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ABSTRACT

CTSD/CathD/CATD (cathepsin D) is a lysosomal aspartic protease. A distinguishing characteristic of CTSD
is its dual functions of promoting cell proliferation via secreting a pro-enzyme outside the cells as
a ligand, and promoting apoptosis via the mature form of this enzyme inside cells; however, the
regulation of its secretion, expression, and maturation is undetermined. Using the lepidopteran insect
Helicoverpa armigera, a serious agricultural pest, as a model, we revealed the dual functions and
regulatory mechanisms of CTSD secretion, expression, and maturation. Glycosylation of asparagine
233 (N233) determined pro-CTSD secretion. The steroid hormone 20-hydroxyecdysone (20E) promoted
CTSD expression. Macroautophagy/autophagy triggered CTSD maturation and localization inside midgut
cells to activate CASP3 (caspase 3) and promote apoptosis. Pro-CTSD was expressed in the pupal
epidermis and was secreted into the hemolymph to promote adult fat body endoreplication/endor-
eduplication, cell proliferation, and association. Our study revealed that the differential expression and
autophagy-mediated maturation of CTSD in tissues determine its roles in apoptosis and cell prolifera-
tion, thereby determining the cell fates of tissues during lepidopteran metamorphosis.

Abbreviations: 20E: 20-hydroxyecdysone; 3-MA: 3-methyladenine; ACTB/B-actin: actin beta; AKT: pro-
tein kinase B; ATG1: autophagy-related 1; ATG4: autophagy-related 4; ATG5: autophagy-related 5; ATG7:
autophagy-related 7; ATG14: autophagy-related 14; BSA: bovine serum albumin; CASP3: caspase 3; CQ:
choroquine; CTSD: cathepsin D; DAPI: 4',6-diamidino-2-phenylindole; DMSO: dimethyl sulfoxide; DPBS:
dulbecco’s phosphate-buffered saline; DsRNA: double-stranded RNA; EcR: ecdysone receptor; EcRE:
ecdysone response element; EdU: 5-ethynyl-2’-deoxyuridine; G-m-CTSD: glycosylated-mautre-CTSD;
G-pro-CTSD: glycosylated-pro-CTSD; HaEpi: Helicoverpa armigera epidermal cell line; HE staining: hema-
toxylin and eosin staining; IgG: immunoglobin G; IM: imaginal midgut; JH: juvenile hormone; Kr-h1:
krueppel homologous protein 1; LM: larval midgut; M6P: mannose-6-phosphate; PBS: phosphate-
buffered saline; PCD: programmed cell death; PNGase: peptide-N-glycosidase F; RFP: red fluorescent
protein; RNAi: RNA interference; SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel electrophoresis;
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Introduction

CTSD (cathepsin D) (EC 3.4.23.5) is a lysosomal aspartic
protease in the pepsin superfamily [1]. Human CTSD is
expressed as pre-pro-CTSD and is glycosylated at two
N-linked glycosylation sites (Asn residues 134 and 263 num-
bered according to the full-length protein) in the rough endo-
plasmic reticulum (ER). The signal peptide of the pre-pro-
CTSD is cleaved in the ER, forming the pro-CTSD, which is
transported to the Golgi and then transported to the endosome
by the binding of mannose-6-phosphate (M6P) to M6PR (man-
nose-6-phosphate receptor, cation dependent). Pro-CTSD is
finally processed to form the mature CTSD (m-CTSD) in the
lysosome [2]. The major role of the m-CTSD is the digestion of
internalized waste cell proteins and peptides in the lysosome
[3,4], which maintains cell health [5,6].

In addition to its function in the lysosome, CTSD also
functions in the cytosol and extracellular environment. In

the cytosol, m-CTSD has a pro-apoptotic function [7].
M-CTSD can cleave and activate the pro-apoptotic molecule
BID (BH3 interacting domain death agonist), which, in turn,
causes the release of CYCS/cytochrome c, the integral part of
the APAFI1 (apoptotic peptidase activating factor 1) complex,
which activates directly an initiator caspase, CASP9 (caspase 9)
[8]. CASP9 activates in turn CASP3 (caspase 3) and CASP7
(caspase 7), resulting in apoptosis [9]. M-CTSD acts at differ-
ent stages of the intrinsic and extrinsic pathways of apoptosis
[10] and also primes CASP8 (caspase 8) activation [11]. In the
extracellular environment, pro-CTSD has a pro-proliferation
function. The expression and secretion of pro-CTSD increases
cell proliferation, metastasis, and progression of breast cancer
[12] and a number of other tumors [13]. Epithelial ovarian
cancer secretes CTSD as an extracellular ligand to increase cell
proliferation via a non-proteolytic mechanism and via activa-
tion of MAPK1/ERK2 (mitogen-activated protein kinase 1)-
MAPK3/ERK1 (mitogen-activated protein kinase 3) and
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AKT/protein kinase B [14]. However, the mechanism of the
transformation of CTSD from its pro-apoptotic function as
a “physiological guardian angel” to the pro-proliferation func-
tion in cancers as a “pathological demon” is unclear [2].

Insect metamorphosis from larva to adult is characterized
by the extensive larval tissue apoptosis and adult cell prolif-
eration. The steroid hormone 20-hydroxyecdysone (20E), via
the EcR-USP1 (ecdysone receptor-ultraspiracle isoform 1)
transcription complex, regulates metamorphosis-related gene
expression [15]. Interestingly, different larval tissues have
different fates during metamorphosis. For example, the
epithelium of the larval midgut is completely degraded via
programmed cell death (PCD) during metamorphosis in
Bombyx [16], Drosophila [17], and Helicoverpa armigera
[18,19]. Macroautophagy/autophagy determines apoptosis in
the midgut under 20E regulation in H. armigera [19].
However, the epidermis forms the cuticles of larvae, pupae,
and adults sequentially, without histolysis, in the lepidopteran
insect Manduca sexta [20]. The larval fat body is dissociated
in the pupa as individual cells and eventually removed by
apoptosis in Drosophila [21,22], but the formation of the
adult fat body is unclear. Proteases are known to be involved
in autophagy; however, the physiological substrates and intra-
cellular functions of the proteases in autophagy are unknown
[23]. A CTSD is known to be involved in PCD of the larval fat
body and midgut in the silkworm, Bombyx mori [24,25];
however, the mechanisms underlying its dual functions in
tissue remodeling and the different tissue fates are unclear.

Understanding the mechanisms of CTSD expression,
secretion, and maturation are important for the diagnosis
and therapy of cancers and are necessary to reveal the
mechanism of tissue fate during physiological or pathological
processes. Therefore, we used H. armigera as a model to
investigate the dual functions and the steroid hormonal reg-
ulatory mechanisms of CTSD secretion, expression, and
maturation to investigate the different tissue fates during
insect metamorphosis. Our data revealed that 20E upregulated
CTSD expression. Pro-CTSD was glycosylated and secreted
into the hemolymph from the pupal epidermis to promote
adult fat body reassociation, endoreplication, and cell prolif-
eration. However, autophagy resulted in the maturation of
glycosylated-pro-CTSD  (G-pro-CTSD) to glycosylated-
mature-CTSD (G-m-CTSD), which promoted CASP3 clea-
vage and apoptosis in the midgut. Our study not only revealed
the mechanisms of CTSD expression, secretion, and matura-
tion but also revealed the mechanisms of different tissue fates
during lepidopteran metamorphic development.

Results

CTSD showed developmental stage- and tissue-specific
expression

To study the function of CTSD, its developmental expression
profiles and tissue-specific expression were examined at the
protein and mRNA levels using western blotting and quanti-
tative real-time reverse transcription PCR (QRT-PCR),
respectively. Western blotting detected a band of approxi-
mately 41 kDa in the epidermis at the pupal stages (P-2
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d and P-8 d), which was named as pro-CTSD (41 kDa).
A band of approximately 38 kDa was detected in the midgut
at the metamorphic stages from sixth instar 72 h larvae to
pupal 6 d (6th-72 h to P-6 d), which was hypothesized to be
the glycosylated-mature-CTSD; therefore, it was named as
G-m-CTSD (38 kDa). A band of approximately 43 kDa was
detected in the blood plasma (hemolymph without hemo-
cytes) at the pupal stages (P-2 d and P-8 d), which was
hypothesized as the glycosylated-pro-CTSD; therefore, it was
named as G-pro-CTSD (43 kDa). In addition, an unknown
band of approximately 65 kDa was detected in the midgut at
around the 5th instar molting stage. No band was detected in
the fat body and hemocytes (Figure 1A,B). QRT-PCR also
showed an increased mRNA level of Ctsd in the midgut and
epidermis, and very low levels of Ctsd mRNA in the fat body
and hemocytes (Figure 1C). Thus, CTSD expression shows
tissue and developmental stage specificity.

N-linked glycosylation of N233 determined CTSD
secretion

To confirm the different forms of CTSD and their glycosyla-
tion, peptide-N-glycosidase F (PNGase) was used to remove
N-linked oligosaccharides from CTSD in tissues on the day 2
pupal stage (P2 pupae). Western blotting showed that the
molecular mass of G-m-CTSD in the midgut decreased after
PNGase treatment. By contrast, the molecular mass of pro-
CTSD in the epidermis was unchanged after PNGase treat-
ment. The molecular mass of G-pro-CTSD decreased in the
blood plasma (Figure 2A). These results suggested that CTSD
is a glycoprotein in the midgut and in the blood plasma,
whereas pro-CTSD in the epidermis is not glycosylated.

To address the sources of G-pro-CTSD in the blood
plasma, the epidermis, midgut, and fat body from pupae at
P-2 d were dissected and cultured in the medium for 12 h,
and then the homogenates of tissues and the tissue culture
medium were subjected to western blotting. G-pro-CTSD (43
kDa) was detected from the epidermis-culture medium, but
not from the midgut- or fat body-culture medium (Figure
2B), suggesting the G-pro-CTSD in the blood plasma was
secreted from the epidermis after being glycosylated.

Asparagines at positions 121 and 233 (N121 and N233) of
CTSD were predicted as N-linked glycosylation sites. We
overexpressed the wild-type full-length CTSD, a single glyco-
sylation site mutant with asparagine replaced by glutamine
(CTSDN'?'QREP or CTSD™?**®RFP), and the double glyco-
sylation site mutant (CTSDN121Q  N233Q REP) in  an
H. armigera epidermal cell line (HaEpi) via the plasmid
pIEx-4-RFP-His to investigate the role of glycosylation in pro-
CTSD-RFP secretion, with RFP as a control. The results
showed less red fluorescence in pro-CTSD-RFP or
CTSDN"?'QREP overexpressing-cells than in cells overexpres-
sing CTSDN***QRFP or CTSDN'*'® N233QREP and the
CTSD secretion was not affected by the transfection efficiency
compared to the RFP (Figure 2C,D). Western blotting further
revealed that G-pro-CTSD-RFP and CTSD™'*'-RFP were
not detected in the cell lysate, whereas they were detected in
the culture medium. In contrast, CTSDN***RFP and
CTSDN'?'Q® N23Q_REP were detected in the cell lysate, but
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Figure 1. CTSD was expressed as different forms with tissue and developmental stage specificity. (A) Western blot analysis using antibodies against H. armigera CTSD.
The specificity of the antibodies was shown in Fig. S1 to detect CTSD expression profiles in different tissues. The protein of blood plasma was diluted in a ratio of 1:8
with PBS. ACTB was detected as protein quality control. The loading controls were the proteins of hemolymph by SDS-PAGE as the control for blood plasma. 10%
SDS-PAGE gel was used in western blot. 5F: 5th instar feeding larvae; 5M: 5th instar molting larvae; 6th-6 h to 6th-120 h: 6th instar 6 h larvae to 6th instar 120 h
larvae; P-0 d to P-8 d: pupal stage at day O to day 8; A-2 d to A-4 d: adult stage at day 2 to day 4; F: feeding stage; M: molting stage; MM: metamorphic molting
stage; P: pupae; A: adult. The protein markers are the same on both sides of the pictures. (B) Quantification of the data in (A) according to three independent
replicates using ImagelJ software. (C) QRT-PCR to show the mRNA level of Ctsd. All experiments were performed in triplicate. The bars indicate the mean + SD.
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Figure 2. Molecular masses and glycosylation of CTSD. (A) Examination of the glycosylation of CTSD by western blotting using antibodies against H. armigera CTSD.
The proteins from the midgut, epidermis, and blood plasma were isolated from pupae on day 2 and treated with PNGase. The SDS-PAGE gel used in western blot was
a 10% gel. ACTB was detected as the protein quality control of tissues. The hemolymph proteins were used for blood plasma control by SDS-PAGE. (B) Identification
of the source of G-pro-CTSD in the blood plasma by culturing the isolated midgut, epidermis, and fat body from pupae on day 2 in Grace's medium. ACTB was
detected as the protein quality control of tissues. Grace’s medium was used for tissue culture medium loading control by SDS-PAGE. (C) Immunofluorescence
showing the overexpression of the RFP, full-length-CTSD-RFP and its mutants (CTSDN'2'@-RFP, CTSDN?*3RFP, and CTSDN'*'® N233Q_pEp) in HakEpi cells 48 h after
transfection, with RFP as a control. Red fluorescence indicates the overexpressed RFP, pro-CTSD-RFP, CTSDN'2'@-RFP, CTSDV?33-RFP, and CTSDN''® N233QRpp The
blue fluorescence indicates the cell nuclei stained with 4',6-diamidino-2-phenylindole (DAPI). Scale bar: 20 um. (D) Statistical analysis of the ratio of red fluorescent
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not in the culture medium (Figure 2E). To confirm the gly-
cosylation of G-pro-CTSD-RFP and CTSDN'?'®RFP in the
culture medium, PNGase was used to deglycosylate CTSD.
Results showed that the molecular masses of G-pro-CTSD-
RFP and CTSDY'"?'QRFP in the culture medium were
decreased by PNGase treatment, indicating G-pro-CTSD-
RFP and CTSDN'*'.RFP in the culture medium were glyco-
sylated (Figure 2F). These data suggested that N233 glycosyla-
tion determines pro-CTSD secretion.

20E induced CTSD expression as the mature form in the
midgut and pro-CTSD in the epidermis

The upregulated expression of G-m-CTSD in the midgut
during metamorphosis suggested that 20E upregulates CTSD
expression because the 20E titer is high during insect meta-
morphosis [26]; therefore, we detected the effect of 20E on
larvae at 6 instar 6 h. The protein levels of G-m-CTSD
increased at 6 h after injection of 200-500 ng 20E, compared
with larvae injected with dimethyl sulfoxide (DMSO) solvent
as a control (Figures 3A,Ai). In turn, 500 ng of 20E induced
G-m-CTSD expression from 3-24 h, with the highest level
from 6-12 h (Figures 3B,Bi). In contrast, G-m-CTSD, pro-
CTSD, or G-pro-CTSD was not induced by 20E in other
tissues in sixth instar 6 h larvae (Fig. S2). These suggested
that 20E promotes CTSD expression and maturation in the
midgut.

EcR, the nuclear receptor of 20E, and its heterodimeric
protein, Uspl, were knocked down in HaEpi cells to confirm
the upregulation of CTSD expression by 20E. The results
showed that the mRNA level of Ctsd decreased after knockdown
of EcR and Uspl (Figure 3C,D). To understand how 20E upre-
gulated the Ctsd expression via EcR and USP1, we detected the
binding of EcR to the ecdysone response element (EcRE) in the
5'-upstream of Ctsd via chromatin immunoprecipitation (ChIP)
assay. The overexpressed EcR-RFP-His in the HaEpi cells was
confirmed to bound more EcRE-fragment of Ctsd under 20E
induction compared to the DMSO (Figure 3E). The EcRE motif
(5'-¢41 CGCTTCAATGACTGC_4,7-3', numbered from the
ATG of the Ctsd open reading frame) in the 5-upstream of
Ctsd was conserved on the 5'-TCAATG-3' core region with the
EcRE in Hhr3 (Helicoverpa hormone receptor 3) [27] (Figure
3F). These data suggested that Ctsd is upregulated by 20E
through the binding of EcR to the EcRE motif.

To validate 20E promotes the pro-CTSD expression in the
pupal epidermis, we injected 20E into the pupae on day 2. The
results showed 20E increased pro-CTSD levels (41 kDa) in the
epidermis and G-pro-CTSD (43 kDa) in the blood plasma
dependent on dose, compared with DMSO (Figure 4A,B).

Similarly, 20E increased pro-CTSD levels in the epidermis
and G-pro-CTSD in the blood plasma dependent on time
(Figure 4C,Ci,4D,Di). These results suggested that 20E pro-
motes CTSD expression in the epidermis and secretion of
G-pro-CTSD into the blood plasma.

Autophagy was required for CTSD maturation

To address the mechanism by which 20E induces CTSD
maturation in the midgut, we cultured the midgut tissue
in vitro by cutting it into four pieces to expose the gut
lumen to the medium. After incubation with MG-132 (a
proteasome and calpain inhibitor), 3-methyladenine (3-MA,
an autophagosome formation inhibitor), chloroquine (CQ,
which inhibits autophagy by changing the lysosomal pH),
or Ac-DEVD-CHO (an apoptosis inhibitor) treatment for
1 h, respectively, the tissues were further incubated with
5 uM 20E for 6 h. The results showed that 3-MA treatment
decreased the level of G-m-CTSD in the midgut but increased
the level of G-pro-CTSD in the culture medium. By contrast,
MG-132, CQ, and Ac-DEVD-CHO treatment did not affect
the levels of G-m-CTSD in the midgut, and no G-pro-CTSD
was detected in the culture medium (Figure 5A,B). These
results suggested that autophagy is required for CTSD
maturation.

To further test this hypothesis, we injected double-
stranded RNA (dsRNA) targeting Atg4 (encoding autophagy
related 4; dsAtg4), Atg5 (autophagy related 5; dsAtg5), and
Atg7 (autophagy related 7; dsAtg7) into sixth instar 6 h
larvae to block autophagosome formation and then injected
500 ng 20E for 6 h. The levels of G-m-CTSD decreased in the
midgut; however, the levels of G-pro-CTSD increased in the
blood plasma after the knockdown of Atg4, Atg5, and Atg7
(Figure 5C,D). These results confirmed that autophagosome
formation is critical for CTSD maturation in the larval
midgut.

To further verify our conclusion, Atgl (autophagy
related 1), Atgl4 (autophagy related 14), and Syx17 (syntaxin
17) were knocked down by injection of the related dsRNA into
sixth instar 6 h larvae to block autophagy initiation and
autophagosomes-lysosomes fusion, respectively. The dsGFP
was injected as a negative control. The levels of G-m-CTSD
was reduced in the midgut; however, the levels of G-pro-
CTSD increased in the blood plasma after knockdown of
Atgl, Atgl4, and Syx17, followed by 500 ng 20E induction
for 6 h, respectively (Figure 5E,F), showing the autophagy
initiation and autophagosomes-lysosomes fusion are impor-
tant for CTSD maturation.

cells/total cells in (C) using ANOVA; different lowercase letters indicated significant differences (p < 0.05). The bars indicate the mean * SD. ImageJ software was used
to transform the image data. (E) Western blot detecting the secretion of pro-CTSD-RFP, CTSDNmQ—RFP, CTSDN233Q—RFP, and CTSDN'21@ N233Q_ppp overexpressed for
48 h after transfection. Antibody against RFP was used to detect the proteins. Cell lysate: the cells were collected and subjected to western blot. Culture medium:
Grace's medium of cell culture after being enriched using anti-CTSD polyclonal antibodies. ACTB was detected as the protein quality control of cell lysate. Grace’s
medium was used for the enrichment of CTSD control by SDS-PAGE. (F) Western blot detecting the glycosylation of G-pro-CTSD-RFP, CTSDN'2'®-RFP, CTSDV?*3%-RFP,
and CTSDV'2'® N233Q_gep gyerexpressed for 48 h after transfection in Grace’s medium. Antibody against RFP was used to detect the proteins. Culture medium:
Grace’s medium of cell culture after being enriched using anti-CTSD polyclonal antibodies. The Grace’s medium used for enrichment of CTSD control by SDS-PAGE.
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control. The protein markers are the same as (A). (C and D) 20E promoted pro-CTSD expression and G-pro-CTSD secretion in the blood plasma by time. Equal
amounts of diluted DMSO were used as solvent control. ACTB was detected as protein quality control. The loading controls were the proteins of hemolymph by SDS-
PAGE as the control for blood plasma. (Ci and Di) Statistical analysis of (C and D). ImageJ software was used to transform the image data. The statistical analysis was
conducted using Student's t-test (*p < 0.05, **p < 0.01) based triplicate. The bars indicate the mean + SD.

G-m-CTSD promoted midgut PCD by promoting CASP3
activation

To address the function of G-m-CTSD in the midgut, the
location of G-m-CTSD in the midgut was analyzed using
immunohistochemistry. Pre-immune serum did not produce
red fluorescence from the midgut of the sixth instar 96 h
wandering larvae. However, anti-CTSD antibodies detected
G-m-CTSD in the larval midgut at 6th-96 h and 6th-120 h
stages (Figure 6), suggesting that G-m-CTSD plays roles in the
larval midgut during metamorphosis.

To address the function of G-m-CTSD in the midgut and
metamorphosis, we injected dsRNA targeting Ctsd (dsCtsd) into
sixth instar 6 h larvae to knockdown Ctsd. Larval pupation was
delayed by 20 h after injection of dsCtsd compared with larvae
injected with dsGFP. Moreover, larval pupation was delayed by

30 h after injection with dsCtsd plus 20E, compared with larvae
injected with dsGFP plus 20E (Figure 7A,B) when CTSD
expression was effectively knocked down at the mRNA and
protein levels (Figure 7C,D). Meanwhile, the larval midgut in
the dsGFP control group exhibited characteristics of PCD at
72 h post the second dsRNA injection, showing a red color,
whereas dsCtsd-injected larval midgut did not appear red at
that time, exhibited delayed PCD (Figure 7E). The rate of the
delayed PCD of dsCtsd-injected larvae was 60.0%, compared
with the 8.9% of dsGFP-injected larvae (Figures 7E,Ei).
Hematoxylin and eosin (HE) staining showed that the separa-
tion of the larval midgut and the imaginal midgut was delayed
by dsCtsd injection, compared with that in the dsGFP injection
control (Figure 7F). Immunohistochemistry showed that
CASP3 was located in larval midguts after injecting dsCtsd or
dsGFP for 120 h; however, CASP3 was greatly localized in the
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Figure 6. Immunohistochemical analysis shows CTSD localization in the larval midgut during metamorphosis. Rabbit polyclonal antibodies against CTSD were used.
The preserum was used as the negative control. LM: larval midgut; IM: imaginal midgut; hematoxylin and eosin (HE) staining showed the morphology of the midgut;
Red fluorescence indicates CTSD; Nuclei were stained with DAPI (blue). Scale bar: 50 um.

nuclei in the dsGFP-injected midgut, but in the cytoplasm in
the dsCtsd-injected midgut (Figure 7G). Western blotting
further showed that CASP3 could not be cleaved to the active
form after dsCtsd injection, compared with that in the dsGFP
injection control, which was greatly cleaved to the active form
(Figure 7H,I). These results suggested that G-m-CTSD pro-
motes midgut apoptosis by activating CASP3, therefore pro-
moting pupation.

G-pro-CTSD promoted imaginal fat body formation

The CASP3 was not cleaved in the epidermis during meta-
morphosis (Fig. S3), which excluded the function of pro-
CTSD in apoptosis in the epidermis. To address the function
of G-pro-CTSD in the pupal blood plasma/hemolymph, we
injected anti-CTSD antibodies into pupal hemolymph at day 2
pupae to neutralize G-pro-CTSD. Anti-CTSD antibodies
treatment resulted in an approximately 4-day-delay of emer-
gence in 61.9% individuals, 23.5% dead at the adult stage, and
14.6% normal emergence, compared with larvae injected with
IgG as a negative control (Figure 8A-C).

To address the mechanism of delayed-emergence by anti-
CTSD antibody neutralization, the fat body morphology was
observed at the equivalent stage of development after injecting
IgG and anti-CTSD antibodies according to the ommateum
(the compound eye) pigmentation, a marker of adult devel-
opmental stages (Fig. S4), to overcome the delayed effect on
the fat body by the antibody neutralization. The dissociation
of the larval fat body was not repressed from day 2 to day 4

pupae (P-2 d and P-4 d) by anti-CTSD antibodies injection.
However, the adult fat body was not formed normally
until day 10 pupae (P-10 d) and adult (A-0 h), compared
with that formed at day 8 pupae (P-8 d) and adult in the IgG
control in the equal developmental stages according to eye
pigmentation (Figure 8D). These data suggested that the neu-
tralization of G-pro-CTSD in the hemolymph repressed the
formation of the adult fat body.

Cell proliferation was examined considering the pro-cell
proliferation characters of the pro-CTSD in the mammal
5-Ethynyl-2’-deoxyuridine (EdU) staining of fat body showed
that DNA replication was repressed in the adult fat body both
at P-7 d and P-10 d after injection of anti-CTSD antibodies,
compared with that at P-6 d and P-8 d after IgG injection
(Figure 8E,Ei). Similarly, treatment with anti-phospho-histone
H3 (Ser10) antibodies showed that cell proliferation was also
repressed by injection of anti-CTSD antibodies, compared with
that at P-6 d and P-8 d after IgG injection (Figure 8F,Fi). In
addition, QRT-PCR showed decreased expression of the Insr
(insulin receptor), Pik3cd (phosphatidylinositol-4,5-bispho-
sphate 3-kinase catalytic subunit delta), Pdkl (phosphoinosi-
tide-dependent protein kinase-1), and Akt, which promote cell
growth and proliferation [28,29], but increased Foxo (forkhead
box O) expression, which promotes apoptosis [30], in the fat
body after anti-CTSD antibodies injection, compared with that
after IgG injection (Figure 8G). The adult midgut was not
affected after the injection of anti-CTSD antibodies by HE
staining (Fig. S5). The 20E titer was confirmed not affected
by injection of anti-CTSD antibodies by comparison with IgG
injection at the same stage, respectively (Fig. S6). These results
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suggested that G-pro-CTSD in the hemolymph plays an impor-
tant role in adult fat body reassociation, endoreplication, and
cell proliferation.

Pro-CTSD promoted cell proliferation, and m-CTSD
promoted apoptosis

To confirm the functions of m-CTSD promoting apoptosis
and pro-CTSD promoting cell proliferation, we overexpressed
them in HaEpi cells by fusing them with RFP. The m-CTSD-
RFP was detected in the cell lysate, whereas pro-CTSD-RFP
was detected in the culture medium using western blotting
(Figure 9A). No CASP3 activity was detected in the RFP and
pro-CTSD-RFP overexpressing cells. However, higher CASP3
activity was detected in the m-CTSD-RFP overexpressing cells
(Figures 9B,Bi). In contrast, higher EdU signals and phospho-
histone H3 levels were detected from pro-CTSD-RFP over-
expressing cells; however, fewer such signals were detected
and no difference with the RFP in m-CTSD-RFP-
overexpressing cells (Figure 9C,Ci,D,Di). These results con-
firmed that pro-CTSD promoted cell proliferation
and m-CTSD promoted apoptosis.

To validate that G-pro-CTSD promoted endoreplication
and cell proliferation, the G-pro-CTSD was purified from
the blood plasma of day 2 pupae by CNBr-activated
Sepharose 4B column combined with anti-CTSD antibodies
and added into Grace’s medium for 12 h to culture HaEpi
cells. The results showed higher EdU signals and phospho-
histone H3 levels were detected from G-pro-CTSD incubated
cells, compared with bovine serum albumin (BSA) (Figure
10A,Ai,B,Bi) when the purity of G-pro-CTSD was confirmed
(Figure 10C). These data suggested that pro-CTSD promotes
endoreplication and cell proliferation.

Analysis of the mechanism of different expression and
maturation of CTSD in tissues

A previous study suggested that 20E promotes autophagy and
apoptosis sequentially in the midgut of H. armigera at differ-
ent concentrations [19]. To address the mechanisms of the
different expression and maturation of CTSD in tissues, we
analyzed the 20E titer in the hemolymph at different devel-
opmental stages and determined related gene expression. The
20E titer was about 0.27 pg/ml hemolymph (0.56 uM) at larval
feeding stages (from 6th-6 h to 24 h), and then increased
markedly from 6th-72 h wandering stage to reach 4.47 ug/
ml in the hemolymph (9.30 uM) at 6th-120 h. The 20E titer
decreased to a very low level in new pupae, and then markedly
increased to 4.85 pg/ml in the hemolymph (10.09 pM) on
pupae day 4, before decreasing to a low titer on pupae day 8
(Figure 11A). However, the 20E titer was different in various
tissues of 6th instar 96 h larvae: 1.5 pg/g (3 puM) in the
hemolymph, 1 pg/g (2 uM) in the midgut and 0.5 pg/g
(1 uM) in the epidermis and fat body (Figure 11B), implying
a relationship between the 20E titer and different CTSD
expression levels in tissues.

In addition, the expression levels of various genes were
examined in tissues to address the mechanisms of the differ-
ent expression and maturation of CTSD in tissues. The

AUTOPHAGY 1181

mRNA level of ecdysone 20-monooxygenase (GenBank acces-
sion number: XP_021191112.1) was higher in the midgut than
those in the epidermis, fat body, and hemocytes (Figure 11C).
Level of Kr-hl (Krueppel homologous protein 1) (GenBank
accession number: XP_021191291.1) was lower in the midgut
than in the epidermis, fat body, and hemocytes (Figure 11D).
The mRNA levels of EcR, Uspl, and autophagy-related genes
(Atg4, Atg5, and Atg7) were higher in the midgut than in the
epidermis, fat body, and hemocytes (Figure 11E-I). These
data suggested a relationship between the expression and
maturation of CTSD and the gene expression in tissues.

Discussion

To understand insect development and to develop cancer
therapies, it is important to determine the mechanisms under-
lying the dual functions of CTSD in apoptosis and cell pro-
liferation. The present study revealed that the steroid
hormone 20E promotes CTSD expression. Autophagy triggers
the maturation of CTSD to promote apoptosis. Glycosylation
of CTSD at N233 allows the secretion of pro-CTSD into the
blood plasma to enhance endoreplication, cell proliferation,
and reassociation of the adult fat body. Tissue-specific expres-
sion and maturation of CTSD determine the fates of different
tissues.

20E promotes CTSD expression and maturation in the
midgut

In mammals, CTSD is upregulated by the steroid hormone
estrogen [31,32] via estrogen nuclear receptors ESR1 and
ESR2 [33]. We revealed that 20E upregulates CTSD via its
nuclear receptor transcription complex EcR-USP1 binding to
an EcRE in the Ctsd promoter. These data suggested that the
induction of CTSD expression by steroid hormones is con-
served from insects to mammals. Our research further
revealed that the 20E titer increased during metamorphosis,
which was consistent with the CTSD expression profile.

20E and juvenile hormone (JH) have opposite effects on
the regulation of the larval-pupal transition [26]. JH, via Kr-
h1, inhibits ecdysone biosynthesis in the prothoracic gland
(PGs) of Drosophila and Bombyx to resist metamorphosis. By
contrast, 20E represses Kr-hl expression to allow metamor-
phosis [34,35]. We found the titer of 20E is higher in the
midgut than in epidermis and fat body. The transcript levels
of genes in the 20E-pathway, including ecdysone 20-
monooxygenase, ~which  catalyzes ecdysone to  20-
hydroxyecdysone [36], EcR, Uspl, and Atgs, were higher in
the midgut than in other tissues. In contrast, the expression of
Kr-h1, the key transcription factor in JH signaling [37], was
low in the midgut. These data suggested that the expression
and maturation of CTSD in the midgut are related to the 20E
titer and gene expression.

Autophagy triggers the maturation of CTSD to promote
apoptosis

The mechanism of CTSD maturation is not well understood
[38]. Some studies suggested that cysteine proteases are
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Figure 9. M-CTSD induced apoptosis and pro-CTSD promoted cell proliferation. (A) Western blot showing the overexpression of m-CTSD-RFP and pro-CTSD-RFP in
HaEpi cells in Grace’s medium, respectively. An antibody against RFP was used. ACTB and Grace’s medium were used as loading controls for cell lysate and culture
medium, respectively (10% SDS-PAGE gel). (B) Detection of cell apoptosis by CASP3 activity. Red fluorescence represents RFP, pro-CTSD-RFP, or m-CTSD-RFP. Green
fluorescence represents the CASP3 activity, as assessed using a CASP3 activity detection kit. Blue fluorescence indicates DAPI-stained nuclei. Merge: the superimposed
images of the red, green, and blue fluorescence. Scale bar: 20 pm. (Bi) Statistical analysis of CASP3 active cells in (B). (C) Detection of DNA replication by the EdU
assay. Red: RFP, pro-CTSD-RFP, and m-CTSD-RFP; Green: EdU; Blue: nucleus stained with DAPI; Merge: the overlapped red, green, and blue fluorescence. Bar: 20 pm.
(Ci) Statistical analysis of EdU in (C). (D) Detection of cell proliferation by anti-phospho-histone H3 (Ser10) antibodies. Red: RFP, pro-CTSD-RFP, and m-CTSD-RFP;
Green: phospho-histone H3; Blue: nucleus stained with DAPI; Merge: the overlapped red, green, and blue fluorescence. Bar: 20 um. (Di) Statistical analysis of
phospho-histone H3 in (D). All the experiments were performed in triplicate, and statistical analysis was conducted using Student’s t-test (*p < 0.05, **p < 0.01). The
bars indicate the mean + SD.
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Figure 10. G-pro-CTSD promoted DNA replication and cell proliferation. (A and B) Detection of DNA replication and cell proliferation by EdU and anti-phospho-
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experiments were performed in triplicate, and statistical analysis was conducted using Student’s t-test (**p < 0.01). The bars indicate the mean + SD. (C) Detection of

G-pro-CTSD purity by 12.5% SDS-PAGE.

involved in the cleavage of pre-pro-CTSD to a 48 kDa form
and that CTSB (cathepsin B) or CTSL (cathepsin L) are
involved in the cleavage of CTSD to the 34 kDa mature
form [39]. In the present study, we observed that
G-m-CTSD existed in the larval midgut. However, blocking
autophagy using 3-MA and knockdown of Atgl, Atgd, Atg5,
Atg7, Atgl4, and Syx17 repressed CTSD maturation and
resulted in G-pro-CTSD being released into the hemolymph.
3-MA inhibits the formation of the autophagosome [40].
ATGI and ATGI4 are vital for the initiation of autophagy
[41,42]. ATG4, ATGS5, and ATG?7 are essential for the forma-
tion of the autophagosome [43,44]. SYX17 is necessary for the
maturation of autophagosome and fusion with lysosome [45].
Our data suggested that autophagy triggered CTSD matura-
tion and retained it in midgut cells.

CTSD is a lysosomal enzyme and exists in autolysosome in
autophagy [46,47]. CTSD is released to the cytosol by lysoso-
mal membrane permeabilization in the autophagy-dependent
way to trigger CASP3-dependent cell death in K562/ADM
cells [48]. The lysosome membrane permeability can be
affected by lysosomal-targeted BAX-facilitated autophagic
cell death [49]. The products by lysosomal degradation can
be exported by lysosomal membrane transporters [50]. The
degraded components in autolysosomes are released into the
cytosol by lysosomal efflux permeases [51]. In addition, some
ATGs have functions in secretion and exocytosis cargo

[52,53]. CTSL (cathepsin L) and CTSB (cathepsin B) are
released out of autolysosome to induce apoptosis [54].
H. armigera CTSD is supposed to be released from autolyso-
some to cytosol to activate CASP3 via a similar mechanism.

20E promotes both autophagy and apoptosis in
Lepidoptera [55,56]. Autophagy and apoptosis occur sequen-
tially in the midgut in lepidopteran insects [57]. 20E promotes
the transformation of autophagy to apoptosis by increasing
Ca”* influx in the midgut of H. armigera, and apoptosis relies
on autophagy [19]. The results of the present study provided
further evidence that autophagy determines apoptosis by trig-
gering CTSD maturation, which, in turn, promoted CASP3
cleavage and activation to induce apoptosis.

Glycosylation at N233 is necessary for the secretion of
pro-CTSD

CTSD is a glycoprotein [58]. However, the significance of
CTSD glycosylation is unknown. In the present study, we
revealed that glycosylation at N233 is necessary for the secre-
tion of pro-CTSD. The non-glycosylated-pro-CTSD is located
in epidermal cells. The glycosylated-pro-CTSD was released
from epidermal cells into the blood plasma. The possible
reason why G-m-CTSD was not released out of the midgut
after it was glycosylated is the action of autophagy, which
arrested G-m-CTSD in the midgut cells.
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Figure 11. The 20E titer and gene expression in tissues. (A) The 20E titer in the
hemolymph. (B) The 20E titer in tissues. (C-I) The relative mRNA levels of
ecdysone 20-monooxygenase, Kr-hl, EcR, Uspl, Atg4, Atg5, and Atg7. All the
experiments were performed in triplicate, and statistical analysis was conducted
using ANOVA; different lowercase letters indicate significant differences
(p < 0.05). The bars indicate mean + SD.

H. armigera CTSD shares 76% identity with the B. mori
CTSD [24,25]. However, BmCTSD is expressed in the larval
fat body at the final instar and larval gut at the pupal stage for

PCD of the larval fat body and midgut, whereas H. armigera
CTSD is expressed in the larval midgut to promote apoptosis
and in the pupal epidermis to secrete and promote adult fat
body proliferation, respectively. H. armigera CTSD shares
67% identity with the Drosophila CTSD, and 54% identity
with the human CTSD. The glycosylation sites around N233
of H. armigera CTSD are predicted in other species of insects
and mammals, e.g., N263 in humans [2], N236 in Drosophila,
and N255 in B. mori (Fig. S7), suggesting conservation of
glycosylation in this protein region.

Tissue-specific expression and maturation of CTSD
determine different tissue fates

CTSD plays dual functions in apoptosis and cell proliferation
in mammals [59,60]. M-CTSD promotes apoptosis and pro-
CTSD promotes cell proliferation in humans [2]. Our study
revealed that m-CTSD was specifically localized in the larval
midgut during metamorphosis, where it has a pro-apoptotic
function. In addition, pro-CTSD was specifically expressed in
the pupal epidermis, and it is secreted into the blood plasma
for endoreplication, cell proliferation, and reassociation of the
adult fat body. These data indicated that the specific expres-
sion and maturation of CTSD determine tissue fate, and its
dual functions, whereby m-CTSD promotes apoptosis and
pro-CTSD induces cell proliferation, are conserved from
insects to humans.

In Drosophila, the larval fat body dissociates during meta-
morphosis and retained in the adult stage, and apoptosis and
autophagy occur after adult emergence [61]. The imaginal fat
body arises by proliferation from adepithelial cells that associ-
ate with imaginal discs in Drosophila [62]. By contrast, pro-
teases-mediated apoptosis [63], dissociation [64,65], or
autophagy [66] are believed to be the mechanisms of larval
fat body histolysis at early pupal stages during metamorphosis
in Lepidoptera, and then the larval fat body is remodeled or
reassociated to form adult fat body [67]. However, mitosis was
not observed during adult fat body formation in the butterfly
Calpodes ethlius [68]. Here, we revealed, for the first time, that
both endoreplication and cell proliferation occurred during
adult fat body formation. EAU is a novel thymidine analog
that is incorporated into the DNA to indicate DNA synthesis
[69], and the phospho-histone H3 indicates chromosome
condensation during mitosis and meiosis [70]. However, the
cell proliferation signal was weaker than the DNA replication
signal during adult fat body formation, suggesting that endor-
eplication is the dominant process during adult fat body
formation. Endoreplication is an endocycle involving DNA
replication, but not cell division. Endoreplication is wide-
spread in insects, plants, and mammals, leading to polyploidy
as an advantageous strategy for the growth of terminally
differentiated cells and tissues [71]. Endoreplication has also
been observed in cancer tissues, inducing survival advan-
tages [72].

In addition to endoreplication and cell proliferation, we
also observed that the dissociated fat body could not be
reassociated when G-pro-CTSD was neutralized using the
antibodies. The secreted CTSD functions as an extracellular
ligand to increase cell proliferation via activation of MAPK1/



ERK2-MAPK3/ERK1 and AKT in epithelial ovarian cancer
[14]. The possible receptor of pro-CTSD, other than the
M6PR that binds M6P on pro-CTSD, is unclear [2]. We also
detected decreased Akt expression in the fat body after neu-
tralization of G-pro-CTSD by anti-CTSD antibodies, suggest-
ing that G-pro-CTSD may function via an AKT-related
pathway.

The imaginal midgut occurs cell proliferation at the final
instar larval stage [73]. The wing imaginal discs have grown to
full size by pupation in H. armigera [74]. The wings mitosis
occurs at earlier pupal stages [75]. Therefore, the imaginal
midgut was little affected, but the wings appeared abnormal
after the neutralization of G-pro-CTSD. Whether the G-pro-
CTSD in hemolymph promotes cell proliferation in other
tissues, such as the epidermis, requires further study.

In conclusion

The results of the present study suggested that pro-CTSD,
G-pro-CTSD, and G-m-CTSD were expressed in the epider-
mis, hemolymph, and midgut differently. The steroid hor-
mone 20E upregulates pro-CTSD expression. Pro-CTSD is
glycosylated at N233, which determines its secretion. 20E,
via autophagy, induces G-pro-CTSD maturation, and arrests
G-m-CTSD inside midgut cells to promote CASP3 activation
and larval midgut apoptosis. G-pro-CTSD is released into the
blood plasma from the pupal epidermis to promote endore-
plication, cell proliferation, and reassociation to form the
adult fat body (Figure 12).

Materials and Methods
Insects

Helicoverpa armigera specimens were obtained originally
from the Henan Agriculture University, Zhengzhou, China,
and were maintained in our laboratory at 27 + 1°C under
a light with a 14:10 h light-dark cycle. The larvae were reared
on the artificial diet described in previous work [76].

Cloning of the full-length cDNA and sequence analysis

A full-length ¢cDNA sequence for Ctsd was obtained by
H. armigera midgut transcriptome sequencing in our labora-
tory. The sequence has been submitted to GenBank and the
accession number is MH151895. The cDNA encodes a pre-
pro-CTSD of 384 amino acids with a calculated molecular
mass of 41 kDa, which contains a signal peptide (18 amino
acids, aa) and pro-CTSD (with the pro-peptide of 24 aa after
signal peptide and the mature CTSD of 342 aa, with
a calculated molecular mass of 36 kDa) (Fig. S8). Sequence
alignment was done with the DNAMAN 4.0 software from
Lynnon Corporation (http://www.lynnon.com/). The signal
peptide, propeptide, aspartyl proteases active sites, and
N-linked glycosylation sites were predicted using ScanProsite
(http://www.expasy.org/tools/scanprosite/). The EcRE motif
was predicted using the promoter binding site prediction
software (http://jaspar.binf.ku.dk/cgi-bin/jaspar_db.pl) with
the 5" upstream sequence of Ctsd obtained from the genome
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of H. armigera in https://www.ncbi.nlm.nih.gov/genome/anno
tation_euk/all/.

Cell culture

The Helicoverpa armigera epidermal cell line (HaEpi) was
established from H. armigera epidermis and has previously
been well characterized [77]. HaEpi cells were developed as
a loosely attached monolayer and were maintained at 27°C
with Grace’s insect cell culture medium (Gibco, 11300-043)
containing 10% fetal bovine serum (Gibco, 16140063).

Preparation of polyclonal antibodies against CTSD

The full-length cDNA of Ctsd was amplified with the selected
primers CtsdexF/R (Table S1) and was inserted into plasmid
pET30a(+) (Novagen, 69909-3). The recombinant plasmid
was transformed into competent Escherichia coli (BL21-DE3)
(Solarbio Life Sciences, C1400). CTSD was expressed and
formed in inclusion bodies. After denaturation and refolding,
the target protein was isolated by SDS-PAGE and the target
protein band was cut from the gel and used as an antigen to
produce rabbit polyclonal antibodies (Anti-CTSD antibodies)
using the method described previously [78]. (NH4),SO,
(Solarbio Life Sciences, A8820) precipitation of the antibodies
was performed and the product was further subjected to
affinity purification with the overexpressed CTSD in E. coli
conjugated to a CNBr-activated Sepharose 4B column
(General Electric Healthcare, 17-0430-01).

Western blot

The epidermis from the fifth instar to adult day 4 was dis-
sected, free from muscles and subepidermal fat body, washed
with phosphate-buffered saline (PBS; 140 mM NaCl, 2.7 mM
KCl, 10 mM Na,HPO,, 1.8 mM KH,PO,, pH 7.4). The mid-
gut from the fifth instar to adult day 4 was dissected and
remove the chyme of midgut, washed with PBS. The fat body
from the fifth instar to adult day 4 was dissected, washed with
PBS. Hemolymph from larvae at different developmental
stages was extracted and added to an equal amount antic-
oagulant (450 mM NaCl, 10 mM KCl, 10 mM EDTA [Sangon
Biotech, A500895], 10 mM HEPES [Solarbio Life Sciences,
H1070], pH 7.45). After centrifugation at 1000 x g, the super-
natant was diluted with PBS (1:8).

Proteins (50 pg) extracted from the tissues at different
developmental stages were separated using 10% SDS-PAGE
(Beyotime Biotechnology, P0690) and transferred onto
a nitrocellulose membrane (Solarbio Life Sciences, YA1711).
After being blocked with blocking buffer (2% nonfat milk
[Beyotime Biotechnology, P0216] in tris-buffered saline
[TBS; 150 mM NaCl, 10 mM Tris-HCl, pH 7.5]), the mem-
brane was incubated with antiserum against H. armigera
CTSD (1:500 diluted in 3% nonfat milk in TBS). The mem-
brane was then incubated with the secondary antibody alka-
line phosphatase (AP)-conjugated goat anti-rabbit IgG
(ZSGB-Biology, ZB2308) (1:10000 in the blocking buffer)
sequentially using our previously reported method [79]. The
ACTB was detected with a rabbit monoclonal antibody
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The time of different events during H. armigera development. (B) Mechanisms of CTSD plays dual functions. In the larval midgut, 20E upregulates CTSD expression
and maturation during metamorphic molting. 20E via autophagy triggers G-pro-CTSD maturation to G-m-CTSD, which is retained inside the midgut cells to promote
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the hemolymph, the G-pro-CTSD promotes endoreplication, cell proliferation, and reassociation of the adult fat body. pre: signal peptide; pro: pro-peptide; Autolyso:
autolysosome; C-CASP3: cleaved-CASP3.



against human ACTB (ABclonal Technology, AC026).
A monoclonal antibody against the red fluorescent protein
(RFP; ABclonal Technology, AE020) was diluted 1:5000 in 3%
nonfat milk in TBS to detect the overexpressed CTSD-REFP.
The secondary antibody was AP-conjugated horse anti-mouse
IgG (ZSGB-Biology, ZB2310) (1:10000 in the blocking buffer).
The western blotting signal was observed in 10 ml of a TBS
solution combined with 45 pl of 75 mg/ml p-nitro-blue tetra-
zolium chloride/NBT (Sangon Biotech, 298-83-9) and 35 pl of
50 mg/ml 5-bromo-4-chloro-3-indolyl phosphate/BCIP
(Sangon Biotech, 6578-06-9) in the dark for 20 min. The
protein markers used for western blotting were from
Thermo Fisher Scientific (26616), with molecular masses
from 10 kDa-170 kDa, or 10 kDa-180 kDa.

Tissue culture

The epidermis, midgut, and fat body were dissected from
the day 2 pupae (P-2 d) and cut into four segments and
cultured in 24-well plates with 100 pl Grace’s medium with
serum for 12 h. Tissue proteins were extracted and Grace’s
medium was collected for western blotting. In inhibition
experiments, the midgut from three sixth instar 6 h larvae
were cut into four pieces and cultured in 24-well plates with
100 pl Grace’s medium with serum for 12 h. Subsequently, the
midgut was added with 2 uM MG-132 (Selleck Chemicals,
$2619), 10 pM 3-MA (Selleck Chemicals, S2767), 25 pM CQ
(Sangon Biotech, A506569), or 10 uM Ac-DEVD-CHO
(Biotium, 99969) for 1 h and then incubated with 5 pM 20E
(Sigma- Aldrich, H5142) for 6 h. DMSO (Solarbio Life
Sciences, D8371) was used as the solvent control of 20E.
MG-132 was used to inhibit proteasome and calpain activities
[80], 3-MA inhibited autophagosome formation [81], CQ was
used to inhibit autolysosome acidification [82], and Ac-DEVD
-CHO was an inhibitor of apoptosis [19]. The concentration
of all inhibitors was the final concentration. Proteins from
various experiments were used for western blotting with rab-
bit antiserum against H. armigera CTSD and AP-conjugated
goat anti-rabbit IgG.

Quantitative real-time reverse transcription PCR
(QRT-PCR)

cDNA was synthesized using a FastQuant RT Kit (TTANGEN
BIOTECH, KR140818). QRT-PCR was carried out with
a Power 2x SYBR real-time PCR pre-mixture (BioTeke
Corporation, PR7011) using a real-time thermal cycler (Bio-
Rad, CA, USA) and the primers (Table S1). H. armigera
ACTB (GenBank number EU52707) was used as the internal
standard. The data from 3 independent experiments and 3
technique repeats were analyzed by 27%*“T  method
(AACT = ACTreated sample‘ACTcnntrob ACT = CTgene' CTacw)
[83].

Examination of glycosylation of CTSD

The PNGase reagent (New England Biolabs, P0704) was used
to remove N-glycosylation according to the manufacturers’
instructions. The epidermis, midgut, and blood plasma

AUTOPHAGY 1187

proteins at P-2 d stage were extracted using 40 mM Tris-
HCI buffer, pH 7.5. Proteins (10 pg proteins in 9 yul Tris-HCI
buffer) were added with 1 pl of 10 x glycoprotein denaturing
buffer (5% SDS, 4 mM DTT; New England Biolabs, B1704 S)
and boiled at 100°C for 10 min. Subsequently, 2 ul of 10
x glycobuffer 2 (500 mM Sodium phosphate, pH 7.5; New
England Biolabs, B3704 S), 2 ul of 10% NP-40 (New England
Biolabs, B2704 S) and 1 pl of PNGase were added, and water
was added to 20 pl, followed by incubation at 37°C for 1 h.
The control group was incubated in at equal volume protein
denaturation solution and then incubated in boiling water at
100°C for 10 min. The samples were examined by western
blotting with antiserum against H. armigera CTSD (1:500
diluted in 3% nonfat milk in TBS) and the secondary antibody
AP-conjugated goat anti-rabbit IgG (1:10000 in the blocking
buffer).

Overexpression of CTSD and its mutants in HaEpi cells

The sequence encoding the predicted N-linked glycosylation
sites of full-length CTSD at N121 and N233 were subjected to
a single site or double site mutation by replacing asparagine
with glutamine using primers and PCR. Proofreading DNA
polymerase (Transgen Biotech, AP131-03) was used to amplify
the DNA encoding full-length CTSD and its mutants via PCR
with various primers (Table S1). All the fragments were
inserted into plasmid pIEx-4-His plasmid (Novagen, 71235-3)
and fused in-frame with a sequence encoding RFP at the
C-terminus of the target proteins. The plasmid (5 pug/ml) was
transfected into HaEpi cells using the Quick Shuttle-enhanced
transfection  reagent  (Biodragon Immunotechnologies,
KX0110042). After 48 h of transfection, total cellular proteins
were extracted from cells for western blotting analysis or other
experiments.

Enrichment of CTSD by anti-CTSD antibodies

The secreted pro-CTSD-RFP in Grace’s medium was enriched
using the anti-CTSD antibodies from 1.5 ml Grace’s medium
for each experiment. Grace’s medium (1.5 ml with the
secreted pro-CTSD-RFP) was added 35 ul of protein
A (Smart-Lifesciences, SA012005) and incubated at 4°C for
1 h to exclude the nonspecific binding of protein A with the
proteins. After centrifugation, the supernatant was added
15 pl (2 pg/ul) of anti-CTSD antibodies that was purified
with the overexpressed CTSD and incubated at 4°C for 4 h.
Then, 35 pl new protein A was added and the sample incu-
bated for 1 h at 4°C. After centrifugation, the precipitates were
suspended in 50 pl PBS for western blotting analysis.
A monoclonal antibody against RFP was diluted 1:5000 in
3% nonfat milk in TBS to detect overexpressed CTSD. The
secondary antibody was AP-conjugated horse anti-mouse IgG
(1:10000 in the blocking buffer).

20E induction of CTSD expression in the larval midgut
and the pupal epidermis

The sixth instar 6 h larva was injected with 50, 100, 200, and
500 ng of 20E for 6 h, or injected with 500 ng for 1, 3, 6, 12,
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and 24 h. The pupa on day 2 was injected with 50, 100, 200,
and 500 ng of 20E for 6 h, or injected with 500 ng for 1, 3, 6,
12, and 24 h. The same volume of DMSO was injected as
a 20E solvent control. Proteins from various experiments were
used for western blotting analysis with rabbit antiserum
against H. armigera CTSD and AP-conjugated goat anti-
rabbit IgG.

RNA interference (RNAi) of EcR and Usp1 in HaEpi cells

For RNAi of H. armigera EcR (Ecdysone receptor; Accession:
ACD74807.1) and Uspl (ultraspiracle isoform 1; Accession:
ACD74808.1) in HaEpi cells, 2 pg of dsEcR or dsUspl was
transfected into the cells using the QuickShuttle-enhanced
transfection reagent in 1 ml Grace’s medium, according to
the manufacturer’s instructions, while the control group
received an equivalent amount of dsGFP. After 48 h of
dsRNA treatment, 2 uM 20E or an equivalent amount of
DMSO was added to the cell culture medium, followed by
an additional 6 h of incubation. Total RNA was then extracted
from the cells for QRT-PCR analysis.

Chromatin immunoprecipitation (ChIP) assay

The EcR-RFP-His plasmid was transfected into 70% density
cells in six-well plates for 72 h. The cells were then treated
with 5 pM 20E for 3 h. DMSO treatment was used as control.
The ChIP Assay Kit (Beyotime Biotechnology, P2078) was
used for the following assay. Then, 40.5 pl of formaldehyde
(Sigma-Aldrich, 252549) was added to the cells in 1.5 ml
Grace’s medium and gently mixed (final concentration as
1%) and incubated at 37°C for 10 min for the crossing-link
of the proteins to DNA. Then, 165 ul of glycine solution (10
x) (Beyotime Biotechnology, P2078-2) was added and mixed
gently at room temperature for 5 min. The cells were washed
twice with ice-cold PBS with 1 mM PMSF (Sangon Biotech,
A100754) and harvested by centrifugation. The cells were
resuspended in 400 ul of SDS lysis buffer (Beyotime
Biotechnology, P2078-11) with 1 mM PMSEF. Ultrasonication
was performed to break up the genomic DNA into 200-1,000
bp fragments. After centrifugation, the supernatant was added
with 400 pl of ChIP dilution buffer (Beyotime Biotechnology,
P2078-3) containing 1 mM PMSF to dilute the sample to
a final volume of 900 ul, with Protein A + G Agarose-
salmon sperm DNA (Beyotime Biotechnology, P2078-1) at
4°C for 1 h. After centrifugation, 300 pl of the supernatant
was used as an input sample for QRT-PCR, the remaining
supernatant of the experimental group was incubated with the
anti-RFP antibody. The Protein A + G Agarose-salmon sperm
DNA was added to collect the protein and DNA complex at 4°
C. The complex was washed as follows: once with low salt
buffer (Beyotime Biotechnology, P2078-4); once with high salt
wash buffer (Beyotime Biotechnology, P2078-5); once with
LiCl wash buffer (Beyotime Biotechnology, P2078-6); and
twice with TE buffer (Beyotime Biotechnology, P2078-7).
The proteins were eluted with buffer (1% SDS, 100 mM
NaHCOj3). The DNA-protein cross-links were reversed at
65°C for 4 h and treated with RNase A (Beyotime
Biotechnology, ST576) at 37°C for 1 h and proteinase

K (Sangon Biotech, A510453) at 45°C for 2 h; the input
sample was processed in the same way. DNA was purified
and analyzed by QRT-PCR to detect the EcR-USP1-binding
elements in the H. armigera Ctsd promoter region using the
Ctsd PF/Ctsd PR primers shown in Table S1. IgG was used as
a positive control.

RNAIi of Atgs and Syx17 in larvae

The depletion of Atg (encoding autophagy-related cysteine pro-
teases) genes and Syx17 (encoding syntaxin 17 for fusing autop-
hagosome with lysosome) in the insects was performed through
the injection of a > 500 bp long dsRNAs for Atg4
(XM_021327178.1), Atg5 (KT895433.1), Atg7 (XM_021
331200.1), Atgl (XM_021329719.1), Atgl4 (XM_021335677.1),
and Syx17 (XM_021344066.1) (dsAtg4, dsAtg5, dsAtg7, dsAtgl,
dsAtgl4, and dsSyx17). The long dsRNAs can be used in worms
[84] and insects [74] and can be broken down into several smaller
dsRNA in vivo [85]. Two micrograms of dsAtg4, dsAtg5, dsAtg7,
dsAtgl, dsAtgl4, and dsSyx17 (in 5 ul PBS) were first injected into
the hemocoel of the sixth instar 6 h larva for 24 h, respectively,
followed by a second injection of 2 pg dsAtgd, dsAtg5, dsAtg7,
dsAtgl, dsAtgl4, and dsSyx17 for 24 h. The control larvae received
two injections of an equal amount of dsGFP. After the second
injection of dsRNA for 24 h, 500 ng (in 5 pl PBS) 20E was injected
into the larva for 6 h. Proteins from various experiments were used
for western blotting analysis with rabbit antiserum against
H. armigera CTSD and AP-conjugated goat anti-rabbit IgG.

Immunohistochemistry

Midguts were dissected from larvae. After washing with PBS,
the midgut was fixed in 4% paraformaldehyde overnight at 4°
C. The fixed tissues were submitted to a professional company
(Servicebio, Wuhan, China) for processing into slides and for
HE staining. The anti-CTSD antibodies (1:500) were used to
indicate the distribution of CTSD in the midgut. Pre-immune
rabbit serum was used to replace the anti-CTSD antibodies as
negative controls. The secondary antibody was Cy3 conju-
gated goat anti-rabbit IgG (H + L) (1:200; Servicebio,
GB21303). CASP3 was detected with the rabbit polyclonal
antibodies against H. armigera CASP3 (anti-CASP3 antibo-
dies) prepared in our laboratory (1:500). The secondary anti-
body was FITC-conjugated goat anti-rabbit IgG (H + L)
(1:200; Servicebio, GB22303). The anti-phospho-histone H3
(Ser10; Cell Signaling Technology, 9701) antibodies (1:200)
were used to indicate proliferative cells in the fat body. The
secondary antibody was Cy3-conjugated goat anti-rabbit IgG
(H + L) (1:200). Fluorescence of the section was detected
using an Olympus BX51 fluorescence microscope (Olympus
Optical Co, Tokyo, Japan).

RNAi of CTSD in larvae

DsRNA was synthesized using Ctsd cDNA as the template
(433 bp) with the MEGAscript™ RNAi kit (Thermo Fisher
Scientific, AM1626) and the primers shown in Table S1. The
depletion of Ctsd and other genes in the insects were per-
formed through the injection of a long dsRNA of Ctsd



(dsCtsd). 2 ug of dsCtsd was injected into the hemocoel of
sixth instar 6 h larva for 24 h, and 2 ug of dsCtsd was injected
a second time to observe pupation. 20E (500 ng) was injected
into larva after the second injection of dsCtsd for 12 h. An
equivalent amount of DMSO was used as a control. Ninety
larvae were injected with the dsCtsd. The control larvae
received the same number and amount of dsGFP injections.

Neutralization of G-pro-CTSD in pupae

To neutralize the G-pro-CTSD in hemolymph in pupae, the
rabbit polyclonal antibodies against H. armigera CTSD were
purified by protein A. Every 4 g anti-CTSD antibodies were
injected into the hemolymph of pupa on day 2 and day 4 for
twice. Equal amount of rabbit IgG was injected as a negative
control. Fat body was dissected from the third section of the
back at day 2 pupa to adult into PBS to observe the fat body
form. Midgut was dissected and stained with HE staining.
Ninety pupae were examined in each experimental group for
statistical analysis of emergence.

CASP3 activity assay in HaEpi

RFP, full-length CTSD-RFP, and m-CTSD-RFP were over-
expressed using the pIEx-4-RFP-His plasmid in HaEpi cells
for 48 h, respectively. The activity of CASP3 was detected
using a NucView 488 CASP3 assay kit via immunocytochem-
istry, according to the manufacturer’s instructions (Biotium,
30029). The NucView 488 CASP3 Substrate (5 uM) was added
to the cell culture media, followed by 0.5 h incubation at room
temperature. Finally, the nuclei were stained with 10 pg/ml
DAPI (KeyGEN Biotechnology, KGA215) 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, Japan).

5-Ethynyl-2 -deoxyuridine (EdU) detection

RFP, full-length CTSD-RFP, and m-CTSD-RFP were over-
expressed using the pIEx-4-RFP-His plasmid in HaEpi cells
for 48 h, respectively. An EAU Kit (Ribobio, C10310-3) was
used to detect cell proliferation levels according to the man-
ufacturer’s protocol. The cells were incubated with 100 pl of
EdU substrate (20 uM, Grace’s: buffer A = 2500: 1) for 6 h.
The fat body was dissected and cultured in Grace’s medium
with 20 uM EdU substrate for 24 h under 27°C. After being
washed with Dulbecco’s phosphate-buffered saline (DPBS;
137 mM NaCl, 2.7 mM KCl, 1.5 mM KH,PO,, 8 mM Na,
HPO,, pH 7.5) for 5 min, the cells were fixed in the dark
using 100 pl 4% paraformaldehyde for 30 min at room tem-
perature. The cells were then incubated with 100 pl of 2 mg/
ml glycine (Solarbio Life Sciences, G8200) for 5 min with
shaking, and washed with DPBS for 5 min twice. The cells
were incubated with 1 x Apollo staining reaction liquid for
30 min in a shaking device in the dark, and washed by DPBS
for 10 min twice. Cells were incubated in the dark with 1
x Hoechst 33342 (Ribobio, C00033) staining reaction (deio-
nized water: Hoechst 33342 = 100: 1) for 30 min with shaking,
and then washed with DPBS for 5 min twice. The cells were
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observed using a Zeiss LSM 700 laser confocal microscope
(Zeiss) or an Olympus BX51 fluorescence microscope
(Shinjuku-ku, Tokyo, Japan).

Phospho-Histone H3 (Ser10) detection

RFP, full-length CTSD-RFP, and m-CTSD-RFP were over-
expressed in HaEpi cells at a density of 2 x 10°> with 500 ul
Grace’s medium supplemented with 10% fetal bovine serum
for 48 h. Then, the cells were fixed in 4% paraformaldehyde
for 10 min and washed with PBS three times. The cells were
blocked with 5% BSA in PBS for 1 h. The phospho-histone H3
(Ser10) Antibody (rabbit polyclonal antibodies; Cell Signaling
Technology, 9701) was diluted (1:800) in 500 pl 5% BSA
(Solarbio Life Sciences, A8020) and was added to cells over-
night at 4°C. The cells were washed three times for 5 min each
with PBS and incubated with goat anti-rabbit IgG Alexa Fluor
488 (Thermo Fisher Scientific, R37116) diluted with 1:1000
for 1 h at 37°C after being washed three times for 5 min each.
The nuclei were stained with DAPI for 10 min at room
temperature and washed three times for 5 min each with PBS.

Purification of G-pro-CTSD

The CNBr-activated Sepharose 4B was conjugated with anti-
CTSD antibodies. The blood plasma collected from three
pupae on day 2 was added to an equal volume of anticoagu-
lant (same as that in western blot) and incubated with CNBr-
activated Sepharose 4B-anti-CTSD antibodies overnight at 4°
C. The CNBr beads were washed with washing buffer (0.1 M
Tris-HCL, 0.1 M NaCl, pH 8.0) for twice, and G-pro-CTSD
protein was eluted by buffer (0.1 M glycine, pH 2.5) and was
neutralized with 1 M Tris-HCI, pH 8.0 for experiments.

Detection of the 20E titer

100 pl hemolymph was quickly collected from more than
three larvae or pupae at different developmental stages. The
hemocytes were removed by centrifugation at 1000 x g for
2 min at room temperature immediately. The supernatant
was frozen in liquid nitrogen and freeze-dried using a freeze-
dry system (LABCONCO, 77530-01, American) for 6 h. The
sample was directly dissolved with 500 ul EIA buffer (Bertin
Pharma, A05120) without 80% methyl alcohol extraction and
centrifuged at 10,000 x g for 10 min at 4°C. The supernatant
was diluted 1000 times by EIA buffer for further assay.
100 mg of epidermis, midgut, fat body, wing disks and
hemolymph with hemocytes (100 pl) were dissected from
more than three larvae at 6th instar 96 h and were put into
liquid nitrogen immediately to prevent melanization. In
CTSD neutralization experiment, 100 mg of epidermis, mid-
gut, fat body and hemolymph (100 ul) were dissected from
more than pupae on pupa 4 d and pupa 6 d about IgG
injection and put into liquid nitrogen immediately to prevent
melanization, and the tissues of anti-CTSD from equal devel-
opmental stages according to eye pigmentation. The tissues
were freeze-dried overnight. The powders were dissolved in
500 ul 80% methyl alcohol and ground in an ice-cold mortar.
After centrifugation at 10000 x g for 10 min, the supernatant
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was air-dried at room temperature. The precipitates were
completely dissolved with 100 pl of EIA buffer. Each sample
was diluted 1000 times with EIA buffer before the detection
of the 20E concentration. A 50 ul sample was used to detect
20E using a 20E Enzyme Immunoassay kit (Bertin Pharma,
A05120). The 20E molar concentration was calculated by the
formula ¢ = p/M (¢, the molar concentration of 20E; p, the
mass of 20E in 100 pl hemolymph; M, molar mass of 20E,
480.63 g/mol).

Statistical analysis

Data were analyzed using Student’s t-test for paired compar-
isons or analysis of variance (ANOVA) for multiple compar-
isons. The error bars in the figures represent the mean +
standard deviation (SD) of three independent experiments.
Significance was determined using a two-tailed paired test
for statistical analysis. In the figures, an asterisk indicates
statistical significance (*p < 0.05, **p < 0.01, and
***p < 0.001). The figures were produced using GraphPad
7.0 data view software. The different lowercase letters indicate
significant differences (p < 0.05) in the ANOVA analysis.
Western blotting bands were analyzed according to three
independent replicates using Image] software (National
Institutes of Health, http//imagej.nih.gov/ij/download.html).
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