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(Bacl(ground: 20-Hydroxyecdysone (20E) and juvenile hormone (JH) coordinately control insect molting and
Results: Induced by 20E and suppressed by JH, E93 acts through GAGA-containing motifs and up-regulates a subset of 20E

Conclusion: E93 transcriptionally modulates 20E signaling to promote Bombyx metamorphosis.
Significance: Our study helps in understanding the complicated molecular mechanisms of insect metamorphosis.
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As revealed in a previous microarray study to identify genes reg-
ulated by 20-hydroxyecdysone (20E) and juvenile hormone (JH) in
the silkworm, Bombyx mori, E93 expression in the fat body was
markedly low prior to the wandering stage but abundant during
larval-pupal metamorphosis. Induced by 20E and suppressed by
JH, E93 expression follows this developmental profile in multiple
silkworm alleles. The reduction of E93 expression by RNAi dis-
rupted 20E signaling and the 20E-induced autophagy, caspase
activity, and cell dissociation in the fat body. Reducing £93 expres-
sion also decreased the expression of the 20E-induced pupal-spe-
cific cuticle protein genes and prevented growth and differentia-
tion of the wing discs. Importantly, the two HTH domains in E93
are critical for inducing the expression of a subset of 20E response
genes, including EcR, USP, E74, Br-C, and Atgl. By contrast, the
LLQHLL and PLDLSAK motifs in E93 inhibit its transcriptional
activity. E93 binds to the EcCR-USP complex via a physical associa-
tion with USP through its LLQHLL motif; and this association is
enhanced by 20E-induced EcR-USP interaction, which attenuates
the transcriptional activity of E93. E93 acts through the two HTH
domains to bind to GAGA-containing motifs present in the Atgl
promoter region for inducing gene expression. In conclusion, E93
transcriptionally modulates 20E signaling to promote Bombyx lar-
val-pupal metamorphosis.
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Insect ecdysteroids include 20-hydroxyecdysone (20E)?, the
most active form of molting hormone, and ecdysone, the imme-
diate precursor of 20E (1). 20E binds to a heterodimer in the
nuclear receptor complex, ecdysone receptor (EcR) and ultras-
piracle protein (USP). With the assistance of a molecular chap-
erone complex, EcR-USP binds to 20E response elements
(ECRE) present in the promoter regions of 20E primary
response genes. In the absence of 20E, EcR-USP associates with
transcriptional co-repressors. When 20E binds to EcR-USP,
the transcriptional co-repressors are dissociated, and multiple
transcriptional co-activators are recruited, resulting in the
induction of gene expression through EcRE. 20E-EcR-USP trig-
gers a transcriptional cascade, including transcription of the
20E primary response genes (i.e. the transcription factor genes
Br-C, E74, E75, and E93) and subsequently the 20E secondary
response genes (1, 2). E93 was first identified as a 20E primary
response gene in the fruit fly, Drosophila melanogaster (3), and
it encodes a member of the helix-turn-helix (HTH) transcrip-
tion factor family (4). A recent study suggests that £93 expres-
sion is suppressed by juvenile hormone (JH) via the JH receptor
Met and a JH primary-response gene Kr-h1 (5, 6). However,
how E93 expression is coordinately regulated by 20E and JH
remains unclear.

20E initiates and orchestrates larval-larval molting and lar-
val-pupal-adult metamorphosis (7). During metamorphosis,
20E induces programmed cell death (PCD), including apoptosis

2 The abbreviations used are: 20, 20-hydroxyecdysone; ECRE, 20E response
elements; JH, juvenile hormone; HTH, helix-turn-helix; PCD, programmed
cell death; WCP, wing disc cuticle protein genes; IW, the initiation of wan-
dering; EcRPY, dominant-negative mutant of EcR; RACE, rapid-amplifica-
tion of cDNA ends; gPCR, quantitative real-time PCR; TEM, transmission
electron microscopy; CHX, cycloheximide; USP, ultraspiracle protein;
DMSO, dimethyl sulfoxide.
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(type I PCD) and autophagy (type II PCD), and remodeling of
larval tissues as well as the generation of adult tissues from
imaginal discs (8 —10). In Drosophila, 20E is both necessary and
sufficient to induce autophagy and apoptosis of larval tissues in
a tissue- and stage-specific manner primarily via up-regulating
most Atg genes and many apoptosis genes (8, 11, 12). Among
the 20E primary-response genes, £93 is a key player in 20E
signaling during metamorphosis. E93 predominately trans-
duces 20E signaling to induce autophagy and caspase activity in
the fat body during the larval-prepupal metamorphosis (13), in
the midgut a few hours after pupariation (14, 15), and in the
salivary gland immediately after pupation (16 —18). Meanwhile,
E93is expressed widely in adult cells during the pupal stage and
is required for many patterning processes during adulthood
(19). Later studies suggest that E93 is the key determinant pro-
moting metamorphosis, thus acting as the adult specifier in
insects (6).

In general, Br-C, E74, E75, and E93 positively affect 20E sig-
naling (8). As a potent HTH transcription factor, E93 binds
several 20E response genes and PCD genes on polytene chro-
mosomes in Drosophila (16). The expression of these genes is
reduced in £93 mutants, whereas E93 overexpression up-regu-
lates some of the genes (13, 16). However, little is known
regarding the underlying molecular mechanisms involved in
E93 regulation of 20E signaling and insect metamorphosis
(8, 13, 16).

The silkworm, Bombyx mori, is a model insect for lepidopter-
ans (20). During larval-pupal metamorphosis in Bombyx, the fat
body undergoes significant remodeling (involving progressive
autophagy, caspase activity, and cell dissociation) that is mainly
controlled by the 20E-triggered transcriptional cascade (21—
25). The wing discs grow and differentiate during this period,
and the pupal-specific wing disc cuticle protein genes (WCPs)
apparently contribute to wing disc differentiation. The expres-
sion of pupal-specific WCPs is induced by 20E signaling, and
20E induction is prevented by JH (26 —-31).

Our previous microarray studies to identify genes regulated
by 20E and JH in Bombyx (21, 22) revealed that E93 is abun-
dantly expressed in the fat body during larval-pupal metamor-
phosis. In the current study, we determined that £93 is regu-
lated by 20E and JH at the transcriptional level, confining its
expression to a specific period during larval-pupal metamor-
phosis. Moreover, E93 acts through GAGA-containing motifs
and modulates 20E signaling to promote larval tissue remodel-
ing and adult tissue formation during Bombyx larval-pupal
metamorphosis. Interestingly, the expression level of E93 is
induced by 20E-EcR-USP, but the transcriptional activity of
E93 is attenuated by its physical association with USP.

Experimental Procedures

Silkworms and Genetics—The silkworms of the P50 strain
(Chinese variant, Dazao, wild-type tetramolter allele, 4M) were
provided by the Sericultural Research Institute, Chinese Acad-
emy of Agricultural Sciences, Zhenjiang, China, and used for
most of the studies unless specified otherwise. The silkworms
of the trimolter allele (3M; number 19-350 at the silkworm
gene bank at Southwest University, Chongqing, China) and
pentamolter allele (5M; number 15-010) were presented by
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Southwest University and also used in the in vivo JH injection
experiments. All silkworm larvae were reared on fresh mul-
berry leaves in the laboratory at 25 °C under 14 h light/10 h dark
cycles.

The SP2-GAL4 and UAS-EcRP™ transgenic lines were pro-
duced via germline transformation using the p50 strain as
donors (24). The transgenic silkworm SP2-GAL4>UAS-EcR"™
was obtained by crossing SP2-GAL4 with UAS-EcR®™ as
described previously; SP2-GAL4 was used as a control here (24).

Collection of Fat Body Tissues, Wing Discs, and Hemolymph
Samples—The peripheral fat body tissues from the 5th abdom-
inal segment, wing discs, and hemolymph samples were
collected at various developmental stages or after various
treatments.

Conventional Molecular, Biochemical, and Cellular
Methods—Full-length E93 c¢cDNA was cloned using rapid
amplification of cDNA ends (RACE) (25, 32). Details of quan-
titative real-time PCR (qPCR) and Western blotting have been
previously described (21-25, 32). Caspase 3 activity was deter-
mined according to the manufacturer’s instructions (Beyotime,
China) with a Multiskan Flash Microplate Reader (Thermo
Fisher Scientific) (23, 25).

Full-length £93 was cloned into the pcDNA 3.1(+) vector
(Invitrogen) to create the expression constructs (25). Trun-
cated E93 derivatives were generated from the wild-type E£93
using site-directed mutagenesis (Invitrogen). The E934HTH1,
E93AHTH2’ E93ALLQ]—[LL’ E93APLDLSAK’ and E93AHTH1A]—[T]—[2
mutants have deletions in amino acids 258 -298, 439 -503,
145-149, 218222, and 258 —298 plus 439 —503, respectively.

Multiple fragments of the Atgl promoter (—1820 to —1 bp,
—1000 to —1 bp, —1000 to —400 bp, —600 to —1bp, —800 to
—1820, and —1820 to —1421 bp) were cloned. The three puta-
tive GAGA sequences (—961 to —946 bp, —717 to —700 bp,
and —50 to —33 bp) and two unrelated sequences (—260 to
—244 bp and —777 to —761 bp) in the 1-kb Atgl promoter
region were individually detected using site-directed mutagen-
esis. The above DNA sequences and four copies of GAGA
sequences were individually cloned into the pGL3 basic vector
containing the /4sp27 mini-promoter.

Radioimmunoassay for Measuring Ecdysteroids Titers—
Total ecdysteroid titers of the hemolymph samples were deter-
mined by radioimmunoassay as described previously (33).
Briefly, hemolymph samples collected from larvae were mixed
with 30 volumes of methanol, vortexed vigorously, and centri-
fuged at 7000 X g for 5 min. A radioimmunoassay was per-
formed to evaluate the supernatants using 20E (Sigma) as a
standard. The rabbit antiserum used was raised against 20E
conjugated with human serum albumin. [*H]Ecdysone (~60
Ci/mmol) was obtained from New England Nuclear (Boston,
MA). Cross-reactions of the antiserum between ecdysone and
20E occurred at a ratio of 1:2.5.

Fluorescence Microscopy and Transmission Electron Micro-
scopy—TUNEL (Beyotime) labeling and LysoTracker Red
(Invitrogen) staining were used to estimate caspase activity and
autophagy, respectively, using an Olympus FluoView FV1000
confocal microscope (23-25). Transmission electron micros-
copy (TEM) analysis was performed to observe autophagic
components as previously described (24). For TUNEL staining,
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LysoTracker Red staining, or TEM analysis, each kind of obser-
vations were performed under similar conditions.

Injection of dsRNA and Methoprene in Vivo—The detailed
method for injecting dsRNA and methoprene into the silk-
worm was previously described (21). dsSRNA was generated for
GFP and E93 using the T7 RiboMAX™ Express RNAi System
(Promega). E93 RNAi was administered at the initiation of the
wandering stage (IW). Fat body tissues, wing discs, and hemo-
lymph samples were collected for bioassays at the indicated
time after the injection of 30 ug of dsRNA (21-25, 32).

Methoprene (Dr. Ehrenstorfer GmbH, Germany) was dis-
solved in DMSO to make a stock solution (5 mg/ml), then
diluted with DMSO for the working solution (1 mg/ml). A 5-ul
aliquot of the working solution was injected into the hemo-
lymph of a larva at the initiation of the wandering stage through
an abdominal leg in the last pair. Forty-eight hours after metho-
prene injection (or DMSO as a control), samples of fat body
tissue were collected for qPCR analysis (21-25).

Culture of Fat Body Tissues and Bm-12 Cells—Fat body tis-
sues collected from L5-2 larvae were cultured in Grace’s
medium (Invitrogen) at 27 °C. Bm-12 cells (34) were main-
tained in TNM-FH (Sigma) medium supplemented with 10%
heat-inactivated fetal bovine serum (HyClone) at 27 °C. After
preincubation (1 h for fat body tissue and 1 day for Bm-12 cells),
the medium was removed and replaced with fresh medium with
2 uM 20E and/or 2 um methoprene. After 2 h of incubation,
mRNA was isolated for qPCR analysis. To determine whether
E93is a 20E primary response gene, 2 um 20E and/or 10 ug/ml
of CHX (Enzo Life Science) was applied (24, 25, 32).

RNAi and Transient Transfection Assay in Bm-12 Cells—
RNAIi in Bm-12 cells was performed using the Effectene trans-
fection reagent (Qiagen) for 48 h at a final concentration of 2
pg/ml of dsRNA as described previously, followed by qPCR
analysis (24, 25).

The transient transfection assay in Bm-12 cells was per-
formed for 48 h using Effectene according to the manufactu-
rer’s instructions (Qiagen). The final DNA concentration was 2
pg/ml, and the DNA:Effectene ratio was 1:25. The vector used
to overexpress EGFP, E93, and the E93 mutants in Bm-12 cells
was pEGFP-N1 (Clontech) under the control of the BmNPV iel
promoter (24, 25, 32). Co-transfection was followed by qPCR
analysis.

Immunoprecipitation—The transient transfection assay in
Bm-N cells was performed the same as in Bm-12 cells. After
co-transfection of the pEGFP-N1 vectors overexpressing HA-
EcR, FLAG-USP, and V5-E93 (or V5-E93°M-QHLL) jn Bm N
cells, cells were treated with 2 um 20E for 12 h, followed by
immunoprecipitation. In other experiments, HA-EcR (or
FLAG-USP) and V5-E93 (or V5-E93AMQHLLY were co-trans-
fected in Bm-N cells without 20E treatment. Bm-N cells were
harvested and lysed in ice-cold Nonidet P-40 lysis buffer (Beyo-
time). Lysates were incubated with HA (SAB1411733, Sigma),
FLAG (F3165, Sigma), V5 (R960 —25, Invitrogen), or IgG (Beyo-
time) (as a negative control) for 4 h, followed by incubation with
protein A/G (Pierce) overnight at 4 °C. After extensive washing
with cold Nonidet P-40 buffer, the samples were treated with
RIPA lysis buffer (Beyotime) about 15 min on the ice. Then
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TABLE 1
Primers for ChIP-qPCR

S, sense; A, antisense.

Gene name Primer sequence

S: CCGATTGAGTTCAGGAGTTG
A: GAGTTATGCGCTGTACGCTA
S: TTACCTACGGCATGGTAAGC
A: AAATCAACTGCCCAACATTT
S: AGGAGGTAGAACGGACTGCT

Atgl promoter
—1785to —1733b
Atgl promoter
—1677 to —1613b
Atgl promoter

=793 to —703b A: TTAAGGTTCCGCTGGAATAG
Atgl promoter S: AGGATCCGAGATGACGTGT

—419 to —372b A: ATCCTGCAGAAAGAATGCAG
Atgl promoter S: GCAGGATCGGAAATGACTAC
—359 to —285b A: TCCCGAATTCGTATTTCTGT
Atgl promoter S: CGTCCTGCGACAGATTATTA
—121 to —49b A: AGCCGGTTCGTTTGAAGATA

immunoprecipitates were separated by SDS-PAGE and ana-
lyzed by Western blots (35).

Dual Luciferase Assay in HEK293 Cells—HEK293T cells
were maintained in Dulbecco’s modified Eagle’s medium
(HyClone) supplemented with 10% heat-inactivated fetal
bovine serum, and transfection was performed using Lipo-
fectamine 2000 reagent (Invitrogen). To identify the parts of the
Atgl promoter region responsive to E93, the 1.82-kb region of
the Atgl promoter upstream of the transcription start site was
cloned into the Sacl and EcoRI sites of the pGL3 basic vector
containing the /sp70 minimal promoter (Promega). The dele-
tions and mutations of the promoter regions were also con-
structed in pGL3. The pRL vector (Promega) carrying Renilla
luciferase driven by the Actin3 promoter was used for normal-
ization. Meanwhile, Bombyx E93 (or its mutant constructs) was
cloned into the pcDNA 3.1(+) vector (Invitrogen) to create the
expression constructs. After transfection of the E93 (or its
mutants) expression construct, a reporter pGL3 vector, and the
reference pRL vector into HEK293T cells for 48 h, the cells were
collected. The relative luciferase activity was calculated by nor-
malizing the reporter firefly luciferase level to the reference
Renilla luciferase level. Dual luciferase assays were conducted
using the Dual Luciferase Assay System (Promega) and a Mod-
ulus Luminometer (Turner BioSystems) (24, 25, 32, 35).

Chromatin Immunoprecipitation (ChIP) Assay—Bm-N cells
were grown in 10-cm dishes (70% confluent) and transfected
with FLAG-E93 expression plasmid for 48 h. Then the cells
were fixed and subjected to ChIP using the Agarose ChIP Kit
(Pierce) and the FLAG antibody (F3165, Sigma). Mock immu-
noprecipitations with preimmune serum were used for nega-
tive controls. The precipitated DNA and input were analyzed
by qPCR to detect the binding between FLAG-E93 and frag-
ments of the Atgl promoter (32, 35). For ChIP-qPCR, the prim-
ers are listed in Table 1.

Statistics—The experimental data were analyzed using
Student’s ¢ test and analysis of variance: for the ¢ test: *
(decrease) or # (increase), p < 0.05; ** (decrease) or ##
(increase), p < 0.01. For analysis of variance: bars labeled with
different lowercase letters are significantly different (p < 0.05).
Throughout the study, values are represented as the mean *
S.D. of at least three independent experiments.

Results

E93 Expression during Larval-Pupal Metamorphosis—In a
previous study, we performed a microarray to identify genes
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FIGURE 1. The Bombyx E93 gene. A, the developmental changes in £93 mRNA levels in the fat body were determined by qPCR from day 2 of the fourth instar
(4L-2) to day 2 of the prepupal stage (PP2). 4M, the 4th larval molting stage; W, the wandering stage. B, spatial distribution analysis of £93 expression at the
wandering stage. MT, malpighian tubules; MG, midgut; FB, fatbody; EP, epidermis; G, gonad; B, brain; NC, nerve cord; WD, wing disc; PG, prothoracic gland; PSG,
post silk gland. G, significant domains of Bobmyx E93: LLQHLL, PLSLSAK, HTH-1, and HTH-2. D, alignment of the predicted amino acid sequences of the HTH-1
and HTH-2 domains of E93 proteins from B. mori (Bm), Apis mellifera (Am; E93 was early cognized as Mblk1), Tribolium castaneum (TC), D. melanogaster (Dm),
Culex quinquefasciatus (Cq), and Blattella germanica (Bg). Black and light gray shading indicate identical and similar amino acid residues, respectively.

potentially regulated by 20E and JH in the Bombyx fat body (21,
22). Notably, BGIBMGA010815 (SilkDB code number) showed
markedly higher expression during larval-pupal metamorpho-
sis in comparison to its levels during the 4th larval molting stage
and the 5th larval feeding stage, suggesting that BGIB-
MGAO010815 expression might be induced by 20E and sup-
pressed by JH. To confirm the developmental profile of BGIB-
MGAO010815, we further performed qPCR analysis using total
RNA isolated from fat body tissues dissected on day 2 of the 4th
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larval instar (4L-2) to day 2 of the prepupal stage (PP2). BGIB-
MGA010815 mRNA levels were undetectable from 4L-2 to the
end of the feeding stage during the 5th larval instar, except for a
small increase on 5L-1. However, BGIBMGA010815 mRNA
levels began to increase on 5L-6 and peaked on PP1 (Fig. 14). A
spatial distribution analysis during the wandering stage
revealed that BGIBMGA010815 mRNA levels were high in the
Malpighian tubules, midgut, and fat body compared with other
tissues (Fig. 1B).
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FIGURE 2. E93 expression is induced by 20E and suppressed by JH. A and B, E93 is a 20E primary response gene. Fat body tissues isolated from L5-2 larvae
(B) and Bm-12 cells (C) were cultured in Grace’s medium (CK) for 2 h, whereas the experimental fat body tissues or Bm-12 cells were cultured in Grace’s medium
containing 2 uM 20E (20E), 10 ug/ml of CHX, or 2 um 20E and 10 ug/ml of CHX (20E + CHX). C, E93 expression in the SP2-GAL4>UAS-EcR" larval fat body at the
wandering stage is decreased in comparison with SP2-GAL4 (control). D, E93 expression isinduced by 20E and suppressed by the JH analog methoprene. Bm-12

cells were treated by 2 um 20E or/and 2 um methoprene for 2 h.

We then cloned full-length ¢cDNA of BGIBMGA010815
using RACE. BGIBMGAO0I10815 encodes a protein with 549
amino acid residues that forms the typical structure of a HTH
transcription factor containing two HTH domains (Fig. 1C) (4).
Its amino acid sequence only shows 12—14% similarity to five
E93 proteins identified from other insect species. However, the
HTH domains are highly conserved (Fig. 1D). Moreover, each
of these proteins contains a nuclear receptor interaction motif
(LXXLL or LLXXL; LLQHLL in Bombyx) (36) and co-repressor
C-terminal-binding protein interaction motif (PXDL(S/T)X(K/
R); PLDLSAK in Bombyx) (37) (Fig. 1C). Based on sequence
similarity and the conservation of important functional motifs,
we identified BGIBMGA010815 as Bombyx E93 (GenBank™
accession number KJ913673).

E93 Expression in the Fat Body Is Induced by 20E and Sup-
pressed by JH—We then verified the hypothesis that E93
expression is induced by 20E and suppressed by JH. The addi-
tion of 20E to the cultured fat body tissues isolated from 5L-2
larvae resulted in a greater than 3-fold increase in £93 mRNA
levels within 2 h. Cycloheximide (CHX), an inhibitor of protein
synthesis, did not block the 20E induction of E93 expression
(Fig. 2A). Similar results were obtained in Bombyx Bm-12 cells
(Fig. 2B), confirming that £93 is a 20E primary response gene.
To compensate for the gain-of-function studies, a dominant-
negative mutant of EcR (EcRP™) was overexpressed to inhibit
20E signaling specifically in the larval fat body using the binary
Bombyx GAL4/UAS system (24). The E93 mRNA levels in SP2-
GAL4>UAS-EcRN at the wandering stage were reduced by
95% compared with those in control SP2-GAL4 larvae (Fig. 2C),
demonstrating that 20E induces E93 expression through EcR-
USP during larval-pupal metamorphosis. The addition of
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methoprene (a JH analog) to the Bm-12 cell culture medium for
2 h suppressed both the basal and 20E-induced expression of
E93 (Fig. 2D), suggesting that E93 expression may be sup-
pressed by JH.

We also examined whether the unique developmental profile
of E93 expression in the tetramolter allele is similar to the
expression patterns of other silkworm alleles. Interestingly, in
both the pentamolter and trimolter alleles, E93 mRNA levels in
the fat body were low prior to the wandering stage, began to
increase during the wandering stage, and reached maximum
levels during the prepupal stage (Fig. 3, A-A"). We further
investigated whether JH is able to suppress 20E-induced E93
expression in the fat body during larval-pupal metamorphosis
in all three silkworm alleles. Notably, 48 h after injection of
methoprene into the larvae of all three alleles at IW, metho-
prene not only delayed pupation (Fig. 3, B—B") but also sup-
pressed E93 expression in the fat body (Fig. 3, C—C’). These
data indicate that, when the JH level is low, E93 expression in
the prepupal fat body is induced by 20E.

Reducing E93 Expression via RNAi Causes Lethality and Pre-
vents Fat Body Remodeling—To determine the function of E93
during larval-pupal metamorphosis, E93 expression was sup-
pressed using RNAi (E93 RNAi) at IW. Twenty-four hours after
injection with £93 dsRNA, E93 expression in the fat body
decreased by 85% compared with the control levels (GFP RNAi)
(not shown). Moreover, E93 RNAi caused lethal phenotypes,
with ~50 and 20% lethality during the prepupal and pupal
stages, respectively. Some E93 RNAIi larvae died during the
wandering stage, others failed to form normal pupae and died as
larval-pupal intermediates, and others arrested during the
pupal stage (Fig. 4, A and A’).
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Importantly, 93 RNAi inhibited autophagy, caspase activity,
and cell dissociation in the fat body during larval-pupal meta-
morphosis. Twenty-four hours after injection with £93 dsRNA,
LysoTracker Red staining was dramatically decreased (Fig. 4, B
and B’), and both the number and size of autophagosomes were
reduced according to TEM analysis (Fig. 4, Cand C’). A TUNEL
assay revealed a significant reduction in labeling (Fig. 4D), and
caspase 3 activity was decreased to 50% of the GFP RNAi con-
trol level (Fig. 4D"). In addition, the fat body cell dissociation
that occurred 24 h after pupation in the GFP RNAI control
pupae was completely inhibited in the E93 RNAi pupae
(Fig. 4E).

Overall, E93 RNAI caused larval and pupal lethality and pre-
vented fat body remodeling. These phenotypes are similar to
those observed in Bombyx larvae injected with dsRNA of key
genes in the 20E signal transduction pathway, including Bftz-F1
(38), EcR and USP (21), and MetI and Met2 (25). The effects of
E93 RNAi suggest that E93 plays an important role in modulat-
ing 20E signaling, which promotes larval-pupal metamorphosis
in Bombyx.

E93 RNAi Decreases Ecdysteroid Titers and Disrupts 20E Sig-
naling in the Fat Body—Several 20E response genes, including
E75 (39), Bftz-F1 (40), and Br-C (41, 42), are essential for main-
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taining the titer of ecdysteroids in Drosophila. According to a
radioimmunoassay performed 24 h after dsRNA treatment,
ecdysteroid titers decreased by 50% in £93 RNAI larvae com-
pared with those in GFP RNAi control larvae (Fig. 5A4), suggest-
ing that E93 may regulate the production of ecdysteroids in
Bombyx.

The expression of several key genes in the 20E-triggered tran-
scriptional cascade was determined in the fat body at 24 h after E93
dsRNA injection. Among the eight genes tested, the mRNA levels
of EcR, USP, E75, E74, Br-C, and Met1 decreased by 80 —90% com-
pared with those in the control larvae, whereas (ftz-F1 and Met2
exhibited a 20—40% decrease (Fig. 5B). Moreover, Western blots
for EcR-B1, USP, and Met1 revealed decreased protein levels in the
E93 RNAI larvae (Fig. 5B'), suggesting that E93 RNAI disrupts the
20E-triggered transcriptional cascade in the fat body during larval-
pupal metamorphosis.

The mRNA levels of 20E-induced Atg and apoptosis genes in
the fat body were measured 24 h after £93 dsRNA injection.
The mRNA levels of most of the Atg genes tested, including
Atgl, Atg2, Atg6, Atg7, Atg9, Atgll, Atgl2, Atgl3, and Atglé6,
were decreased in the £93 RNAi larvae compared with those in
the control larvae, whereas the mRNA levels of Atg3, Atg4,
AtgS, and Atg8 did not change (Fig. 5C). According to Western
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blot analysis, Atg8 protein levels were also not affected by E93
RNAI (Fig. 5B"). Among the apoptosis genes tested, Apaf-1,
Nedd 2 like-1, and Nedd 2 like-2 mRNA levels decreased in £93
RNAi larvae, whereas the mRNA levels of ICE1, ICE3, and ICE5
did not decrease (Fig. 5D). These data demonstrate that £93
regulates certain genes in 20E signaling and 20E-induced
autophagy and apoptosis pathways involved in fat body remod-
eling during larval-pupal metamorphosis.

E93 Regulates Wing Disc Growth and Differentiation and
20E-induced Pupal-specific WCPs—W e also examined whether
E93 RNAI affects wing disc growth and differentiation during

27376 JOURNAL OF BIOLOGICAL CHEMISTRY

larval-pupal metamorphosis. No changes were observed in the
wing discs at 24 h after E93 dsRNA injection (Fig. 6A), but their
development was significantly retarded by 72 h after E93
dsRNA injection (Fig. 6B). At the later time point, the size of the
wing discs was much smaller in the £93 RNAi silkworms than in
the GEP RNAI control silkworms. The wing discs in the control
silkworms already differentiated into pupal-specific structures,
but those in the £93 RNAI silkworms remained in the larval
form.

We then investigated whether the 20E-triggered transcrip-
tional cascade and the 20E-induced pupal-specific WCPs were
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affected by E93 RN A in the wing discs. At 24 h after E93 dsRNA
injection, all nine tested genes in the 20E-triggered transcrip-
tional cascade showed decreased mRNA levels in £93 RNAi
larvae compared with control larvae (Fig. 6A’). Similarly,
WCP4, WCP6, and WCP8 showed moderately decreased
mRNA levels in E93 RNAi larvae compared with control larvae
(Fig. 6A"). Interestingly, most genes in the 20E-triggered tran-
scriptional cascade except fftz-F1 returned to the control levels
at 72 h after £93 dsRNA injection (Fig. 6B’), but the mRNA
levels of WCPs further decreased (Fig. 6B"), mirroring the phe-
notypic changes observed in the wing discs. These data showed
that £93 RNAI disrupts the 20E-triggered transcriptional cas-
cade and down-regulates the 20E-induced pupal-specific
WCPs, resulting in failures in the growth and differentiation of
pupal-specific structures in the wing discs during larval-pupal
metamorphosis.

E93 Directly Induces Expression of a Subset of 20E Response
Genes—We further investigated whether E93 could directly
regulate the basal expression levels of 20E response genes in
Bm-12 cells. At 48 h after dsRNA treatment, E93 expression in
E93 RNAI cells decreased by ~70% of the control level in the
GFP RNAI cells (not shown). Interestingly, the expression of all
nine tested genes in the 20E-triggered transcriptional cascade
decreased by 50 —85% of their control levels at 48 h after £93
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dsRNA treatment (Fig. 7A). Notably, Atgl, an essential Atg gene
and a 20E primary-response gene (24), was also down-regulated
by £93 dsRNA treatment (Fig. 7A4). We also tested the effect of
E93 overexpression on the mRNA levels of 20E response genes.
Among the genes tested, Atgl showed the most sensitivity to
E93 overexpression and was up-regulated ~4-fold by £93 over-
expression (Fig. 7B). Br-C, USP, EcR, E74a, Bftz-F1, Met2, and
Metl also showed increased mRNA levels in E93-overex-
pressed cells. However, E75 expression was not affected by £93
overexpression (Fig. 7B). These data in Bm-12 cells indicated
that E93 is directly involved in the expression of a subset of 20E
response genes.

We then examined the possible roles of the two HTH
domains in gene regulation by E93. Three mutant £93 con-
structs with deleted HTH1 and/or HTH2 domains, namely
E93ANTHL p93AHTH2 g F93AHTHIANTH2 '\vere individually
transfected into Bm-12 cells. Compared with that of wild-type
E93, the ability of E934MTH! E93AHTH2 and F93AHTHIAHTH2 ¢
induce 20E response genes was reduced by 20 - 80, 30 - 60, and
50-90%, respectively (Fig. 7, C-E).

We also examined whether the LLQHLL and PLDLSAK
motifs in Bombyx E93 are required for its transcriptional activ-
ity. Two mutant E93 constructs with deleted LLQHLL or
PLDLSAK motifs (E932M-QHEL gnd E93APEPLSAK) were trans-
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FIGURE 8. E93 binds to EcR-USP via a physical interaction with USP through its LLQHLL motif. A—E, Bm-N cells were co-transfected with the pEGFP-N1
constructs of HA-EcR, FLAG-USP, and V5-E93 (or V5-E932--CHLY) under the control of the BMNPV ieT promoter for 48 h and treated with 2 um 20E (or DMSO) for
12 h. Cell lysates were subjected to immunoprecipitation (/P) using IgG as a control (B), a V5 antibody for V5-E93 and V5-E934H-CHLL (), a FLAG antibody for
FLAG-USP (D), and a HA antibody for HA-EcR (E), respectively; input panels represent 10% of the initial material (A). IB, immunoblot. F~-H, Bm-N cells were
co-transfected FLAG-USP and V55-E93 (or V5-E932M-HLL) for 48 h. Cell lysates were subjected to immunoprecipitation with a V5 antibody for V5-E93 (G) and a
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fected into Bm-12 cells. Compared with that of wild-type E93,
the ability of E93*"QL and E934PLPLSAK to induce the
expression of a subset of 20E response genes was increased
1.2—4-fold (Fig. 7, F and G).

In conclusion, asa HTH transcription factor, E93 can directly
induce the expression of a subset of 20E response genes. The
two HTH domains of E93 are critical for its transcriptional
activity, whereas the LLQHLL and PLDLSAK motifs of E93 play
inhibitory roles.

E93 Binds to EcR-USP via a Physical Interaction with USP
through Its LLQHLL Motif—Because E93 contains the nuclear
receptor interaction motif LLQHLL, we have investigated
whether E93 directly binds to EcR and/or USP via LLQHLL and
whether 20E affects this binding. HA-EcR, FLAG-USP, and
V5-E93 (or V5-E93ALLQHLLY yere co-transfected into Bm-N
cells and the transfected cells were treated with 20E (or DMSO
as a control). Co-immunoprecipitation experiments revealed
that IgG (a negative control) binds to neither HA-EcR, FLAG-
USP, V5-E93, nor V5-E932M-QHLL: hgwever, HA-EcR, FLAG-
USP, and V5-E93 (or V5-E932LLRHLL) hound to each other but
the binding among these three proteins varied depending on
the partners and the presence of 20E (Fig. 8, A—E). When
V5-E93 was used as an input, its association with HA-EcR and
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FLAG-USP was enhanced by 20E. Interestingly, deletion of the
LLQHLL motif from E93 reduced its interaction with both EcR
and USP. Moreover, the 20E-enhanced interaction between
EcR-USP with E93 was abolished when E934“2" L was used in
place of V5-E93. Compared with the association between E93
and USP, the association between E93 and EcR was not much
affected by the deletion of LLQHLL motif of E93 (Fig. 8C).
When FLAG-USP was used as an input, its association with
HA-EcR was enhanced by 20E but not affected by the deletion
of LLQHLL motif of E93. By contrast, the association between
USP and E93 was not affected by 20E, whereas the association
was much weaker when E93*M QML was used instead of E93
(Fig. 8D). When HA-EcR was used as an input, its association
with FLAG-USP or V5-E93 was enhanced by 20E but not
affected by the LLQHLL motif of E93 (Fig. 8E). The co-immu-
noprecipitation experiments suggest that E93 binds to EcR-
USP via a physical association with USP through its LLQHLL
motif and that this association is enhanced by 20E-induced
EcR-USP interaction.

To verify the hypothesis that the LLQHLL motif of E93
directly binds to USP but not EcR, HA-EcR (or FLAG-USP) and
V5-E93 (or V5-E93ALLQHLLY were co-transfected into Bm-N
cells. Co-immunoprecipitation experiments confirmed that the
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physical association between V5-E93 and FLAG-USP (Fig. 8,
F-H), but not between V5-93 and HA-EcR (Fig. 8, I-K), was
dependent on the LLQHLL motif of E93. In addition, the com-
posite co-immunoprecipitation experiments also showed that
EcR and USP interact with E93 even in the absence of LLQHLL
motif, albeit with lower affinities suggesting that other motifs of
E93 also may play a role in these interactions.

EcR-USP Attenuates the Transcriptional Activity of E93 in the
1-kb Atgl Promoter Region—Using a dual luciferase assay sys-
tem and HEK293 cells, we identified regions of the Atgl pro-
moter (24) that are essential for E93-induced Atgl expression.
The 1.8-kb AtgI promoter region (—1820 to +1 bp upstream of
the transcriptional start site) and a series of deletion constructs
(—1820 to —1420 bp; —1820 to —800 bp; —600 to +1 bp;
—1000 to —400 bp; —1000 to +1 bp) were cloned into the pGL3
vector. Upon E93 overexpression, only the —1000 to +1 bp
region supported an ~210% increase in luciferase activity (Fig.
9A). This —1000 to +1 bp region is referred to as the 1-kb Atgl
promoter region and was used in all further studies.
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Importantly, ECR-USP attenuated the transcriptional activity
of E93 mainly in the 1-kb Atgl promoter region (Fig. 9B). More-
over, the transcriptional activity of E934FP*PLSAK in the 1-kb
Atgl promoter region was higher than E93 (Fig. 9C). Alto-
gether, 20E-EcR-USP binds to E93 to attenuate its transcrip-
tional activity, providing a negative feedback regulation loop.

E93 Acts through the Two HTH Domains to Bind to GAGA-
containing Motifs Present in the Atgl Promoter to Induce Gene
Expression—A previous study (43) has shown that Pipsqueak,
another HTH transcription factor in Drosophila, binds to
GAGA sequences through its HTH domains, but it remains
unknown whether Pipsqueak acts through GAGA-containing
motifs in promoter regions to induce gene expression. Three
GAGA sequences are present in the 1-kb AzgI promoter region,
and the deletion of any one of the GAGA sequences abolished
E93-induced luciferase activity. By contrast, individual dele-
tions of two unrelated sequences (—260 to —244 bp; —777 to
—761 bp) in the 1-kb Atgl promoter region had no effect on
E93-induced luciferase activity. Notably, E93 was not able to
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activate luciferase activity driven by four copies of GAGA
sequences (Fig. 9D). These experimental data reveal that the
GAGA sequences alone in the 1-kb Azgl promoter region are
necessary but insufficient for E93-induced gene expression.

We then performed ChIP in Bm-N cells to examine whether
E93 binds to the GAGA-containing nucleotides in the AtgI pro-
moter region. The binding of FLAG-E93 to DNA was detected
using the FLAG antibody and cross-linked chromatin isolated
from Bm-N cells, which were transfected with the FLAG-E93
expression plasmid. As measured by qPCR, the FLAG antibody
increased precipitations of all four DNA fragments in the 1-kb
Atgl promoter region (—793 to —703 bp; —419 to —372 bp;
—359 to —285 bp; —121 to —49 bp), but not those in the —1820
to —800 bp region (—1785 to —1733 bp; —1677 to —1613 bp)
(Fig. 9E). Taken both the dual luciferase assays and ChIP-qPCR
data together, we conclude that E93 acts through the GAGA-
containing nucleotides in the 1-kb Afgl promoter region to
induce gene expression.

Furthermore, we confirmed the roles of the two HTH
domains, as well as the LLQHLL and PLDLSAK motifs, in E93
in the induction of luciferase activity driven by the 1-kb Atgl
promoter region. In comparison with E93 overexpression,
luciferase activity was significantly lower during overexpres-
sion of E93*HTH! and £93*"™2, and was nearly abolished dur-
ing overexpression of E93*HTHIAHTH2 (Fig 9F) These data
suggest that E93 acts through the two HTH domains to bind to
GAGA-containing motifs present in the Azgl promoter to
induce gene expression.

In summary, £93 is induced by 20E and suppressed by JH at
the transcriptional level, and E93 transcriptionally modulates
the 20E-triggered transcriptional cascade to promote larval tis-
sue remodeling and adult tissue formation during Bombyx lar-
val-pupal metamorphosis. Notably, the E93 action to modulate
20E signaling is both dependent and independent on 20E-EcR-
USP (Fig. 10).

Discussion

The microarray (21, 22) and qPCR (Fig. 1A) analyses revealed
a unique developmental profile of E93 expression in the Bom-
byx fat body, with markedly low expression prior to the wan-
dering stage and abundant expression during larval-pupal met-
amorphosis. The unique expression pattern of E93 in the fat
body was not limited to the tetramolter allele but was also
observed in the pentamolter and trimolter alleles (Fig. 3, A-A").
Similarly, £93 mRNA levels in Drosophila were underdetect-
able from the embryonic stage to the late third instar, whereas
E93 is expressed from the wandering stage to the adult stage
with a peak at the prepupal stage (3, 5, 6). Detailed studies
revealed that the developmental expression pattern of E93 is
tissue-specific, peaking in the fat body during larval-pupal met-
amorphosis (13), in the midgut a few hours after pupariation
(14, 15), and in the salivary gland immediately after pupation
(16 —18). Previous studies in Drosophila indicate that E93 is a
20E primary-response gene and its expression is suppressed by
TH (3, 5, 6).

Similarly, induced by 20E and suppressed by JH, £93 is abun-
dantly expressed in the fat body during Bombyx larval-pupal
metamorphosis. Along with EcR-USP, E93 is also involved in
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FIGURE 10. A model: E93 transcriptionally modulates 20E signaling to
promote Bombyx larval-pupal metamorphosis. Induced by 20E and sup-
pressed by JH, E93 is abundantly expressed during the larval-pupal metamor-
phosis. At this stage, E93 acts through GAGA-containing motifs to induce
expression of a subset of 20E-response genes, positively affects 20E signaling,
and promotes larval tissue remodeling and adult tissue formation. The
expression level of £93 is induced by 20E-EcR-USP, but the transcriptional
activity of E93 is attenuated by its physical association with USP. Notably, the
E93 action to modulate 20E signaling is both dependent and independent on
20E-EcR-USP. Text and arrow sizes convey magnitude of signal transduction.

the primary response to 20E (Fig. 2, A—C). A gene structure
analysis of Bombyx E93 revealed six exons. The first and third
introns are large, composed of 18.4 and 16.6 kb, respectively
(not shown). A potential ECRE (AGTTCAATGGCCT) is pres-
ent in the 0.3-kb promoter region of £93 (not shown), support-
ing that £93 is a 20E primary response gene.

Moreover, JH suppresses both the basal and 20E-induced
expression levels of E93 in both cultured Bombyx cells (Fig. 2D)
and fat body tissues isolated from silkworms of multiple alleles
(Fig. 3). E93 expression appears to be suppressed by JH via Met
and Kr-h1 in several other insects (5, 6). Because one major
function of JH is to suppress 20E action to prevent premature
metamorphosis during larval molting (44), the detailed molec-
ular mechanism of JH suppression of 20E-induced E93 expres-
sion merits further investigation.

Our experimental data in Bombyx suggest that a high level of
JH during larval molting inhibits 20E-induced E93 expression
and that a low level of JH during larval-pupal metamorphosis
fails to inhibit 20E-induced E93 expression. In conclusion, £93,
which is coordinately controlled by both 20E and JH, is abun-
dantly expressed in the fat body during larval-pupal metamor-
phosis and promotes 20E-induced larval-pupal metamorphosis
(Fig. 10).

In this study, we determined that E93 promotes fat body
remodeling (including autophagy, caspase activity, and cell dis-
sociation) during Bombyx larval-pupal metamorphosis (Fig. 4,
B-E). Similarly, E93 is the key determinant required for 20E-
induced PCD in multiple larval tissues during Drosophila met-
amorphosis (13-18). We also showed that E93 determines the
growth and differentiation of the adult wing discs during larval-
pupal metamorphosis in Bombyx (Fig. 6, A and B), supporting
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the role of E93 as the adult specifier in insects (6). The impor-
tance of this role for E93 is reflected in the fact that silkworms
subjected to E93 RNA (Fig. 4, Band B') and £93 null mutants of
Drosophila die during metamorphosis (16). Overall, in Bombyx,
the phenotypic changes caused by £93 RNAIi are similar to
those caused by RNAI of several key genes involved in the 20E
signal transduction pathway (21, 23-25, 38). Consistently, £93
RNAI disrupted 20E signaling (Figs. 5, B and B’, and 6, A’ and
B’) and decreased the expression of several 20E-induced Azg
and apoptosis genes in the fat body (Fig. 5, C and D) as well as
pupal-specific WCPs in the wing disc (Fig. 6, A” and B”). In
addition, E93 induces a large number of 20E response genes,
including Azg genes and apoptosis genes, in Drosophila (13, 16).
Thus, Bombyx E93 appears to be a key component in the
modulation of 20E signaling. We further determined that E93
modulates 20E signaling through two mechanisms in Bombyx.
First, E93 modulates 20E signaling by maintaining ecdysteroid
titers (Fig. 5A). Several 20E response genes in Drosophila,
including E75 (39), Bftz-FI (40), and Br-C (41, 42), are essential
for maintaining the ecdysteroid titer. Using the binary GAL4/
UAS system to specifically reduce E93 expression or overex-
press E93 in the prothoracic gland, one should be able to clarify
whether E93 is also required for maintaining the ecdysteroid
titer in Drosophila. Second, E93 is required for the basal and
20E-induced expression of 20E response genes (Figs. 5, B and
B’, 6, A" and B’, and 7A), and E93 directly induces the expres-
sion of a subset of 20E response genes in Bombyx (Fig. 7B).
Likewise, E93 induces the expression of multiple 20E response
genes in Drosophila (13, 16). Altogether, E93 likely modulates
20E signaling through these two mechanisms in all insects.
E93 binds to the regulatory regions of many 20E response
genes on polytene chromosomes in Drosophila (16). All E93
orthologs share significant similarity within, but not outside,
the two HTH domains (Fig. 1D). Because E93 directly induces
the expression of a subset of 20E response genes without 20E-
EcR-USP (Fig. 7B), we further investigated the detailed molec-
ular mechanism by which the HTH transcription factor E93
regulates gene expression in Bombyx. Importantly, the two
HTH domains of E93 were shown to be indispensable for its
transcriptional activity. The deletion of one or both HTH
domains attenuated the ability of E93 to induce gene expression
(Fig. 7, C-E) and luciferase activity of the 1-kb Atgl promoter
region (Fig. 9F). As revealed by dual luciferase assays in HEK293
cells and ChIP-qPCR in Bm-N cells, E93 acts through the two
HTH domains to bind to GAGA-containing motifs present in
the 1-kb Azgl promoter region to induce gene expression,
although GAGA sequences alone are necessary but insufficient
for E93-induced Atgl expression (Fig. 9, D and E). These results
indicate that E93 is a bona fide transcriptional factor in induc-
ing Atgl expression, and the transcriptional activity of E93
could be somehow independent on 20E-EcR-USP.
Importantly, 20E-EcR-USP not only induces £93 expression
at the transcriptional level (Fig. 2), but also modulates the tran-
scriptional activity of E93 via protein-protein interaction and
protein-DNA interaction. First, E93 binds to EcR-USP via a
physical association with USP through its LLQHLL motif and
that this association is enhanced by 20E-induced EcR-USP
interaction, presumably by affecting the conformation of E93

27382 JOURNAL OF BIOLOGICAL CHEMISTRY

(Fig. 8). Second, EcR-USP attenuated the transcriptional activ-
ity of E93 in the 1-kb Atgl promoter region (Fig. 9B). Third,
deletion of the LLQHLL motif increased the ability of E93 to
induce gene expression (Fig. 6F) and luciferase activity (Fig.
9C), indicating that the LLQHLL motif exerts an inhibitory
effect on the transcriptional activity of E93. Finally, the 1.8-kb
Atgl promoter region contains both a ECRE (24) and four copies
of GAGA sequences (Fig. 9D), indicating that 20E-EcR-USP
and E93 co-occupy the Atgl promoter. Taken together, we con-
clude that the expression level of E93 was induced by 20E-EcR-
USP, but the transcriptional activity of E93 was attenuated by
its physical association with USP (Fig. 10). The inhibitory effect
of 20E-EcR-USP on E93 transcriptional activity could be pro-
tective for E93-exaggerated cell death and cell differentiation
during larval-pupal metamorphosis. In addition, deletion of the
PLDLSAK motif also increased the ability of E93 to induce gene
expression (Fig. 7G), in agreement with a possible physical
interaction between the PXDL(S/T)X(K/R) motif and the tran-
scriptional co-repressor CtBP (37).

The GAGA factor and Pipsqueak in Drosophila, which were
initially identified as two HTH transcriptional factors that bind
to GAGA-containing motifs, were later also found to act
through a chromatin remodeling mechanism (45, 46). Because
each E93 contains a LXXLL motif, it will be interesting to deter-
mine whether E93 might act as a chromatin remodeling factor
to modulate the transcriptional activity of ECR-USP and other
nuclear receptors. In summary, E93 acts through the GAGA-
containing motifs in promoter regions to directly induce the
expression of a subset of 20E response genes, and thus, E93
positively affects 20E signaling during Bombyx larval-pupal
metamorphosis (Fig. 10).
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