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The nuclear receptor EcRB1, which is activated by the insect steroid
hormone 20-hydroxyecdysone (20E), is reportedly phosphorylated
by a protein kinase after 20E induction. However, the protein kinase
has not been identified, and the significance of EcRB1 phosphoryla-
tion is unclear. In this study, we identified a protein kinase C δ (PKCδ)
isoform (the E isoform) that phosphorylates EcRB1 in the lepidop-
teran Helicoverpa armigera, a serious agricultural pest worldwide, to
promote apoptotic gene expression and apoptosis during metamor-
phosis. Through activation of the EcRB1/USP1 transcription complex
by 20E, PKCδ expression was up-regulated in several tissues during
the metamorphic stage. Knockdown of PKCδ caused failure to tran-
sition from larvae to pupae, prevented tissues from undergoing pro-
grammed cell death (PCD), and down-regulated the expression of
the transcription factor Brz-7 and the apoptosis executors caspase-3
and caspase-6. The threonine residue at position 1343 of PKCδ was
phosphorylated and was critical for its proapoptotic function. Over-
expression of the PKCδ catalytic domain was localized to the nuclei
in HaEpi cells, which increased caspase-3 activity and apoptosis. PKCδ
directly phosphorylated a threonine residue at position 468 in the
amino acid sequence of EcRB1. The phosphorylation of EcRB1 was
critical for its heterodimeric interaction with the USP1 protein and
for binding to the ecdysone response element. The data suggested
that 20E up-regulates PKCδ expression to regulate EcRB1 phosphor-
ylation for EcRB1/USP1 transcription complex formation, apoptotic
gene transcription, and apoptosis.
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Protein kinas C δ (PKCδ) belongs to the serine/threonine
protein kinase C family and has been shown to play an im-

portant role in apoptosis (1, 2). Human PKCδ contains two
conserved regions (C1 and C2) and catalytic domains. In re-
sponse to an apoptotic stimulus, PKCδ is cleaved by caspase-3 at
the hinge region between C1 and the catalytic domain to gen-
erate a free and activated PKCδ catalytic fragment, which then
translocates from the cytoplasm to the nucleus and induces ap-
optosis in humans (1). Phosphorylation at Ser359 increases
PKCδ activity (3). Phosphorylation of Thr507 in the catalytic
domain is required for in vivo activity, but not for in vitro activity
in HEK293T cells. The unphosphorylated primary translational
product is predicted to exhibit little or no activity in humans (4).
The threonine residues in the catalytic domain of novel and
atypical PKC (aPKC) isoforms are conserved, and mutations in
these residues result in loss of catalytic competency (5). Over-
expression of the PKCδ catalytic fragment leads to its localiza-
tion in the nucleus and is sufficient to induce apoptosis (6).
However, the factors acting upstream of PKCδ expression, es-
pecially concerning steroid hormones, are unclear.
The steroid hormone 20-hydroxyecdysone (20E) is produced

in both insects (7) and plants (8). 20E promotes programmed cell
death (PCD) during insect metamorphosis (9). In Drosophila
melanogaster, 20E also stops stem cell proliferation (10). In
Helicoverpa armigera, 20E causes a switch from autophagy to
apoptosis (11), counteracts the action of insulin (12), promotes

phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase (PTEN)
expression (13), and promotes the Hippo pathway to induce
apoptosis (14). Furthermore, 20E is used as a food additive to
maintain the glucose–lipid balance in humans, without the side
effects of mammalian hormones (15).
Through activation of the nuclear receptor complex (EcR/

USP), 20E can initiate gene transcription. Protein phosphoryla-
tion is a key process in EcR/USP complex formation and binding
of the complex to ecdysone response element (EcRE) for gene
transcription. Some unknown PKCs are involved in the phos-
phorylation of the heterodimeric partner USP in 20E signaling,
as demonstrated by inhibitor experiments in H. armigera (16) and
in Drosophila (17). EcRB1 has also been shown to be phos-
phorylated in Bombyx mori (18) and H. armigera (19). However,
it is unknown which isoform of PKC phosphorylates EcRB1.
To answer this question, we investigated the mechanism by

which 20E regulates EcRB1 phosphorylation and the role played
by PKCδ in this phosphorylation event. We demonstrated that
20E up-regulated PKCδ expression. PKCδ positively mediated
larval tissue PCD and apoptosis-related gene expression. Phos-
phorylation of PKCδ at Thr1343 in the catalytic domain was
necessary for its activation of caspase-3. In addition, PKCδ di-
rectly phosphorylated EcRB1 in the nucleus, which was critical
for the formation of the EcRB1/USP1 transcriptional complex
and its binding to the EcRE to induce gene transcription. These
results suggest that 20E induces EcRB1 phosphorylation via up-
regulation of PKCδ expression and subsequently mediates gene
expression and apoptosis during insect metamorphosis.

Significance

The steroid hormone 20-hydroxyecdysone (20E) promotes ap-
optosis during larval-to-adult metamorphosis in insects. How-
ever, the mechanisms governing this process are unclear. This
work reveals that 20E up-regulates the expression of the pro-
tein kinase PKCδ isoform E. Overexpression of the catalytic
domain of PKCδ is sufficient to increase caspase-3 activity and
apoptosis. PKCδ directly phosphorylates a threonine residue at
position 468 of the amino acid sequence of nuclear receptor
EcRB1. The phosphorylation of EcRB1 is essential for apoptotic
gene transcription. These results demonstrate the mechanism
by which the steroid hormone 20E promotes PKCδ expression
to regulate apoptosis.
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Results
PKCδ Clone and Sequence Analysis. We cloned the full-length
5,145-bp cDNA of PKCδ from H. armigera, including a 55-bp
5′ untranslated region (UTR), a 4,458-bp ORF, and a 632-bp
3′ UTR. H. armigera PKCδ was identified as a PKCδ based on
its short evolutionary distance from PKCδ of Homo sapiens
and other insects, such as Papilio xuthus, Apis florea, Anopheles
stephensi, and D. melanogaster (Fig. S1). Analysis using SMART
software (smart.embl-heidelberg.de/) showed that the typical
PKCδ of H. sapiens contains one C2 domain, two C1 domains,
and the catalytic domain. The PKCδs of D. melanogaster (iso-
form C), A. florea, A. stephensi, and P. xuthus exhibit two
C1 domains and the catalytic domain. The PKCδs with long
sequences identified in D. melanogaster (isoform E), B. mori, and
H. armigera have only a catalytic domain (Fig. S2A); thus, the
H. armigera PKCδ was considered an E isoform. PeptideCutter
(web.expasy.org/peptide_cutter/) analysis showed that the PKCδs
ofH. armigera and other insects, except D. melanogaster, exhibit a
caspase-1 cleavage site, whereas H. sapiens PKCδ exhibits a
caspase-3 cleavage site (Fig. S2A). The nuclear localization sig-
nal PRFRKYT was predicted at amino acids 1175–1181. Al-
though PKCδs from different animals exhibit various structural
characteristics, the catalytic domain is highly conserved from
vertebrates to invertebrates according to alignment analysis
(Fig. S2B).

PKCδ Is Highly Expressed During Metamorphosis via 20E Regulation in
Parts of Tissues. The transcript levels of PKCδ in different tissues at
various developmental stages were detected using qRT-PCR to
investigate the function of PKCδ in insect development. PKCδ
displayed increased expression in the epidermis, midguts, and fat
bodies in the whole wandering stage from sixth-72 h larval to sixth-
120 h larval stages during metamorphosis (Fig. 1A). These findings
suggested a potential role of PKCδ during insect metamorphosis.
Given the up-regulated expression of PKCδ during meta-

morphosis, we detected the effect of 20E on PKCδ expression by
injecting 20E into sixth instar larvae at 6 h or by incubating the
H. armigera epidermal cell line (HaEpi) with 20E for different
times to examine whether 20E induces PKCδ expression. The
mRNA levels of PKCδ increased quickly from 0.25 to 6 h in the
midgut, fat body, and HaEpi cells after 2 μM 20E treatment
compared with that in the dimethyl sulfoxide (DMSO) solvent
control (Fig. 1B). The expression of PKCδ was significantly up-
regulated by 2 μM to 5 μM of 20E treatment in HaEpi cells (Fig.
1C). To detect whether the expression of PKCδ was directly in-
duced by 20E, we inhibited the protein synthesis using the protein
synthesis inhibitor cycloheximide. 20E up-regulated expression of
PKCδ when cycloheximide was added (Fig. 1D). These results
suggested that 20E directly up-regulates the expression of PKCδ in
these tissues and HaEpi cells.
The 20E nuclear receptor EcRB1 and its heterodimeric part-

ner USP1 were depleted in HaEpi cells via RNA interference
(RNAi) to investigate the pathway by which 20E regulates PKCδ
expression. 20E could not up-regulate PKCδ mRNA after the
depletion of EcRB1 or USP1 compared with the dsGFP control
(Fig. 1 E and F), indicating that 20E mediates PKCδ expression
through EcRB1 and USP1.
To examine the expression of PKCδ in nonapoptotic tissues,

the fore wing imaginal disks were dissected out from the sixth
instar 48 h (sixth-48 h) feeding larvae to sixth instar 120 h (sixth-
120 h) metamorphic larvae. The disks were growing rapidly after
larvae entered the wandering stage from sixth-72 h to sixth-120 h
(Fig. S3A). The expression of PKCδ was high at the feeding stage
at sixth-48 h; however, it was gradually decreased at the wan-
dering stage from sixth-72 h to sixth-120 h and at the pupal stage
from P0 to P8 d (Fig. S3B). To examine the repression of 20E on
PKCδ expression, the fore wing imaginal disks from sixth-48 h

larvae were dissected out and cultured in vitro. The results
showed that the expression of PKCδ was repressed by 1 μM and
5 μM 20E treatment (Fig. S3C). The data suggested that the
expression of PKCδ has a negative correlation with the concen-
tration of 20E and wing disk growth.

Fig. 1. qRT-PCR showing the 20E-regulated expression of PKCδ. (A) Ex-
pression profiles of PKCδ in tissues during larval development. Sixth-6,
sixth-24, sixth-48, sixth-72, sixth-96, and sixth-120 represent sixth instar
larvae at the corresponding hours. P0 d and P2 d indicate 0- and 2-d-old
pupae. 5F, fifth instar feeding larvae; 5M, fifth instar molting larvae; F,
feeding; M, molting; MM, metamorphic molting; P, pupae. (B) The tran-
script levels of PKCδ in the midgut, fat body (injection of 500 ng of 20E/
larva), and HaEpi cells (2 μM 20E). Equal diluted DMSO was used as a
solvent control. (C ) Expression of PKCδ in HaEpi cells after being treated
with different concentrations of 20E for 3 h. Equal diluted DMSO was used
as a control. (D) Expression of PKCδ when protein synthesis was inhibited
by cycloheximide. The control experimental cells were treated with DMSO
or 2 μM 20E for 3 h. Other cells were incubated with 50 μM cycloheximide
for 30 min and then treated with 2 μM 20E for 3 h. (E and F ) Knockdown of
EcRB1 or USP1 using dsEcRB1 or dsUSP1 (2 μg/mL for 48 h) in HaEpi cells,
followed by treatment with 20E (2 μM) for 6 h. dsGFP and DMSO were
used as negative controls. All of the relative mRNA levels were calculated
by 2–ΔΔCT, and the bars indicate the mean ± SD. Significant differences
were calculated using Student’s t test (*P < 0.05) according to three bi-
ological replicates and three technical replicates in all qRT-PCRs.
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PKCδ Depletion in Larvae via RNAi Suppresses Metamorphosis, Tissue
Degradation, and Apoptotic Gene Expression. Given the high ex-
pression of PKCδ during metamorphosis, we investigated its
function in the larval–pupal transition by injecting PKCδ dsRNA
into larval hemocoel. Phenotype analysis showed that the injection
of dsPKCδ resulted in slower larval growth, failure to pupate, and
larval death compared with larvae injected with dsGFP (Fig. 2A).
The lethality of dsPKCδ-injected larvae was 12 times that of
dsGFP-injected larvae (Fig. 2 A, a). The midguts of larvae in the
dsGFP control group exhibited characteristics of degradation,
showing red color of the midgut, at 96 h post-second dsRNA in-
jection, whereas dsPKCδ-treated larval midguts did not appear red
(Fig. 2B). Histochemical analysis further revealed that the larval
midgut separated from the imaginal midgut in the dsGFP control,

whereas no clear separation was observed in the dsPKCδ-treated
larval midgut (Fig. 2C). Similarly, the fat body of the dsGFP
control larvae showed degradation, while the fat body cells of the
PKCδ knockdown larvae were still closely arranged and did not
exhibit degradation (Fig. 2D). qRT-PCR analysis demonstrated
that the apoptosis executors caspase-3 and caspase-6 as well as the
metamorphosis-regulating transcription factor Brz-7 were de-
creased in the midgut and fat body after PKCδ knockdown in
larvae (Fig. 2 E and F). These data suggested that PKCδ partici-
pates in the degradation of the midgut and the fat body during
metamorphosis via regulation of apoptosis-related gene expression.
To confirm 20E promoting wing disk growth during meta-

morphosis, the fore wing imaginal disks from sixth-48 h larvae
were dissected out and cultured in vitro with 20E treatment. 20E

Fig. 2. PKCδ knockdown via RNAi in larvae restrains larval pupation and tissue PCD and suppresses apoptotic gene expression. (A) Insect phenotypes after
PKCδ knockdown via two injections of dsPKCδ or dsGFP (1–2 μg) into the larval hemocoel (the first in fifth instar-12 h larvae and the second in sixth instar-6 h
larvae). Phenotypes were observed at 90 h and 144 h after the second injection. (a) Statistics of larval lethality after injection of dsRNA by Student’s t test from
three biological repeats. Every 30 larvae were injected with dsRNA in each experiment, and the dead larvae were counted when all of the larvae had become
pupae in the dsGFP control. The values are the mean ± SD. (B) Midgut phenotypes observed at 96 h after the second dsPKCδ or dsGFP injection. MG, midgut.
(C and D) Hematoxylin and eosin (HE) staining showing the tissue histology of the midgut at 96 h after the second dsPKCδ or dsGFP injection. Tissues were
collected during the observations indicated in B. IM, imaginal midgut; LM, larval midgut. (E and F) Detection of apoptosis-related genes using qRT-PCR in the
midgut and fat body tissue after the second dsPKCδ or dsGFP injection for 96 h. The values are the mean ± SD. Significant differences were calculated using
Student’s t test from three biological repeats (*P < 0.05, **P < 0.01).
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indeed promotes wing disk growth (Fig. S4A), which was con-
sistent with the results obtained in Manduca sexta (20). In the
dsPKCδ-injected larvae, the wing disk growth was suppressed
compared with dsGFP-injected larvae (Fig. S4 B and C). How-
ever, the expression of caspases and Brz-7 was increased in the
wing disk after PKCδ was knocked down (Fig. S4D), which was
opposite to the gene expression in midgut by dsPKCδ injection
(Fig. S4E). The involved mechanism needs further study.

Overexpression of the Catalytic Domain of PKCδ (ΔPKCδ) Is Sufficient
to Induce Apoptosis Without 20E Induction. We overexpressed the
PKCδ catalytic domain (ΔPKCδ) in HaEpi cells by fusing it with
red fluorescence protein (RFP) and His tag (ΔPKCδ-RFP-His)
to determine the role of this domain in apoptosis. The results
showed that the ΔPKCδ-RFP-His displayed the same molecular
mass under DMSO or 20E induction. Lambda protein phosphatase

(λPPase) treatment decreased the molecular mass of ΔPKCδ-
RFP-His, indicating that ΔPKCδ-RFP-His retained its phos-
phorylation (Fig. 3A). According to the reported phosphoryla-
tion sites in the PKCδ catalytic domain of humans (3, 4), we
identified two conserved Ser/Thr residues (S1195 and T1343,
conserved with human S369 and T507, respectively) in ΔPKCδ.
Overexpression of the wild-type (WT) or single alanine sub-
stitution mutants (S1195A or T1343A) of ΔPKCδ showed
that T1343A displayed a lower molecular mass, indicating that
ΔPKCδ was phosphorylated at Thr1343 (Fig. 3B). Both WT
ΔPKCδ-RFP and the ΔPKCδ-T1343A-RFP mutant were lo-
calized to the nucleus; however, only ΔPKCδ-RFP significantly
increased the activity of caspase-3 (Fig. 3 C, c). The transcript
levels of genes responding to 20E (HR3, EcRB1, USP1, Brz-7) and
apoptosis (caspase-1, caspase-3) were enhanced when ΔPKCδ-
RFP-His was overexpressed compared with overexpression of

Fig. 3. Overexpression of the PKCδ catalytic domain in HaEpi cells induces apoptosis and 20E-responsive gene expression. (A) Western blot analysis detecting
the phosphorylation of ΔPKCδ-RFP-His using λPPase degradation. ΔPKCδ-RFP-His was overexpressed in HaEpi cells for 48 h, and the cells were then treated
with 20E (2 μM) for 30 min. DMSO was used as the solvent control, and a 7.5% gel concentration was used for SDS/PAGE. A mouse monoclonal antibody
against RFP was used for Western blot analysis. β-Actin was used as the protein quantity control. (B) Identification of the phosphorylation site in ΔPKCδ
through overexpression of ΔPKCδ-RFP-His, ΔPKCδS1195A-RFP-His, or ΔPKCδT1343A-RFP-His in HaEpi cells, which were then treated with 20E (2 μM) for
30 min. DMSO was used as the solvent control. Western blot analysis was performed as described in A. (C) Detection of the activity of caspase-3 in RFP-,
ΔPKCδ-RFP–, or ΔPKCδT1343A-RFP–overexpressing cells for 48 h after transfection. Red fluorescence indicates RFP, ΔPKCδ-RFP, or ΔPKCδT1343A-RFP. Green
fluorescence indicates activity of caspase-3 using NucView 488 caspsae-3 assay kit. The blue signals indicate the cell nuclei stained by DAPI. (Scale bar, 20 μm at
40× magnification.) (c) Statistical analysis of the data in C by Student’s t test from three biological repeats (*P < 0.05; **P < 0.01). The values are the mean ±
SD. (D) Relative mRNA levels of 20E- and apoptosis-related genes determined via qRT-PCR. Analysis of significance differences was performed with Student’s
t test from three biological repeats and three technical replicates (*P < 0.05; **P < 0.01). The values are the mean ± SD.
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either RFP-His or mutant T1343A, according to qRT-PCR
analysis (Fig. 3D). These results indicated that the ability of
PKCδ to promote apoptosis depends on the overexpression and
phosphorylation of its catalytic domain.

PKCδ Phosphorylates EcRB1. We investigated the effects of PKCδ
on the 20E nuclear receptor EcRB1 and its partner protein
USP1 to address the mechanism by which PKCδ promotes ap-
optosis. Overexpression of ΔPKCδ-RFP-His did not induce the
phosphorylation of overexpressed USP1-His unless with treat-

ment of 20E, compared with the control DMSO treatment. The
phosphorylation site mutant USP1S21A-His was used as a non-
phosphorylated USP1 control (Fig. 4A). This meant that the
20E-induced phosphorylation of USP1 is independent from the
expression of PKCδ. However, overexpression of ΔPKCδ-RFP-
His not only induced the phosphorylation of overexpressed
EcRB1 under DMSO treatment but also enhanced the partial
EcRB1 phosphorylation induced by 20E (Fig. 4B). The coim-
munoprecipitation (co-IP) experiment showed that the anti-RFP
antibody precipitated overexpressed ΔPKCδ-RFP-His, together

Fig. 4. ΔPKCδ regulates the phosphorylation of EcRB1. (A) Overexpression of ΔPKCδ-RFP-His has no effect on the phosphorylation of USP1 by Western blot
analysis. After cotransfection with USP1-His, USP1-S21A-His (phosphorylation site mutation), and ΔPKCδ-RFP-His or RFP-His for 48 h, the cells were treated
with 20E (2 μM) for 30 min. DMSO was used as a negative control. Anti-His and anti-RFP mAbs were used for detection of the corresponding proteins fol-
lowing 7.5% SDS/PAGE. β-Actin was used as a loading control. Statistical analyses of the density Western blotting bands were performed with Quantity One
software, based on three independent biological experiments. The values are the mean ± SD from three independent experiments (*P < 0.05). (B) Over-
expression of ΔPKCδ-RFP induced EcRB1 phosphorylation. After cotransfection with EcRB1-His and ΔPKCδ-RFP or RFP for 48 h, the cells were treated with 20E
(2 μM) for 30 min. DMSO was used as a negative control. Western blot analysis was performed as described in A. (C) ΔPKCδ-RFP-His combined with EcRB1-His
with or without 20E induction. HaEpi cells were treated with 2 μM 20E or an equivalent amount of DMSO for 30 min after cotransfection with ΔPKCδ-RFP-His
and EcRB1-His for 48 h. The protein expression levels of EcRB1-His, ΔPKCδ-RFP-His, RFP-His, and β-actin in HaEpi cells were detected via Western blot following
7.5% SDS/PAGE. For co-IP analysis, ΔPKCδ-RFP-His was immunoprecipitated with a mAb against RFP, and the coprecipitated EcRB1-His was detected via
Western blot analysis using an anti-His mAb. Mouse lgG was used as a negative control of the antibody. His tag and RFP-His were overexpressed in HaEpi cells
using the pIEx-4-His and pIEx-4-RFP-His plasmids as tag controls. The cells were treated and proteins were detected using the same methods as described in B.
The pictures represent three repeats. (D) PKCδ knockdown via RNAi repressed EcRB1 phosphorylation. HaEpi cells were transfected with pIEx-4-EcRB1-His for
48 h, then incubated with dsPKδ or dsGFP (2 μg/mL) for 24 h, and induced with 2 μM 20E or an equivalent amount of DMSO for 0.5 h. λPPase treatment of the
proteins was performed for 0.5 h, and EcRB1 and β-actin were detected via Western blot analysis following 7.5% SDS/PAGE. Statistical analyses of the density
of Western blot bands were performed by Quantity One software based on three independent biological experiments. The values are the mean ± SD from
three independent experiments, and statistical analyses were performed using Student’s t test (*P < 0.05).
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with overexpressed EcRB1-His, with or without 20E induction,
which was controlled with the lgG and overexpressed His and
RFP-His tags (Fig. 4C). These data suggested that PKCδ directly
interacts with EcRB1 to induce EcRB1 phosphorylation.
To confirm that PKCδ induces EcRB1 phosphorylation, PKCδ

was knocked down via RNAi in HaEpi cells. Knockdown of PKCδ
significantly suppressed 20E-induced EcRB1 phosphorylation.
The molecular mass of the upper band was degraded to that of the
lower band by λPPase (Fig. 4D). These results confirmed that
PKCδ is involved in 20E-induced EcRB1 phosphorylation.

EcRB1 Phosphorylation Determines the Formation of the EcRB1/USP1
Complex and Its Binding to EcRE to Regulate Gene Transcription.
The phosphorylation site of EcRB1 (GenBank accession no.
EU526831.1) was determined to confirm the 20E-induced EcRB1

phosphorylation. Thr176, Thr468, and Ser510 of EcRB1 were
predicted as possible PKC phosphorylation sites using tools pro-
vided in KinasePhos (kinasephos.mbc.nctu.edu.tw/) and NetPhos
(www.cbs.dtu.dk/services/NetPhos/). These residues of EcRB1
were mutated to alanines (T176A, T468A, and S510A), followed
by overexpression in HaEpi cells. The phosphorylation levels of
WT and mutant EcRB1 were detected using a phosphoprotein
phosphate estimation assay kit. The number of moles of phos-
phorus per mole of EcRB1 was increased under 20E induction for
the T176A and S510A mutants compared with that seen under
DMSO treatment, while the level in the T468 mutant was not
increased (Fig. 5A). This result indicated that T468 is the phos-
phorylation site of EcRB1 by 20E induction. To further verify the
phosphorylation site of EcRB1, EcRB1-His and EcRB1-T468A-
His were analyzed by Western blotting. EcRB1-His showed a

Fig. 5. Phosphorylation of EcRB1 promotes an interaction between EcRB1 and USP1 as well as gene expression in HaEpi cells. (A) Identification of the phos-
phorylation site in EcRB1 by determining the number of moles of phosphorus per mole of EcRB1-His or its mutants (T176A, T468A, and S510A) overexpressed in
cells. EcRB1-His and site mutants of the protein were overexpressed in cells for 48 h, followed by treatment with 20E or an equivalent amount of DMSO.
(B) Western blot analysis confirmed that the site of phosphorylation in EcRB1 was Thr468, under the conditions described in A. β-Actin was used as a loading
control. Statistical analyses of the density of Western blotting bands were performed with Quantity One software. (C) ChIP analyses of the EcRE-binding abilities
of EcRB1-RFP-His and EcRB1-T468A-RFP-His in the HR3 promoter region via anti-RFP precipitation and qRT-PCR analysis. 20E (2 μM) or DMSO treated the
transfected cells for 3 h. Results are presented as percentage of enrichment relative to input. Input, sample before immunoprecipitation. Enrichment relative to
input = (sample precipitated by antibody – sample without antibody)/input × %. lgG, nonspecific mouse lgG. Primer EcRE, primers targeted to EcRE. Primer HR3,
primers targeted to HR3 ORF. (D) Phosphorylation of EcRB1 T468 promoted the interaction of EcRB1 with USP1 under 20E induction. The proteins were extracted
from transfected cells after treatment with 2 μM 20E or DMSO for 3 h. The input showed the levels of the USP1-GFP-His, EcRB1-RFP-His, and EcRB1-T468A-RFP-His
proteins expressed in the cells. β-Actin was used as a loading control, and the proteins were detected viaWestern blot analysis following SDS/PAGE using gels with
a concentration of 7.5%. The phosphorylation of USP1 and EcRB1 was not detected due to the GFP and RFP tags increasing themolecular mass. Nonspecific mouse
lgG as a negative control. (E) Comparison of HR3 expression levels in RFP-His–, EcRB1-RFP-His–, and EcRB1-T468A-RFP-His–overexpressing cells under 20E induction.
pIEx-4-RFP-His, pIEx-4-EcRB1-RFP-His, and pIEx-4-EcRB1-T468A-RFP-His plasmid-transfected cells were treated with 20E (2 μM) for 6 h. An equivalent amount of
diluted DMSO was added as a control. Statistical analyses were performed using Student’s t test (*P < 0.05, ***P < 0.001), and the values are the mean ± SD. Three
biological replicates and three technical replicates were performed for A–E.
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higher molecular mass band after 20E treatment than after
DMSO treatment, but T468A-His did not (Fig. 5B). Therefore,
EcRB1 is phosphorylated at residue Thr468 under 20E induction.
To address the significance of EcRB1 phosphorylation in the

20E pathway, we examined the binding of EcRB1-RFP-His and
EcRB1-T468A-RFP-His to EcRE via a chromatin immunopre-
cipitation (ChIP) assay. EcRB1-RFP-His bound more EcRE
DNA fragments than EcRB1-T468A-RFP-His under 20E treat-
ment (Fig. 5C), suggesting that EcRB1 phosphorylation is nec-
essary for its binding to the EcRE. In addition, a co-IP assay using
anti-GFP detected an interaction between EcRB1-RFP-His and
USP1-GFP-His but not between EcRB1-T468A-RFP-His and USP1-
GFP-His under 20E induction when USP1-GFP-His and EcRB1-
RFP-His were equally expressed (Fig. 5D). This suggested that
EcRB1 phosphorylation is necessary for the interaction between
EcRB1-RFP-His and USP1-GFP-His. The expression level of HR3
was significantly increased in EcRB1-RFP-His–overexpressing
cells under 20E induction compared with that in EcRB1-T468A-
RFP-His–overexpressing cells (Fig. 5E), suggesting that EcRB1
phosphorylation is necessary for 20E-induced gene expression.
Therefore, in the 20E pathway, EcRB1-Thr468 phosphorylation is
required for the formation of the EcRB1-USP1 transcriptional
complex and the binding of this complex to EcRE to promote
20E-induced gene expression.

Discussion
PKCδ has been shown to play an important role in apoptosis in
mammals (1, 2), and the steroid hormone 20E promotes apoptosis
in insects (16, 21). However, the role of PKCδ in 20E-induced
apoptosis is unclear. Here, we reveal that 20E up-regulates the
expression of a novel PKCδ isoform. This PKCδ isoform is
phosphorylated upon its expression and subsequently functions in
the regulation of apoptosis. PKCδ phosphorylates EcRB1 at
Thr468 to form the EcRB1/USP1 transcriptional complex to
promote apoptotic gene expression and apoptosis.

Characteristics of the Novel PKCδ of H. armigera. Based on the
structural characteristics and modes of activation of PKCs, they
are subclassified into three groups: conventional PKCs (cPKCs,
α, βI, βII, and γ), novel PKCs (nPKCs, e, θ, δ, and η), and
atypical PKCs (aPKCs, ι, ζ, and λ) (22). All PKC isoforms
contain an N-terminal regulatory domain for maintaining an in-
active conformation and a C-terminal catalytic domain (kinase
domain) to phosphorylate substrates. All isoforms of PKC also
contain a C1 domain in the regulatory domain for DAG or
phorbol ester binding, with the exception of aPKCs, which cannot
bind DAG or phorbol esters. Conventional and novel isoforms of
PKC contain a C2 domain as well, which acts as a Ca2+ sensor but
functions only in the conventional isoform (23).
This work describes the function of PKCδ isoform E. Because

of the absence of the C1 and C2 domains in PKCδ isoform E, the
activity of PKCδ-E does not theoretically rely on calcium or
DAG. When the catalytic domain is overexpressed, it localizes to
the nucleus, where it shows phosphorylation and proapoptotic
activity in 20E-free conditions. Therefore, up-regulation of the
expression levels of PKCδ isoform E is a key step to control its
function in apoptosis. The cleavage of PKCδ by caspase-1 was
not investigated due to the lack of a specific antibody and the
difficulty of overexpressing the large PKCδ protein. Neverthe-
less, overexpression of the PKCδ catalytic domain promotes
caspase-1 expression in the HaEpi cells (Fig. 3D), and 20E
promotes caspase-1 expression in hemocytes in H. armigera (24),
which might cleave PKCδ in vivo.

20E Up-Regulates PKCδ Expression to Promote Apoptosis During
Metamorphosis. The high expression levels of PKCδ in H. armigera
during metamorphosis were correlated with PCD in the tissue
and were in accord with the higher 20E titer observed in lepi-

dopteran insects (9). Via EcRB1/USP1, 20E up-regulates PKCδ
expression in larval tissues and HaEpi cells, confirming that 20E is
one of the upstream positive regulators of PKCδ. This finding is
consistent with the major function of 20E at a high concentration,
inducing apoptosis (25).
We previously revealed that a serine/threonine protein kinase

with 56% identity to testis-specific serine/threonine protein kinase
3-like of D. melanogaster promotes midgut and fat body apoptosis
in H. armigera (26). Now, we report that PKCδ is involved in 20E-
induced apoptosis in HaEpi cells and H. armigera larvae, which is
consistent with the function of PKCδ in mammalian apoptosis (6,
27, 28). In humans, PKCδ acts as a tumor suppressor (29). Al-
though many studies have shown that PKCδ mediates cell apo-
ptosis, this study shows that PKCδ induces apoptosis in insects.
We demonstrated that phosphorylation at Thr1343 is required

for the proapoptotic activity of PKCδ in H. armigera. This residue
is highly conserved from vertebrates to invertebrates, as dem-
onstrated by alignment analysis, and can also be phosphorylated
in humans (30, 31). In our study, phosphorylation was found to
occur once the catalytic domain of PKCδ was overexpressed, and
we therefore propose that PKCδ is autophosphorylated; how-
ever, this hypothesis requires further study in future work.
Studies have shown that the growth and differentiation of the

wing imaginal disk in M. sexta has a 20E concentration de-
pendence (20). 20E also induced cell proliferation in the Bombyx
wing disk (32). However, our study showed that the expression of
PKCδ was negatively correlated with the growth of wing disks
during metamorphosis in H. armigera. In addition, 20E repressed
PKCδ expression in the wing disk. Although knockdown of PKCδ
repressed 20E-promoted wing disk growth, the gene expression
profiles quite differently in wing disk and in midgut after knock-
down of PKCδ. A possible mechanism is the differentially
expressed genes in the apoptotic tissues and the growing tissues.
20E might use different pathways to induce midgut apoptosis and
wing disk growth, which needs further study in the future work.

PKCδ Phosphorylates EcRB1 to Regulate Gene Transcription. Both
EcRB1 and USP1 are members of the nuclear receptor super-
family and are ligand-activated transcription factors. The activities
of nuclear receptors are regulated not only by transcriptional/
translational mechanisms but also by posttranslational mecha-
nisms, such as phosphorylation. The regulation of USP phos-
phorylation by 20E through PKC has been demonstrated in
D. melanogaster (17), M. sexta (33), Tenebrio molitor (34), and
H. armigera (16), although the PKC was not identified yet until
now. Furthermore, EcR has been demonstrated to be a phos-
phoprotein in adult B. mori (18), Drosophila larvae (35), and
H. armigera (19). However, these studies only demonstrated the
phosphorylation of EcR and did not identify its phosphorylation
sites or the specific PKC involved. To our surprise, we found that
when overexpressed, the PKCδ catalytic domain can directly
phosphorylate EcRB1 at Thr468 without 20E induction, although
it has no significant effect on USP1 phosphorylation. The phos-
phorylation of EcRB1 is required for the formation of the EcRB1/
USP1 complex and for binding of the complex to the EcRE for
subsequent gene transcription. This finding reveals one mecha-
nism of 20E-regulated gene expression.
The overexpressed catalytic domain of PKCδ localizes to the

nucleus. Full-length PKCδ was also predicted to contain nuclear
localization signals (at amino acids 716–723 and 1175–1181) and
to localize to the nucleus, based on analysis using the PSORT
website (www.genscript.com/psort.html). Thus, we infer that the
phosphorylation of EcRB1 occurs in the nucleus.
A previous study showed that USP phosphorylation is neces-

sary for it interacting with EcRB1 in H. armigera (16). In addi-
tion, acetylation of USP1 is also necessary for it interacting with
EcRB1 (36). 20E induces phosphorylation of cyclin-dependent
kinase 10 to promote EcRB1/USP1 complex formation (21).
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This work further found that 20E induces EcRB1 phosphoryla-
tion and it was important for the EcRB1/USP1 complex forma-
tion. All of the data suggested that the posttranslational
modification is an important mechanism for the EcRB1/USP1
transcription complex formation.

In Conclusion
Previous work has shown that 20E via ErGPCR1 and ErGPCR2,
Gαq, PLC, calcium ion, and CaMKII signaling triggers USP1
phosphorylation and acetylation (P-USP1-Ac) to modulate USP1
binding to EcRE for subsequent gene transcription (16, 37). In
this work, we further revealed that 20E rapidly up-regulates
PKCδ expression via EcRB1 and USP1. The overexpressed PKCδ
catalytic domain was autophosphorylated and localized in the
nucleus to phosphorylate EcRB1 at T468 directly. The phos-
phorylated EcRB1 interacted with P-USP1-Ac to form the EcRB1/
USP1 transcriptional complex to promote apoptotic gene ex-
pression and apoptosis. Through a positive feedback mecha-
nism, 20E via PKCδ promotes midgut apoptosis during insect
metamorphosis (Fig. 6).

Materials and Methods
Insects. Cotton boll worms were cultured in our laboratory at 27 ± 1 °C under
a photoperiod of 14 h light/10 h dark. The larvae were reared on a pre-
viously described artificial diet (38).

Cell Culture. The Helicoverpa epidermal cell line (HaEpi) was established from
the H. armigera integument and has previously been well characterized (39).
HaEpi cells were developed as a loosely attached monolayer and were
maintained at 27 °C with Grace’s insect cell culture medium containing 10%
FBS (Gibco).

20E Induction in Larvae and in HaEpi Cells. 20E was first dissolved at a con-
centration of 10mg/mL (20mM) in DMSO and then diluted 1:100 in sterile PBS

(140 mM NaCl, 10 mM sodium phosphate, pH 7.4). Next, 500 ng/5 μL of 20E
was injected into sixth instar-6 h larva, and an equal diluted DMSO was in-
jected as a control. Total RNA was isolated from the fat body and midgut of
the injected larvae (3–5 larvae in each panel) after 3, 6, or 12 h of induction
by 20E and DMSO. The relative expression of PKCδ mRNA was then analyzed
via qRT-PCR. HaEpi cells were treated with 2 μM 20E for 0.25, 0.5, 1, 3, and
6 h to confirm the response of PKCδ to 20E induction, and equal diluted
DMSO was used as a solvent control. HaEpi cells were treated with various
doses of 20E for 3 h.

DsRNA Synthesis. Some laboratories had difficulty with knocking down genes
in lepidopteran larvae in the previous year (40). However, 100 peer-reviewed
papers have described successful RNAi experiments in 10 families and
25 species of moth in recent years (41). We describe the detailed method
here as a reference for people doing RNAi experiments in insects. About
500 bp cDNA of target gene was amplified by a single PCR with the
T7 promoter appended to both PCR primers (Table S1) as the template to
synthesize dsRNA. The long dsRNAs specifically suppress expression of a
target gene in worms (42) after being broken down into smaller fragments
in vivo (43). Both strands of the dsRNA were synthesized in one reaction
according to the method described in MEGAscript RNAi kit (Ambion). The
purity of dsRNA is critical for the efficacy of RNAi in larvae. We used the
phenol-chloroform method to purify the dsRNA. After DNaseI digestion to
remove the DNA template, the dsRNA was filled with nuclease-free water to
200 μL, and an equal volume water saturated with phenol-chloroform was
added. After mixing gently and centrifugation (9,000 × g) at 4 °C, the upper
aqueous phase was mixed with chloroform and centrifuged again. The up-
per aqueous was added with 1/10th volume of 3M sodium acetate (pH 4.0)
and 2.5 volume of 100% ethanol, mixed, and kept at –20 °C overnight. The
dsRNA was collected by centrifugation. The dsRNA pellet was washed with
75% ethanol, air-dried, and suspended in 20 μL nuclease-free water. The
quality of dsRNA was examined by 1% agrose gel electrophoresis and
quantified by microvolume spectrophotometers.

RNAi in HaEpi Cells. For RNAi in HaEpi cells, 2 μg of dsRNA was transfected into
the cells using the QuickShuttle-enhanced transfection reagent (Biogragon-
Immunotech) in 1 mL of Grace’s medium, according to the manufacturer’s
instructions and our previous work (11), while the control group received an
equivalent amount of dsGFP. After 48 h of dsRNA treatment, 2 μM 20E or an
equivalent amount of DMSO was added to the cell culture media, followed by
an additional 6 h of incubation. Total RNA was then extracted from the cells
for qRT-PCR analysis.

RNAi in Larvae. The newly synthesized dsRNA was diluted to the appropriate
concentration with RNase-free PBS. Larvae were placed on ice for 15 min
until they did not move. The sterile dsRNA was injected into the larval he-
mocoel from the side of the front abdomen, with the needle direction
backward. Injection was careful to not puncture the midgut. The larvae need
to be injected twice with 5 μL dsRNA. The first time, 1 μg of dsRNA was
injected into the fifth instar-12 h larvae, and the second time, 2 μg of dsRNA
was injected into the sixth instar-6 h feeding larvae. Each experiment group
contained 30 larvae, and the experiments were repeated three times. In-
jection of dsGFP was used as control.

Overexpression of Protein in HaEpi Cells. The cDNA fragment encoding the
catalytic domain (ΔPKCδ, 1064–1485 aa) of PKCδ was amplified using the
corresponding primers (Table S1) and then inserted into an insect cell-specific
overexpression vector (pIEx-4-RFP-His) fused with RFP (RFP-His) to construct the
pIEx-4-ΔPKCδ-RFP-His plasmid, as described in our previous work (44). The
recombinant vector was verified via direct DNA sequencing. Also, other
recombinant vectors had been prepared, such as pIEx-4-EcRB1-His, pIEx-4-
EcRB1-RFP-His, pIEx-4-USP1-His, pIEx-4-USP1-GFP-His, and other mutants.
HaEpi cells were maintained at 80% confluence under normal growth condi-
tions, as previously described by Shao et al. (39). Five micrograms of plasmid
was transfected into the HaEpi cells using the QuickShuttle-enhanced trans-
fection reagent (Biogragon-Immunotech). After 48 h of transfection, total
protein was extracted for Western blot analysis or other experiments. Total
RNA was isolated for detection of the transcripts of genes via qRT-PCR.

λPPase Treatment. The pIEx-4-ΔPKCδ-RFP-His plasmid or pIEx-4-EcRB1-His
plasmid (5 μg) was transfected into HaEpi cells for 48 h. The cells were
then treated with 2 μM 20E for 30 min, and protein was extracted from the
cells using radio immunoprecipitation assay buffer (RIPA, 50 mM Tris·HCl,
pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.1% SDS, and 1 mM
PMSF). A 40-μL sample of the protein (2 mg/mL) was subsequently incubated

Fig. 6. A schematic representation of the mechanism by which 20E regu-
lates PKCδ expression and EcRB1 phosphorylation. (1) 20E via ErGPCR1 and
ErGPCR2, Gαq, PLC, calcium ion, and CaMKII signaling triggers USP1 phos-
phorylation and acetylation to modulate formation of EcRB1/USP1 tran-
scription complex to bind on EcRE for 20E pathway gene transcription based
on our previous studies (16, 36). (2) 20E rapidly up-regulates PKCδ expression
via EcRB1 and USP1. The overexpressed PKCδ catalytic domain was auto-
phosphorylated and localized to the nucleus to phosphorylate EcRB1 at
T468. (3) The phosphorylated EcRB1 interacts with P-USP1-Ac to form the
EcRB1/USP1 transcriptional complex to promote apoptotic gene expression
and apoptosis. Through this positive feedback mechanism, 20E promotes
apoptosis during insect metamorphosis.
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with 0.5 μL of λPP, 5 μL of buffer, and 5 μL of MnCl2 at 30 °C for 30 min,
according to the manufacturer’s specifications (New England Biolabs). Next,
the proteins were subjected to SDS polyacrylamide gel electrophoresis (SDS/
PAGE) in 7.5% low-concentration gels, followed by Western blot analysis.
Protein phosphorylation was examined based on variations in molecular
mass. β-Actin was used as the protein control using antiserum against β-actin
in H. armigera.

Western Blot. The total protein was extracted from cells using 40 mM Tris·HCl,
pH 7.5, with 1 mM phenylmethanesulfonyl fluoride (PMSF), followed by
centrifugation at 10,000 × g at 4 °C for 10 min. The supernatant was then
collected, and Bradford’s method (45) was used to determine the protein
concentration. The details are in SI Materials and Methods.

Caspase-3 Activity Assay. The activity of caspase-3 was detected in pIEx-4-
ΔPKCδ-RFP–overexpressing HaEpi cells with the NucView 488 caspase-3 assay
kit (NO. 30029 Biotium) via immunocytochemistry, according to the manu-
facturer’s instructions. After 48 h of overexpression of ΔPKCδ-RFP-His, the
NucView 488 Caspase-3 Substrate (2 μM) was added to the cell culture me-
dia, followed by 0.5 h of incubation at room temperature. Finally, the nuclei
were stained with 1 μg/mL 4’, 6-diamidino-2-phenylindole (DAPI) for 10 min,
and the resulting signals were observed using a Zeiss LSM 700 laser confocal
microscope (Zeiss) or Olympus BX51 fluorescence microscope (Shinjuku-ku,
Tokyo).

Co-IP. HaEpi cells were seeded into a six-well plate. When the cell density was
∼80% in each well, the reconstructed plasmids were cotransfected into the
cells. After 48 h, the cells were treated with 2 μM 20E for 1 h, and DMSO was
used as the control. Protein was subsequently extracted according to the RIPA
buffer assay, and the supernatant was harvested via centrifugation at 12,000 ×
g for 10 min (4 °C). The supernatant was added to protein A resin to eliminate
nonspecific binding and harvested through centrifugation (1,000 × g for

2 min). The supernatant was then incubated with the protein A resin–mono-
clonal antibody complex for 2–4 h with gentle shaking at 4 °C. The resin was
subsequently harvested via centrifugation and washed with RIPA buffer three
times. Finally, the resin was treated with SDS/PAGE loading buffer and boiled
for 10 min, and the samples were subjected to SDS/PAGE, followed byWestern
blot analysis with mouse monoclonal antibodies against RFP, GFP, and His
(Sungenebiotech) to detect the target proteins.

Detection of Phosphorylation Levels. EcRB1-His and the mutant plasmids
(EcRB1-T176A-His, EcRB1-T468A-His, or EcRB1-S510A-His) were transfected
into HaEpi cells for 72 h. Protein was then purified using a Ni2+-NTA affinity
column to detect phosphorylation levels after different treatments. The
number of moles of phosphate per mole of purified protein was determined
using the Phosphoprotein Phosphate Estimation Assay Kit (Sangon Biotech),
based on the alkaline hydrolysis of phosphate from Ser and Thr residues
in phosphoproteins. The released phosphates were then quantified using
malachite green and ammonium molybdate, in accordance with the
manufacturer’s instructions.

ChIP Assay. The EcRB1-RFP and EcRB1-T468A-RFP plasmids were transfected
into cells with a 70% density in six-well plates for 72 h. Subsequently, the cells
were treated with 20E for 3 h. DMSO treatment was used as the control. A
monoclonal antibody against RFP was used to link EcRB1-RFP with the EcRE
complex. The EcRE fragments in the H. armigera HR3 promoter were purified
using a ChIP Assay Kit (Beyotime) according to the manufacturer’s instruc-
tions. Then, the DNA was analyzed via qRT-PCR using the ChIP F/ChIP R
primers (target to EcRE) shown in the Table S1.
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