated with
12,025 target sites were identified. The predicted tar-
get genes for these DEMs were subjected to GO and
KEGG enrichment analysis. The GO analysis revealed
that the 5667 predicted target genes were enriched in
3626 GO level 2 terms, and 212 GO terms were signifi-
cantly enriched (P<0.05) in the T_2 vs. C_2 group. The
GO term types included 110 Biological Process (BB), 20
Cellular Component (CC), and 82 Molecular Function
(MF). In the T_6 vs. C_6 group, 2487 predicted target
genes were enriched in 2778 GO terms, whereas 51 GO
terms were significantly enriched (P<0.05), including 13
BB, 2 CC, and 36 MF. In the T_12 vs. C_12 group, 3877
predicted target genes were enriched in 3291 GO terms,
and 94 GO terms were significantly enriched (P<0.05),
including 32 BB, 7 CC, and 55 MF (Table S6). The top 20
terms for each type are presented in Fig. 2.

KEGG analysis revealed that 115 pathways were
enriched in the T_2 vs. C_2 group, whereas 114 and 115
pathways were enriched in the T_6 vs. C_6 and T_12 vs.
C_12 groups, respectively. The top enriched pathways
included “ECM-receptor interaction,” “Nucleotide exci-
sion repair,; and “ABC transporters” “Fatty acid biosyn-
thesis,” “Lysine degradation,” “Phagosome,” and “Inositol
phosphate metabolism” were common among the top 20
enriched pathways/processes (Table S7-S9, Fig. S2-5S4).

Validation and detection of DEMs and predicted target
genes

Because we were interested in miRNAs involved in
20E-regulated autophagy, the target genes of all DEMs
were predicted. Then 10 DEMs among the 40 miRNAs
in the T_2 vs. C_2 group were selected for validaiton,
and they had at least one target gene that was autophagy
related genes, 20E receptor genes or 20E-induced genes.
10 DEMs for qRT-PCR analysis included 4 upregulated
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Fig. 1 Venn diagram (a) and hierarchical cluster analysis (b) of differentially expressed microRNAs inT_2 vs.C_2,T_6vs.C_6,and T_12vs.C_12

Table 1 Number of differentially expressed MicroRNAs in each

group

DEMs T 2vs.C 2 T 6vs.C_6 T 12vs.C_12
total 40 9 18
upregulated 17 6 10
downregulated 23 3 8

(miR-305-5p,miR-275-3p,miR-34-5p, and miR-282-5p)
and 6 downregulated (miR-281-3p,miR-375-3p,miR-
274-5p,miR-3220,miR-3244, and novel-46) miRNAs.
The results showed that all 10 miRNAs exhibited similar
expression patterns compared with those analyzed by
RNA sequencing (Fig. 3).

Upregulated miR-34-5p and downregulated miR-
281-3p, which exhibited the highest fold-change, were
selected for further expression analysis in the fat bodies
of C_2, T 2, C_6, T_6, C_12, T_12. miR-34-5p was sig-
nificantly upregulated in T_2 compared with C_2 but was
significantly downregulated in T_6 and T_12 (Fig. 4a).
Compared with the control, miR-281-3p was significantly
down- and upregulated in T_2 and T_12, respectively,
but not significantly different in T_6 (Fig. 4b).

Based on the target gene prediction results, miR-
34-5p and miR-281-3p had 366 and 371 predicted tar-
get genes, respectively. miR-281-3p has been reported
to participate in B. mori developmental regulation in the
Malpighian tubule through the suppression of the EcRB
expression [38]. As one of the predicted target genes of

miR-34-5p,Atgl is required for autophagosome initiation
and is sensitive to 20E injection. To clarify the function
of miR-34-5p in 20E regulated autophagy and fat body
development, we focused on miR-34-5p and Atgl in the
following experiments. In contrast with miR-34-5p,Atgl
expression was significantly downregulated at 2 h after
20E injection compared with the control and significantly
upregulated at 6 h and 12 h after 20E injeciton (Fig. 4c).

Furthermore, we analyzed the expression of miR-
34-5p and Atgl in different tissues of silkworm larvae.
The expression of miR-34-5p in the control group was
the highest in hemolymph, the lowest in midgut and silk
gland, and low in other tissues, respectively. After a 24 h
20E exposure, miR-34-5p was significantly decreased in
hemolymph, fat body, and testis, but increased in head,
epidermis, Malpighian, and ovary (Fig. 5a). Atgl expres-
sion in the control group was relatively high in testis,
ovary, head, epidermis, and silk gland, whereas it was
the lowest in hemolymph. In the 20E treatment group,
Atgl was significantly increased in epidermis, Malpi-
ghian, and fat body, but decreased in midgut, silk gland,
and ovary (Fig. 5b). Although the trend in miR-34-5p
and Atgl expression was different, they still exhibited
opposite expression patterns in the fat body after the 20E
treatment.
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in the psiCHECK2 vector. miR-34-5p mutant was the

In vitro validation of miR-34-5p target gene

RNA oligomer mutated in the interaction site at posi-

An interaction site analysis of miR-34-Sp and Atgl

revealed that miR-34-5p targets a CDS region of Atgl
(Fig. 6a), suggesting that Atgl is a potential target of miR-

tion 2~ 8 of miR-34-5p. For high transfection efficiency
and low background expression of miR-34-5p, HEK293T
cell line was used for Dual luciferase reporter assay. Atgl/

psiCHECK2 were transfected into HEK293T cells with

34-5p. To confirm the interaction between miR-34-5p
and Atgl, we introduced the partial CDS sequence of
Atgl at the downstream of the Renilla luciferase gene

the mimics, mutant and negative control of miR-34-5p.
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small RNA sequencing data and the mean of three relative expression val-
ues obtained with qRT-PCR based on the 27 method

The luciferase activity was significantly reduced to 56%
in the presence of miR-34-5p mimics compared with
the vector control. Mutation of miR-34-5p abolished the
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suppression effect on the reporter activity of the Azgl
target site (Fig. 6b). The results indicated that Atg! is the
target gene of miR-34-5p, and miR-34-5p can silence Atgl
expression via targeting the CDS region of Azgl.

Overexpression and Inhibition of miR-34-5p in vivo

Atgl plays an important role in initiating autophagy.
To determine the relationship between miR-34-5p and
autophagy, a miR-34-Sp agomir and antagomir were
injected separately into L5D2 larvae and the expression
of miR-34-5p and Atgl was analyzed in the fat body.
Compared with the agomir NC, miR-34-5p expres-
sion was significantly increased after agomir injection
(Fig. 7a); however, the expression of Afgl was decreased
(Fig. 7b). By contrast, the miR-34-5p antagomir sig-
nificantly decreased the miR-34-5p expression (Fig. 7c)
and increased the Atgl expression compared with the
antagomir NC (Fig. 7d). These results indicate that miR-
34-5p can be successfully overexpressed or inhibited in
the fat body of the silkworm, and the expression pattern
of miR-34-5p and Atgl was opposite of one another.
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Fig. 4 Expression profile of miR-34-5p (a), miR-281-3p (b), and Atg1(c) in the 20E-treated fat body of Bombyx mori measured by gRT-PCR. Data were nor-
malized to the reference genes 5 S rRNA or actinA3 and are shown as the mean + standard error; *P < 0.05, **P < 0.01, ***P < 0.001; no significant differences
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Fig. 8 RNAi of Atg1 in the silkworm; (a-b) gRT-PCR measurement of Atg1 and miR-34-5p in fat body after Atg1 silencing; (c-d) LysoTracker Red staining

of fat body after Atg1 silencing (red, magnification 40X, the scale is 50 um)

LysoTracker is an acidotropic dye that stains cellular
acidic compartments, including lysosomes and autolyso-
somes. It has been used to detect autophagy-associated
lysosomal activity from yeast to human [39, 40]. Using
LysoTracker Red staining, the autophagic process in
silkworm fat body was monitored. The LysoTracker Red
fluorescence intensity was significantly decreased after
miR-34-5p overexpression compared with that in the
agomir NC control, but significantly increased after miR-
34-5p inhibition compared with that in the antagomir
NC control (Fig. 7e-g).

RNA interference of Atg1 in vivo

An RNA interference experiment was performed on
Atgl in the 5th larvae. A double-stranded RNA target-
ing Atgl was injected into L5D2 larvae. The results of
qRT-PCR showed that the Atgl expression was signifi-
cantly decreased in dsAtgl-injected fat body compared
with the dsGFP control (Fig. 8a), which indicated that the
expression of Atgl was successfully silenced in larval fat
body. Meanwhile, we also found that knockdown of Atgl
resulted in a significant increase in miR-34-5p expression
(Fig. 8b). LysoTracker Red staining of the fat body from
three replicates was all reduced after injecting dsAtgl
(Fig. 8c) and the fluorescence intensity was significantly
decreased after Atgl silencing (Fig. 8d). These results
indicate that miR-34-5p inhibits autophagy by regulating
its target gene Atgl.

Discussion

The insect fat body plays an important role in nutrient
storage and energy metabolism and is considered the
exchange center for regulating insect development and

behavior. The fat body undergoes a remarkable transfor-
mation during insect metamorphosis, known as fat body
remodeling. This process includes autophagy, apoptosis,
cell dissociation of fat body cells during the larval stage,
and the formation of new fat body tissue during the
adult stage, which is primarily regulated by the steroid
hormone 20E [41, 42]. miRNAs regulate insect growth,
molting, metamorphosis, innate immunity, and repro-
duction by interacting with different target genes in mul-
tiple hormonal pathways [19, 43-50]. Further, 20E may
regulate fat body modeling and insect metamorphosis
through miRNAs and their target genes in the ecdysone
signaling pathway. Herein, we performed small RNA
sequencing and qRT-PCR validation using total RNA
extracted from the L5D2 fat body at 2, 6, and 12 h after
20E injection to identify miRNAs involved in 20E regula-
tion in the fat body of B. mori. In total, 389 mature miR-
NAs, 406 miRNA precursors, 42 novel miRNAs, and 43
novel miRNA precursors were identified from various
fat body samples. Differential expression analysis yielded
40,9, and 18 DEMs inthe T 2vs. C_2, T _6vs. C_6, and
T_12 vs. C_12 groups, respectively, after the 20E treat-
ment (Table 1). In Galeruca daurica, 52 miRNAs were
significantly differentially expressed after 20 treatments
[23]. Jin et al. (2020) found 22 and 66 DEMs at 6 h and
6 days following the 20E treatment of the BmE cell line,
and 9 and 78 DEMs at 6 and 48 h after the 20E treatment
in the Drosophila S2 cell line [44]. These results suggest
that miRNAs play important roles in hormone regulation
pathways.

Although 20E-responsive miRNAs have been exten-
sively studied, the regulatory mechanism between miR-
NAs and the ecdysone signaling pathway is not well
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understood. Following qRT-PCR validation and target
prediction, an 20E-responsive miRNA, miR-34-5p, and
its predicted target gene, Atgl, were selected to further
clarify its function in 20E regulation. miR-34 is a highly
conserved miRNA and plays an important role in vari-
ous organisms. Atgl is a serine/threonine protein kinase
that has a role in autophagy. 20E induces the expression
of most Atg genes to initiate autophagy when MTORC1
activity is inhibited in silkworms. Atgl is indispensable
for the initial step of autophagosome formation [25, 51].
We found that miR-34-5p and Atgl exhibit a time-depen-
dent pattern in response to 20E in the fat body, but their
expression changes contrast with one another (Fig. 4).
The expression of miR-34-5p was downregulated while
Atgl was upregulated at 6 h and 12 h after 20E injection,
which was consistent with previous studies in B. mori
and Nilaparvata lugens [26, 52]. However, miR-34-5p
was upregulated at 2 h after 20E injection, which opens
a new question whether other target genes of miR-34-5p
are involved in the early 20E regulation, and if so, what is
the relationship with 20E regulated autophagy.

miRNAs are well known to selectively target 3’'UTRs
of mRNA to silence gene expression at post transcrip-
tional levels. However, multiple reports have charac-
terized a number of functional miRNA recognition
elements (MREs) in CDS in mammals [53-58]. In this
study, we found that miR-34-5p targeted a CDS region
of Atgl. Dual-luciferase reporter assay indicated that the
luciferase activity was significantly reduced when Atgl/
psiCHECK?2 and miR-34-5p were transfected together
(Fig. 6). In mammals, the typical MREs in 3’'UTRs lost
function when moved it to CDS [59], but some MREs in
CDS were functional when placed in 3'UTRs [53-57]. In
Drosophila, The conserved miR-932 could regulate the
expression of dnlg2 via binding CDS region of dnlg2, and
the level of DNIg2 as well as its mRNA were decreased by
miR-932 [60]. Recently, Zhang et al. (2018) found a class
of MREs that exclusively functioned in CDS regions in
humans with distinct mechanism [58]. Nevertheless, the
mechanism of miR-34-5p repressing Atgl expression still
need further study to reveal.

In vivo,miR-34-5p was overexpressed in the L5D2 fat
body by injecting an agomir which caused the inhibition
of Atgl expression and autophagy, whereas miR-34-5p
inhibition by injecting antagomir induced the expression
of Atgl and autophagy (Fig. 7). Meanwhile, the expression
of Atgl was reduced by RNAI and resulted in inhibition
of autophagy (Fig. 8). In Caenorhabditis elegans,miR-34
modulates lifespan by repressing the autophagy gene
Atg9 [61]. In Drosophila,miR-34 modulates ecdysone sig-
naling by repressing the expression of Eip74EEEip75B,
and BrC [48]. In honeybees, miR-34-5p regulates the
expression of pair-rule and cytoskeleton genes during
early development and controls insect segmentation
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[62]. In N. lugens,miR-34 mediates crosstalk between the
20E, JH, and IIS pathways and regulates wing polyphen-
ism [52]. In B. mori,miR-34-5p controls larval growth
and wing morphology by targeting BmE74 and BmCPG4
[63]. Therefore, our findings indicate that miR-34-Sp
can regulate Afgl expression at both protein and mRNA
level. These results showed that miR-34-5p participates
in the 20E-mediated autophagy of the fat body by inter-
acting with Atgl in B. mori, which can affect the fat body
remodeling required for insect metamorphosis.

We also found that the expression of miR-34-5p was
increased after silencing Atgl by RNAi (Fig. 8b). The
internal regulation mechanism behind this result is still
unknown, but the studies of miR-34 in other insects
may provide some hints. miR-34 is maternally inherited
in Drosophila and activated by JH but is suppressed by
20E through BrC [17, 64]. JH has been reported to show
antagonistic interaction with 20E through BrC [65]. In
Aedes aegypti, ecdysteroid induced Atg expression to
initiate autophagy during midgut remodeling, but JH
inhibited midgut remodeling during metamorphosis by
interfering with the expression of Atg genes [66]. In N.
lugens, knockdown BrC by RNAI resulted in the signifi-
cant increase of miR-34 at the third instar numphs, while
miR-34 was also downregulated by 20E and upregulated
by JH which are likely mediated by BrC in a transcrip-
tional regulation manner [52]. Whether the conserved
miR-34-5p mediates the cross talk between 20E, JH and
autophagy pathway by forming a feedback loop in B.mori
fat body, more research should be conducted to clarify
this question.

Conclusions

We constructed six small RNA libraries of B. mori fat
body to identify miRNAs involved in 20E regulation. A
total of 431 miRNAs, including 389 known and 42 novel
miRNAs, were identified with 40, 9, and 18 miRNAs
differentially expressed at 2, 6, and 12 h after the 20E
treatment, of which, 10 were validated by qRT-PCR. A
functional study of miR-34-5p indicated that Azgl was its
target gene, and miR-34-5p was involved in 20E-induced
autophagy by regulating Azgl. These results shed light
on the interactions between miRNAs, 20E regula-
tion, and autophagy on fat body remodeling and insect
metamorphosis.
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