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a b s t r a c t

Autophagy regulates cell survival (or cell death in several cases), whereas apoptosis regulates cell death.
However, the relationship between autophagy and apoptosis and the regulative mechanism is unclear.
We report that steroid hormone 20-hydroxyecdysone (20E) promotes switching from autophagy to
apoptosis by increasing intracellular calcium levels in the midgut of the lepidopteran insect Helicoverpa
armigera. Autophagy and apoptosis sequentially occurred during midgut programmed cell death under
20E regulation, in which lower concentrations of 20E induced microtubule-associated protein 1 light
chain 3ephosphatidylethanolamine (LC3eII, also known as autophagy-related gene 8, ATG8) expression
and autophagy. High concentrations of 20E induced cleavage of ATG5 to NtATG5 and pro-caspase-3 to
active caspase-3, which led to a switch from autophagy to apoptosis. Blocking autophagy by knockdown
of ATG5, ATG7, or ATG12, or with the autophagy inhibitor 3-methyladenine, inhibited 20E-induced
autophagy and apoptosis. Blocking apoptosis by using the apoptosis inhibitor Ac-DEVD-CHO did not
prevent 20E-induced autophagy, suggesting that apoptosis relies on autophagy. ATG5 knockdown
resulted in abnormal pupation and delayed pupation time. High concentrations of 20E induced high
levels of intracellular Ca2þ, NtATG5, and active caspase-3, which mediated the switch from autophagy to
apoptosis. Blocking 20E-mediated increase of cellular Ca2þ caused a decrease of NtATG5 and active
caspase-3 and repressed the transformation from autophagy to apoptosis, thereby promoting cell sur-
vival. 20E induces an increase in the concentration of intracellular Ca2þ, thereby switching autophagic
cell survival to apoptotic cell death.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Autophagy is a process inwhich cells capture and consume their
own cytoplasm and organelles to survive during stress or nutrient
shortage (Rabinowitz and White, 2010). The process of autophagy
mainly consists of a double-membrane autophagosome and auto-
lysosome formation, which involves two evolutionarily conserved
ubiquitin-like conjugation systems, as follows: the Atg12-Atg5
al-Asp-CHO; ATG, autophagy
rochloride; DMSO, dimethyl
zine dihydrochloride; HaEpi,
osin; LC3, microtubule-asso-
ATG5; PYR3, pyrazole com-
in C; 3-MA, 3-Methyladenine;
(required for autophagosome membrane formation); and ATG8
(also known as microtubule-associated protein 1 light chain, LC3).
LC3 can be divided by cysteine protease and then connected to
phosphatidylethanolamine (PE) to form ATG8-PE/LC3-II, which is
marked in the double-membrane of autophagosomes and autoly-
sosomes as an indicator of autophagy (Burman and Ktistakis, 2010;
Liang, 2010). Apoptosis is characterized by DNA fragmentation and
caspase activation; therefore, caspase activity can be used to di-
agnose apoptosis (Baehrecke, 2005). Caspase-3 is an apoptosis
executor that indicates apoptosis (Courtiade et al., 2011). The
upregulation of cleaved-caspase-3 level represents apoptosis
reinforcement (Torkzadeh-Mahani et al., 2012). ATG5 is cleaved by
calcium-dependent proteinase calpain to produce N-terminal ATG5
(NtATG5), which inhibits autophagy and targets NtATG5 to mito-
chondria, thereby inducing the release of cytochrome c to switch
autophagy to apoptosis (Pyo et al., 2005).

In addition to autophagic cell survival, autophagic death has
been reported in Drosophila salivary glands (Berry and Baehrecke,
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2007). Autophagy can also be converted to apoptosis under
excessive interleukin-24 stimulation as the knockdown/knockout
of autophagy-related genes (ATGs) reduces cell death (Bhutia et al.,
2011), whereas apoptosis results in cell death (Zocchi et al., 1998).
Inhibition or deficiency of apoptosis protein caspase8 results in
excessive autophagy (Yu et al., 2004), and inhibition of autophagy
induces apoptosis (Fang et al., 2014), thereby suggesting counter-
active roles between autophagy and apoptosis. The relationship
among autophagy, apoptosis, and the regulatory mechanisms are
complicated and are not completely demonstrated (Tracy and
Baehrecke, 2013).

Calciummobilization and homeostasis in cells are important for
a number of cellular functions (Berridge et al., 2000). Cytosolic Ca2þ

is kept at low levels (10e100 nM), whereas extracellular Ca2þ is
maintained at much higher levels (Clapham, 2007). In a few cell
types, increasing Ca2þ can trigger autophagy, whereas increasing
Ca2þ in others can activate calpain to cleave ATG in order to
generate ATG5 to NtATG5, thereby inhibiting autophagy but pro-
moting apoptosis (Friedrich, 2004; Herrero-Martin et al., 2009;
Hoyer-Hansen et al., 2007; Pinter and Friedrich, 1988; Pyo et al.,
2005). Ca2þ could be the key factor in regulating autophagy and
apoptosis. However, the regulation role of Ca2þ in either autophagy
or apoptosis is unclear.

The midgut undergoes remodeling, which involves the degra-
dation of larval midgut and the formation of an imaginal midgut
during metamorphosis in insects (Hakim et al., 2010). The degra-
dation of the larval midgut is involved in programmed cell death
(PCD); this process provides nutrients for the imaginal midgut
formation in lepidoptera (Tettamanti et al., 2007).

The midgut PCD in dipteran Drosophila resulted from auto-
phagic cell death but not apoptotic cell death (Denton et al.,
2009). Drosophila midgut autophagy and apoptosis are both
enhanced by steroid hormone 20E (Santhanam et al., 2014).
Autophagy and apoptosis sequentially occurred in midgut PCD in
lepidopteran Bombyx (Franzetti et al., 2012). The steroid hormone
20E promotes midgut PCD (Iga et al., 2010; Manaboon et al.,
2009). 20E also promotes autophagy-related and apoptosis-
related gene expression (Romanelli et al., 2014). Moreover, 20E
can induce an intracellular Ca2þ increase to promote apoptosis in
the lepidopteran insect H. armigera (Cai et al., 2014; Liu et al.,
2014; Wang et al., 2016). Therefore, the 20E-induced midgut
PCD is a good model for studying the relationship between
autophagy and apoptosis.

H. armigera, a Lepidopteran insect that is considered a serious
agricultural pest, was used as the model for these experiments.
High 20E concentration induces high intracellular Ca2þ levels,
which induces the transformation from autophagy to apoptosis.
Higher Ca2þ levels regulate ATG5 cleavage to NtATG5 to active
caspase-3 for apoptosis. Autophagy maintains cell survival whereas
apoptosis results in cell death. The higher concentration of intra-
cellular Ca2þ switches autophagic cell survival to apoptotic cell
death under 20E induction.
2. Materials and methods

2.1. Animals and cell culture

H. armigera larva were raised on an artificial diet at 28 �C with a
dark to light (10:14 h) in the laboratory. The H. armigera epidermal
cell line (HaEpi) was cultured at 26 �C and was seeded in 4 mL of
Grace's medium including 10% inactivated bovine serum without
any antibiotics (Shao et al., 2008). All of the experiments were
carried out at a density of 5 � 105 cells and were maintained under
normal growth conditions for 96 h.
2.2. 20E treatment of HaEpi cells

The HaEpi cells were cultured with 5 mM 20E (Sigma, St Louis,
MO, USA) for 1, 6, 24, 48, or 72 h or cultured with 1, 2, 5, 10 mM 20E
for 24 h in Grace's medium at 27 �C. The same volume of dime-
thylsulfoxide (DMSO) was added as a 20E solvent control. The total
proteins were extracted from cells with 40 mM Tri-HCl for Western
blot assays.

2.3. Western blot

The Bradford method was used to determine the protein con-
centration (Bradford, 1976). Fifty micrograms of protein were
separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) (12.5%) and then transferred onto nitrocellu-
lose membranes. The membranes were incubated for 1 h at room
temperature in blocking buffer consisting of a 10 mM Tri-buffered
saline (TBS) solution and 2e5% fat-free powdered milk. The pri-
mary rabbit anti-LC3, ATG5 or Caspase-3 polyclonal antibody was
added into the blocking buffer (1:100 diluted) overnight at 4 �C, and
then, the secondary rabbit antibody, labeled with alkaline phos-
phatase, was added at a dilution of 1:10000 in blocking buffer. The
Western blot signal was observed in 10 mL of a Tri-buffered saline
solution combined with 45 mL of 5% p-nitro-blue tetrazolium
chloride (NBT) and 35 mL of 5% 5-bromo-4-chloro-3-indolyl phos-
phate (BCIP) in the dark for 10 min. Quantitative analysis of
Western bands was performed by Quantity One® software.

2.4. Autophagy detection

The anti-rabbit polyclonal antibody against H. armigera LC3 was
prepared to detect LC3 by Western blot analysis. H. armigera full
length LC3 was expressed in Escherichia coli by a PET-30a plasmid.
Two-hundred micrograms of purified LC3 in 1 mL of TBS was mixed
with 1 mL of complete Freund's adjuvant and injected into a rabbit
subcutaneously to prepare the antibody according to the previous
description (Sui et al., 2009). ATG5 antiserum was prepared by the
samemethod. The green fluorescence protein (GFP) was fused with
LC3 to produce GFP-LC3-II to indicate the development of auto-
phagy from autophagosomes to autolysosomes by GFP laminating
fluorescence at neutral pH in autophagosomes and quenching at
acidic pH in autolysosomes (Tasdemir et al., 2008). A RFP-GFP-LC3-
His fusion proteinwas overexpressed for 48 h in HaEpi cells by pIEx-
4-RFP-GFP-LC3-His reporter plasmid to detect autophagosomes and
autolysosomes. A cell-penetrating TAT peptide (TATGGCAGGAA-
GAAGCGGAGACAGCGACGAAGA) (Zhou et al., 2015) was fused with
RFP and LC3 (His-TAT-RFP-LC3-His) and was expressed in E. coli by
the pET30a-TAT-RFP-LC3 plasmid. His-TAT-RFP-LC3-His was purified
to detect autophagosomes in HaEpi cells. The autophagy inhibitor
3-Methyladenine (10 mM, 3-MA, NO. 5142-23-4, Gene Operation,
USA) was added or injected as a negative control in HaEpi cells or
the midgut, respectively, to detect the expression of LC3/autopha-
gosomes in HaEpi cells and midgut.

2.5. Immunohistochemistry

The larval midgut was isolated and then treated with 4% para-
formaldehyde at 4 �C overnight and gradient-dehydrated. The pre-
pared midgut tissues were embedded in paraffin, cut into 7-mm
sections, adhered to gelatin-coated glass slides, and dried at 42 �C
overnight. The slides were dewaxed, gradient-rehydrated and then
digestedwith 20 mMproteinase K at 37 �C for 10min. The slideswere
blocked in blocking buffer for 30 min at 37 �C and a rabbit anti-H.
armigera LC3polyclonal antibody (1: 100) or anti-human,mouse, rat
Caspase-3 polyclonal antibody (pAb) (1: 300) (WL01589,Wanleibio,



Table 1
Primers used in the experiments.

Primer name Sequence (5′-3′)

ATG5-RTF ATGGCTAACGATAGAGAAG
ATG5-RTR AGTTAGATGCCACGGAAG
ATG7-RTF AAGCCAGCGTGCCTCCCTA
ATG7-RTR CTGTCTGAATGGCGGGCGA
ATG12-RTF CACCGTCACCAGACCAGTTAG
ATG12-RTR TGATTTCCCACAATGAACCTTA
ATG5RNAiF TAATACGACTCACTATAGGATGAAAAGACACTTCCTG
ATG5RNAiR TAATACGACTCACTATAGGTTGCAATGTCTTCCTAC
ATG7RNAiF TAATACGACTCACTATAGGGTTCAGTTATCGTGGCG
ATG7RNAiR TAATACGACTCACTATAGGGAGTTGGGCAGTGGTCT
ATG12RNAiF TAATACGACTCACTATAGGAAATAAATGGGTGACGAAAAGC
ATG12 RNAiR TAATACGACTCACTATAGGCTAACTGGTCTGGTGACGGTGC
caspase-3RNAiF TAATACGACTCACTATAGGATGTGTGTCACTATCCTG
caspase-3RNAiR TAATACGACTCACTATAGGAAATTTCAGCAGCAGCTTTG
GFPRNAiF GCGTAATACGACTCACTATAGGTGGTCCCAATTCTCGTGGAAC
GFPRNAiR GCGTAATACGACTCACTATAGGCTTGAAGTTGACCTTGATGCC
ATG5exF TACTCAGAATTCAAGATGAAAAGACAC
ATG5exR TACTCACTCGAGTCAATGTGATTCCATCAA
LC3exF TACTCAGGATCCATGAATTCCAATATAAAG
LC3exR TACTCAGAGGTCATATCCATATACATTC
LC3GBDF TACTCAGCGGCCGCAATGAATTCCAATATAAAG
LC3GBDR TACTCACTCGAGATATCCATATACATTC
RFPF TACTCAGAGCTCATGGCCTCCTCCGAGGACGTC
RFPR TACTCAAGATCTGGGCGCCGGTGGAGTGGCGGCC
GFPF TACTCAAGATCTCGATGAGCAAGGGCGAGGAAC
GFPR TACTCAGCGGCCGCTCTTGTACAGCTCGTCCAT
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Shen Yang, China) was added overnight at 4 �C. The slides were
washed with phosphate buffered saline (PBS: 10 mM Tris-HCl, pH
7.5; 150 mM NaCl) three times, and then, 1 mL of a secondary anti-
body against goat IgG labeled with Alexa Fluor 488 (anti-rabbit-
Alexa Fluor 488) was added to 10 mL of blocking buffer at 37 �C for
1 h. The nuclei were stained with 1 mg/mL DAPI (40, 6-diamidino-2-
phenylindole) (AnaSpec, Inc., San Jose, CA, USA) for 10 min at room
temperature. AnOlympusBX51fluorescencemicroscope (Shinjuku-
ku, Tokyo, Japan) was used to observe fluorescent.

2.6. Hematoxylin eosin (HE) staining

The rehydrated histologic sections were stained by hematoxylin
(hematoxylin 1 g, 10 mL of ethanol, 20 g of KAl(SO4)2 200 mL of
H2O) for 10 min, washed with running water for 1 min and stained
with Scott TapWater/Bluing (0.35 g of NaHCO3 and 2 g of MgSO4
dissolved PBS) for 1 min. They were thenwashed with hydrochloric
acid ethanol differentiation medium (70% ethanol in 1% hydro-
chloric acid) for 20 s, stained with Scott TapWater/Bluing for 1 min,
washed with 1% ammonia water for 30 s, incubated with a 0.5%
eosin staining solution for 30 s, and then washed with water for
1 min. The images were observed with an Olympus BX51 fluores-
cence microscope.

2.7. RNA interference (RNAi) in larvae and HaEpi cells

dsRNA was synthesized using a MEGAscriptTM RNAi kit
(Ambion, Austin, Texas, USA). In HaEpi cells, 500 ng of dsRNA of
ATG5 (dsATG5, 499 bp) was mixed with 5 mL of QuickShuttle-
enhanced transfection reagent (Beijing immunotechnologies cor-
poration China) in 2 mL of Grace's medium, and 500 ng of dsRNA of
GFP (dsGFP, 513 bp) was used as a non-specific RNAi control. Cells
were cultured for 48 h after transfection with dsATG5 or dsGFP in
Grace's medium and 5 mM 20E was subsequently added. In larvae,
6th instar 6 h larvae were injected with 500 ng of dsATG5 or dsGFP
and 500 ng of 20E.

2.8. Quantitative real-time PCR (qRT-PCR)

Weextracted total RNA fromtreated cells andmidgutwith TRIzol
Reagent according to the manufacturers' instructions (CWbio Bei-
jing, China). cDNAwas synthesizedaccording to the FastQuantRTKit
(TIANGEN BIOTECH Beijing, China. qRT-PCR was carried out with a
Power 2 � SYBR real-time PCR pre-mixture (BioTeke Corporation
Beijing, China), and a real-time thermal cycler (Bio-Rad, Hercules,
CA, USA). H. armigera b-actin (Gene Bank number EU52707) was
used for internal standardization. All analyses used data from three
independent experiments by 2-△△CT (Liu et al., 2011) and Student's
t-test. The primers were listed in Table 1.

2.9. Detection of the cellular Ca2þ level in midgut and HaEpi cells

The midguts from three 6th instar 48, 72, 96, and 120 h larvae
were dissected to examine the endogenous calcium level. Different
doses of 20E (100, 200, 500, 1000 ng) were injected into the he-
molymph of 6th instar 6 h larvae to examine the 20E-induced cal-
cium level. The midgut was washed in PBS and then incubated in
1 mL of PBS with 3 mM AM ester Calcium Crimson TM dye (Invi-
trogen, Carlsbad, CA, USA) for 30 min at 27 �C. After being washed
three times with PBS, the midgut was frozen and sectioned to 7 mm,
and red fluorescence was observed by an Olympus BX51 fluores-
cencemicroscope.We used frozen sections formidgut experiments.
The possibility of calcium homeostasis disruption during freezing
the tissues cannot be excluded. However, a certain amount of cal-
cium was trapped in the left tissues. This method was used as
described in a previous study (Liu et al., 2015) with some improve-
ments. HaEpi cells were treated with 20E for different times and
concentrations inGrace'smediumand then incubatedwith3mMAM
ester Calcium CrimsonTM dye in 1 mL of DPBS (KCl 0.2 g/L, MgCl2
0.047 g/L, Na2HPO3 1.158 g/L, NaH2PO3 0.2 g/L, NaCl 8.0 g/L, H2O
1000 mL, PH7.4) for 30 min at 27 �C. After being washed with PBS
three times, red fluorescent cells were observed using an Olympus
BX51 fluorescence microscope. To measure the calcium levels
induced by different 20E concentrations, we used separate cell
samples for 20E and DMSO treatments. F and F0 showed the dif-
ference between 20E and DMSO treatments in 24 h in cell images;
and this method has been reported previously (Wang et al., 2013).
The intensity of calcium signal was observed and statistically
analyzed. We have published a separate paper demonstrating the
20E concentration-dependent calcium increase (Wang et al., 2016).

2.10. Apoptosis detection

HaEpi cells were incubated with 5 mM 20E for 1, 6, 24, 48, and
72 h or with 1, 2, 5, or 10 mM 20E for 24. Anti-human, mouse, rat
Caspase-3 polyclonal antibody (pAb) was used to detect the active
caspase-3 band in a Western blot assay, and the addition of 10 mM
Ac-DEVD-CHO (a caspase-3 activity inhibitor, NO. 30029 Biotium,
Hayward, USA) repressed apoptosis. The NucView™ caspase-3
assay kit (NO. 30029 Biotium, Hayward, USA) was used to detect
caspase-3 activity in HaEpi cells by immunocytochemistry ac-
cording to the manufacturer's instructions. Annexin-V and Propi-
dium Iodide (PI) were used to detect apoptosis according to
Annexin V-FITC Apoptosis Detection kit (GK3603, GENVIEW, USA).

2.11. Cell death detection

Trypan blue (4%, 4 g of trypan blue powder diluted in 100 mL of
H2O) was used to identify dead cells. HaEpi cells were treated with
20E for different times and concentrations. Two mL of 4% trypan
blue was mixed with 200 mL of PBS and incubated with cells for
3 min. The cells werewashed with PBS three times and observed by
differential interference microscopy.

Administrator
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2.12. GenBank accession numbers of H. armigera genes

ATG5, KT895433.1, the accession number will be released by
GenBank after the paper is published; LC3, JQ739159.1; caspase-3,
HQ328962.1.

3. Results

3.1. Autophagy and apoptosis sequentially occurred in the larval
midgut during larval development

The expression profiles of ATG5, LC3, and caspase-3 in the
Fig. 1. The variation of the expression profiles of ATG5, LC3 and caspase-3 in the larva
terminal ATG5), LC3-I and LC3-II, and Pro-caspase-3 and Cleaved caspase-3, respectively. 5F: fi
6e96 h, and 6e120 h indicate the development hours of sixth instar larvae; p-0 h: 0 h pupati
(B) and (C). (D) Localization of LC3 and Caspase-3 in the midgut. LM: larval midgut; IM: im
indicated LC3 and Caspase-3 stained by polyclonal anti-Helicverpa-LC3 and anti-Helicverp
fluorescence indicated nuclei stained by DAPI. The merge indicated the fusion of green and b
mean ± S. D. The yellow bars represented 10 mm. (For interpretation of the references to co
midgut were analyzed by Western blot analysis to show the
occurrence of autophagy and apoptosis. ATG5 appeared as full-
length ATG5 and cleaved ATG5 (NtATG5) during the larval growth
stages from the 5th instar feeding (5F) to the 6th instar feeding
(6e48 h). However, NtATG5 decreased during themolting (5M) and
metamorphic stages from 6e72 h to 6e120 h and reappeared at the
pupation stage (Fig. 1A and a). Correlating with the decrease of
NtATG5, ATG5 increased from 6e72 h to 6e120 h but decreased at
the pupation stage, and LC3-II appeared at 6e72 and 6e96 h but
decreased at 6e120 h and the pupal stages during metamorphosis
(Fig. 1B and b). Cleaved-caspase-3 emerged at 6e120 h and the
pupal stages, and the total expression levels of Pro-caspase-3 were
l midgut. (A), (B) and (C) Western blot analysis of ATG5 (full length) and NtATG5 (N
fth instar feeding larvae; 5M: fifth instar molting larvae; 6-0 h, 6e24 h, 6e48 h, 6e72 h,
on. b-actin was used as an internal reference. (a), (b) and (c) Quantitative analysis of (A),
aginal midgut; HE staining showed the morphology of the midgut; green fluorescence
a-caspase-3 serum, respectively, and the Alexa 488-labeled secondary antibody. Blue
lue fluorescence. All experiments were performed in triplicate, and bars represented the
lour in this figure legend, the reader is referred to the web version of this article.)
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increased following the decrease of LC3-II (Fig. 1C and c). Immu-
nohistochemistry showed that LC3 was mainly localized in the
larval midgut at 6e72 h and 6e96 h. However, clear autophagic
dots were not observed because the tissue section showed over-
lapping cells. Caspase-3 was also localized in the larval midgut,
with an increase in caspase-3 signal at 6e120 h (Fig. 1D). These
results suggest that autophagy and apoptosis occur in the larval
midgut during midgut PCD, whereas autophagy occurs before
apoptosis.

3.2. 20E regulated autophagy transforming to apoptosis based on
time or concentration

After induction with 5 mM 20E, ATG5 and LC3-II gradually
increased over 24 h, thereby indicating the occurrence of auto-
phagy. Between 48 and 72 h, ATG5 was cleaved to NtATG5, and
cleaved-caspase-3 increased; these phenomena are consistent with
the occurrence of apoptosis (Fig. 2A and a). The activity of caspase-3
was further detected by a caspase-3 activity assay, inwhich the cells
were treated with 20E, as described in the Methods. The caspase-3
assay kit worked well in HaEpi cells (Zhao et al., 2016). Green
fluorescence indicated the presence of caspase-3 activity at 72 h
after 20E induction, whereas Trypan blue staining indicated cell
death (Fig. 2B and b). These data suggest that 5 mM 20E initiates
autophagy in a short period of time, whereas the transformation of
autophagy to apoptosis occurs in 72 h.

The effect of the 20E concentration on switching autophagy to
apoptosis was further investigated in HaEpi cells after 24 h to
examine the effect of 20E concentration on the transformation of
autophagy to apoptosis. 20E (1 mM) induced neither LC3-II nor
NtATG5 and cleaved-caspase-3 formation in 24 h, indicating that
neither autophagy nor apoptosis occurred in response to the
treatment. 20E (2 mMe5 mM) induced the increased expression of
ATG5 and LC3-II but did not induce NtATG5 and cleaved-caspase-3
formation, indicating that autophagy and not apoptosis occurred in
the cells in 24 h. 20E (10 mM) induced a decrease of ATG5 and LC3-II,
whereas a NtATG5 and cleaved-caspase-3 increased, indicating that
autophagy decreased, and apoptosis occurred in 24 h by 10 mM 20E
treatment (Fig. 2C and 2c). In correlationwith the transformation of
the protein forms, active caspase-3 was detected in the cells by a
caspase-3 activity assay. The green dots confirmed caspase-3 ac-
tivity, in which the cells were treated with 10 mM 20E in 24 h, and
Trypan blue staining indicated cell death (Fig. 2D and 2d). These
data suggest that 20E induces autophagy at a relatively low con-
centration, whereas 20E induces apoptosis at a higher concentra-
tion in 24 h.

3.3. 20E induced autophagosome and autolysosome formation

Red and green fluorescence proteins were fused with LC3 (RFP-
GFP-LC3) and were overexpressed in HaEpi cells to examine 20E-
induced autophagosome and autolysosome formation. After 5 mM
20E induction for 1 h, RFP-GFP-LC3 appeared as uniform red and
green fluorescence in cells. After 6 h, RFP-GFP-LC3 appeared as
autophagic vacuoles exhibiting both RFP and GFP fluorescence,
indicating the formation of an autophagosome. The green fluores-
cence was quenched in 24 h, indicating the formation of an auto-
lysosome; the acidity of the autolysosome quenched the GFP
fluorescence. However, the autophagic vacuoles disappeared in
72 h, indicating that autophagy did not continuously occur. For the
disappearance of autophagic vacuoles, RFP-GFP-LC3 protein only
diffused in the cytoplasm, which presented green and red fluo-
rescence. DMSO, which is the hormone solvent control, did not
induce autophagosome formation at all times (Fig. 3). These data
confirm that 20E induces autophagosome and autolysosome
formation. However, autolysosome was not consistently present in
72 h.

3.4. Autophagic proteins are necessary for apoptosis following the
stimulation with 20E

ATGs knockdown, autophagy inhibitor 3-methyladenine (3-MA),
and a caspase-3 inhibitor Ac-DEVD-CHO (Ac-DEVD) were used to
study the relationship between 20E-induced autophagy and
apoptosis. Knockdown of ATG5 by RNA interference or treatment
with 3-MA decreased the LC3-II level, whereas Ac-DEVD-CHO did
not decrease the LC3-II level, thereby suggesting that autophagy
relies on ATG5 (Fig. 4A). However, ATG5 knockdown or treatment
with 3-MA decreased the cleaved-caspasae3 level (Fig. 4B), thereby
suggesting that apoptosis also relies on ATG5.

A cell-penetrating peptide (TAT) (Zhou et al., 2015) fused RFP-
LC3 (His-TAT-RFP-LC3-His) and caspase-3 activity were observed to
confirm the preceding hypothesis. Knockdown of ATG5 or blocking
autophagy using 3-MA repressed the formation of autophago-
somes, but the caspase-3 inhibitor Ac-DEVD-CHO did not repress
the formation of autophagosomes (Fig. 4C). Regarding the blocking
of autophagy, knockdown of ATG5 or blocking autophagy by 3-MA
repressed the activity of caspase-3, as indicated by green dots. Cell
death was also inhibited by the knockdown of ATG5 or blocking
autophagy using 3-MA as indicated by Trypan blue staining
(Fig. 4D), thereby suggesting that autophagic protein ATG5 is
necessary for apoptosis after 20E stimulation.

ATG5, ATG7, or ATG12was also knocked down to further confirm
that autophagic proteins are essential to apoptosis. ATG5, ATG7, or
ATG12 was significantly knocked down in 24 and 72 h (Fig. 5A and
B). The LC3-II level presented a significant decrease compared to
the dsGFP control after knockdown of ATG5, 7, or 12 (Fig. 5C). The
cleaved-caspase-3 level also decreased with decreasing LC3-II
(Fig. 5D). In addition, the number of pyknotic cell nucleus drasti-
cally declined after knockdown of ATG5, ATG7, or ATG12 (Fig. 5E).
Flow cytometry analysis also showed that the rate of apoptotic cells
significantly decreased after knockdown of ATG5, ATG7, or ATG12
(Fig. 5F and G). These results confirm that autophagic proteins are
necessary for apoptosis following 20E stimulation.

3.5. Knockdown of ATG5 in larvae repressed autophagy, apoptosis,
and midgut PCD

ATG5 was knocked down in larvae to examine the function of
ATG5 20E-induced pupation and midgut PCD. ATG5 knockdown
resulted in abnormal pupation (Fig. 6A) and delayed midgut PCD
(Fig. 6B). Ten percent of larvae formed abnormal pupae after ATG5
knockdown (Fig. 6C). In addition, the pupation time including
normal and abnormal pupation was delayed for 24 h after ATG5
knockdown (Fig. 6D). The Western blot assay showed that ATG5-
knockdown decreased 20E-induced LC3-II and cleaved-caspase-3
levels in the 6th instar 96 h after larval midgut (Fig. 6E and e).
These results suggest that 20E via ATG5 promotes autophagy and
apoptosis for larval midgut PCD.

3.6. Calcium determined the 20E-induced formation of NtATG5,
cleaved-caspase-3, and apoptosis

Intracellular Ca2þ concentration was analyzed to determine the
mechanism of the 20E-induced transformation of autophagy to
apoptosis. NtATG5 is cleaved by a calcium-activated protease called
calpain, which inhibits autophagy and targets the mitochondria to
induce the release of cytochrome c and activate caspases (Shi et al.,
2013). HaEpi cells were incubated in calcium-free PBS. Different
concentrations of Ca2þ plus equal diluted DMSO were added as the



Fig. 2. 20E-regulated autophagy transformation to apoptosis based on time or the concentration of 20E induction in HaEpi cells. (A) Western blot assay for the expression of
ATG5, LC3-I, LC3-II and Cleaved-caspase-3 after 20E (5 mM) induction for different durations, with H. armigera b-actin as the control. (a) Statistical analysis of A. (B) Examination of
apoptosis. 20E 5 mM; DMSO was a solvent control; Caspase-3 (green fluorescence) was detected using a NucView™ caspase-3 activity assay kit; Trypan blue-stained cells indicated
dead cells (light blue color); DAPI stained the nucleus (blue fluorescence); other treatments were the same as in A. (b) Statistical analysis of B. (C) Western blot assay for ATG5,
NtATG5, LC3-I, LC3-II and Cleaved-caspase-3 after 20E (1, 2, 5, 10 mM) induction for 24 h with b-actin as the control. (c) Statistical analysis of C. (D) Examination of apoptosis by the
same 20E treatments as in C. The graphical representation was the same as in B. (d) Statistical analysis of D. All experiments were performed in triplicate, and statistical analysis was
conducted using ANOVA. Bars represented the mean ± S. D, and different lowercase letters indicated significant differences (p < 0.05). The yellow bars represented 20 mm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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control. Different concentrations of Ca2þ plus 5 mM20E were added
as the experimental group. ATG5 was gradually converted to
NtATG5 in the experimental group. Meanwhile, the LC3-II level
decreased, and the cleaved-caspase-3 level increased (Fig. 7A and
a). In contrast, when Ca2þ channel inhibitors were added, ATG5was
not cleaved by 20E plus Ca2þ treatment. The inhibitors included
dihydrochloride (FL), a T-type voltage-gated calcium channel in-
hibitor (Terland and Flatmark, 1999); pyrazole compound (PYR3), a



Fig. 3. 20E induced autophagosome formation. Green: indicating green fluorescence. Red: indicating red fluorescence. DAPI: indicating nuclei stained as blue fluorescence.
DMSO: solvent control. 20E: experiment treatment (5 mM). The yellow bars represented 20 mm. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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transient receptor potential calcium channel inhibitor, (Kiyonaka
et al., 2009); and XeC, an inositol 1,4,5-triphosphate (IP3) recep-
tor inhibitor (De Smet et al., 1999). LC3-II significantly increased,
and cleaved-caspase-3 decreased compared with the treatment
with 20E plus Ca2þ (Fig. 7B and b). The data shows that the cleavage
of ATG5 and caspase-3 depends on the increase of the calcium
concentration after 20E induction.

The Ca2þ-mediated transformation between autophagy and
apoptosis was further examined in HaEpi cells to confirm the above-
mentioned hypotheses. The apoptosis signal of caspase-3 activity
was relatively stronger in the cells treated with 20E plus Ca2þ than
other treatments, including DMSO, 20E alone, or 20E plus Ca2þ with
calcium channel inhibitors (Fig. 7C and c), thereby indicating that
calcium promoted 20E-mediated apoptosis. In contrast, red auto-
phagic vacuoles indicated by TAT-RFP-LC3 were fewer in the cells
treated with 20E plus Ca2þ compared with other treatments,
including DMSO, 20E alone, or 20E plus Ca2þ with calcium channel
inhibitors (Fig. 7D and d), thereby indicating that calcium repressed
20E-induced autophagy. These data suggest that Ca2þ regulated the
transformation of 20E-induced autophagy to apoptosis.

3.7. 20E increased intracellular Ca2þ level in a dose-dependent
manner

The Ca2þ level was examined in the larval midgut at 6e48,
6e72, 6e96, and 6e120 h to demonstrate the increase of the Ca2þ



Fig. 4. Autophagic proteins are necessary for apoptosis. (A) Statistical analysis of the expression of LC3-II based on a Western blot assay. b-actin as the loading control and dsGFP
(500 ng for 48 h) as the negative control of dsATG5 and dsATG5 (500 ng for 48 h). 3-MA (10 mM), Ac-DEVD-CHO (10 mM), 20E (5 mM for 24 h), DMSO as the solvent control of 20E. (B)
Statistical analysis of the expression of Cleaved-caspase-3 using the same treatments as in A, except the 20E (5 mM) induction was for 72 h (C) and (D) Examination of autophagy and
apoptosis by the addition of purified TAT-RFP-LC3 protein from E. coli Rosetta host cells (2 mg in 2 ml Grace's medium) and active caspase-3, respectively, under 20E induction (5 mM
for 24 h) with the same treatments as in B. (c) and (d) Quantification of cells with autophagic puncta to total and apoptotic cells to total. All of the experiments were performed in
triplicate, and statistical analysis was conducted using ANOVA. Bars represented the mean ± S. D. and different lowercase letters indicated significant differences (p < 0.05). The
yellow bars represented 20 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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level during midgut PCD. Red fluorescence from AM ester Calcium
Crimson TM dye increased along with the larval development from
the 6th instar 48 h to the 6th instar 120 h along with the midgut
PCD (Fig. 8A). Different concentrations of 20Ewere injected into the
hemolymph of the 6th instar 6 h larvae to verify the 20E induction
of Ca2þ increase in the midgut in 24 h. Red fluorescence indicated
that the Ca2þ level increased along with the increased 20E con-
centration (Fig. 8B). These data suggest that 20E induces calcium



Fig. 5. Knockdown of ATG5, 7, 12 repressed autophagy and apoptosis. (A) and (B) Statistical analysis of the effect of ATG5, 7 or 12 knockdown by qRT-PCR assay respectively, (20E
5 mM for 24 h or 72 h). b-actin was used as internal reference and the relative expression was checked with 2_DDT method. dsGFP (500 ng for 48 h) as the negative control of dsATG5,
7, 12 and dsATG5, 7 12 (500 ng for 48 h). DMSO as the solvent control of 20E. (C) Statistical analysis of LC3-II based on a Western blot assay. b-actin as the loading control and other
treatments were same with A. (D) Statistical analysis of the level of Cleaved-caspase-3 based on a Western blot assay and other treatments were same with B except 20E (5 mM for
72 h). (E) Hoechst means Hoechst 33342 (Beyotime Biotechnology 10 mg/mL). Arrows showed the nucleus of apoptotic cells and other treatments were same with B. (F) Flow
cytometry analysis of Annexin-V and propidium iodide (PI) staining after the same treatments with B. R1, normal cells; R2, early apoptotic cells; R3, died cells; R4, meddle and late
apoptotic cells. The number in the picture means the percentage of apoptotic cells. (G) Statistic analysis of F. All of the experiments were performed in triplicate, and statistical
analysis was conducted using Student's t-test (*p < 0.05 **p < 0.01), ANOVA. Bars represented the mean ± S. D, and different lowercase letters indicated significant differences
(p < 0.05). The yellow bars represented 20 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Knockdown of ATG5 in larvae blocked autophagy, apoptosis and midgut PCD. (A) Phenotype of pupae after knockdown of ATG5 (dsRNA 500 ng per 6th instar 6 h larva,
one time). The yellow bars represent 0.5 cm (B) HEestained midgut after knockdown of ATG5, observed at 90 h after dsRNA injection. LM: larval midgut; IM: imaginal midgut. The
yellow bars represented 10 mm. (C) Significance analysis of (A). (D) The significance analysis of the time that half larvae pupated. (E) Western blot assay for the expression of ATG5,
LC3-I, LC3-II and Cleaved-caspase-3 after ATG5 knockdown or injection of 3-MA (10 mM) in 6e96 h larvae. (e) Statistics and the significance analysis of (D). All of the experiments
were performed in triplicate, and statistical analysis was conducted using Student's t-test (*p < 0.05 **p < 0.01). Bars represented the mean ± S. D. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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increase in the larval midgut during metamorphosis.
Increase in 20E-induced Ca2þ level was examined in HaEpi cells

to verify the 20E induction of the Ca2þ level in larvae. Red fluo-
rescence indicated that the calcium increased along with the 20E
concentration increase from 1, 2, 5, and 10 mM in 24 h (Fig. 8C and
c). These data confirm that 20E induces calcium increase in the cells
in a dose-dependent manner.

4. Discussion

Understanding how cells regulate the transformation of auto-
phagy to apoptosis is critical for understanding the mechanisms of
cell survival and death. Our studies in the lepidopteran insect H.
armigera suggest that a steroid hormone, which is known as 20E,
induces both autophagy and apoptosis during midgut PCD, with a
lower concentration of 20E to induce autophagy and a higher
concentration of 20E to induce the transformation of autophagy to
apoptosis. Ca2þ is the key factor in determining the transformation
of 20E-induced autophagy to apoptosis.

4.1. 20E induction of transformation of autophagy to apoptosis
depends on the concentration

The steroid hormone 20E promotes autophagy and apoptosis in
the fat body and midgut of Bombyx (Tian et al., 2013; Xie et al.,
2016) as well as the midgut of Drosophila (Santhanam et al.,
2014). This study indicates that 20E induces autophagy or
apoptosis in a concentration-dependent manner. At low concen-
trations (1 mM), 20E had no obvious effect on the cells, whereas
increased concentrations of 20E (2e5 mM) induced autophagy in
24 h. Higher concentrations of 20E (5e10 mM) induced apoptosis in
24 h. Therefore, the 20E concentration is a key factor in the trans-
formation from autophagy to apoptosis in midgut cells. The titer of
20E is constantly changing during the development from larvae to



Fig. 7. Calcium regulated the 20E-induced formation of NtATG5, cleaved-caspase-3 and apoptosis. (A)Western blot assay for ATG5, NtATG5, LC3-I, LC3-II and Cleaved-caspase-3
levels at different Ca2þ concentrations in HaEpi cells induced by 20E (5 mM, 6 h) in PBS compared with DMSO. (a) Statistical analysis of (A). (B) Western blot assay to determine the
expression of ATG5, NtATG5, LC3-I, LC3-II and Cleaved-caspase-3 after the indicated treatments. 20E (5 mM) for 6 h in PBS; Ca2þ (5 mM) in PBS for 2 min before 20E induction; and
FL (5 mM), PYR3 (10 mM), and XeC (10 mM) for 30 min before 20E and Ca2þ induction. (b) Statistical analysis of (B). (C) Apoptosis detection using the NucView™ caspase-3 assay kit
after the same treatments as in B. DAPI: staining nucleus blue. Merge: fusion of green and blue. (c) Statistical analysis of (C). (D) Addition of 2 mg of the TAT-RFP-LC3 protein in 2 mL
of PBS to detect autophagy with the same treatments as in (B). (d) Statistical analysis of (D). DAPI: staining nucleus blue and merge: fusion of green and blue. All experiments were
performed in triplicate, and statistical analysis was conducted using ANOVA. Bars represented the mean ± S. D, and different lowercase letters indicated significant differences
(p < 0.05). The yellow bars represented 20 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. 20E induced cellular Ca2þ increase. (A) The development hours of the sixth instar larvae were indicated by 6e48, 6e72, 6e96, and 6e120. IM represented imaginal midgut. LM
represented larval midgut. The yellow bars represented 10 mm. Calcium Crimson™ dye was used to measure the Ca2þ concentration, and the strength of red fluorescence reflected the
level of the Ca2þ concentration. HE staining showed the midgut morphology. (B) The 6-6 h larvae were injected with 20E (1, 2, 5, 10 mM) for 24 h and DMSO was used as the solvent
control of 20E. The other graphical representation was the same with (A). (C) The HaEpi cells were treated with 20E (1, 2, 5, 10 mM) for 24 h in Grace's medium, and DMSO was used as
the solvent control of 20E. F: average fluorescence signal of cells after 20E treatment, F0: average fluorescence after DMSO treatment for 24 h. (c) Statistical analysis of (C). All ex-
periments were performed in triplicate, and statistical analysis was conducted using ANOVA. Bars represented the mean ± S. D, and different lowercase letters indicated significant
differences (p < 0.05). The yellow bars represented 20 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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pupae. The 20E titer is 1 mMduring feeding, reaching amaximum of
approximately 4.2 mg/mL (8.6 mM) at the molt stage in lepidopteran
Manduca sexta (Langelan et al., 2000).

4.2. 20E induces an intracellular Ca2þ increase to transform
autophagy to apoptosis

Ca2þ plays an important role in cell proliferation, differentiation,
and apoptosis (Liang and Lu, 2012; Rouzaire-Dubois et al., 2005).
20E induces intracellular Ca2þ by G-protein-coupled receptor
(GPCR)-phospholipase C (PLC)-inositol-1,4,5-triphosphate (IP3)
pathway in B. mori and H. armigera (Liu et al., 2014; Manaboon
et al., 2009). In HaEpi cells, 20E-induced Ca2þ influx promotes
apoptosis (Wang et al., 2016), and 20E-induced Ca2þ influx can be
blocked by three inhibitors (FL, Pyr3, or Xec) (Liu et al., 2014).
Therefore, all three inhibitors abolished 20E-induced apoptosis.



Fig. 9. Explanation of higher intracellular calcium levels switching autophagy to
apoptosis by 20E induction. 20E promotes the increase of LC3-II through ATG5 and
then induces autophagy, leading to cell survival. The intracellular Ca2þ level gradually
increases as the 20E concentration elevation, which results in the cleavage of ATG5 to
NtATG5, activation of caspase-3, and tendency of cells toward apoptotic cell death.
Therefore, higher intracellular calcium switches autophagy to apoptosis under 20E
induction.
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The Ca2þ concentration in Grace's medium was approximately
6e7 mM, and the cells in this study were incubated in PBS to
exclude the effect of Ca2þ in the medium. Incubation in PBS for a
long time induced apoptosis; however, within 6 h, apoptosis was
not induced without 20E and Ca2þ induction. The increase in Ca2þ

can activate protease calpain (Alexa et al., 2004); the activated-
calpains can lead to unregulated proteolysis of both target and non-
target proteins, resulting in irreversible tissue damage (Liu et al.,
2008). The full-length ATG5 plays a role in autophagy (Shi et al.,
2013). The cleavage of ATG5 depends on the activation of calpain,
which cleaves ATG5 to produce NtATG5, thereby inducing the
release of cytochrome c from mitochondrion to enhance apoptosis
(Yousefi et al., 2006). In B. mori Bm-12 cells, knockdown of ATG5
decreases the release of cytochrome c from the mitochondrion and
the reduction of caspase-3 activity (Xie et al., 2016). In our previous
study, the apoptosis inhibitor survivin prevents insect midgut from
cell death during postembryonic development, thereby suggesting
that IAPs are also involved in insect midgut PCD (He et al., 2012).
Our study revealed that when calcium channels are blocked, ATG5
can not be cleaved to NtATG5, and autophagy was enhanced. With
increased calcium levels, ATG5 was cleaved to NtATG5 and LC3-II
and autophagosome vesicles disappeared. The cleaved-caspase-3
level increased to induce apoptotic cell death. The increase of the
cellular Ca2þ concentration depended on the 20E concentration
and induction time. The cellular Ca2þ concentration gradually
increased with the increase in 20E concentration. Thus, we can
conclude that a high concentration of 20E induced a high cellular
Ca2þ level to transform autophagy to apoptosis.

4.3. Autophagy proteins are necessary for apoptosis in 20E-
mediated midgut PCD

Both autophagy and apoptosis are observed in insect midgut
PCD. Autophagic cell death is observed in Drosophila midgut
(Denton et al., 2009). Autophagy precedes apoptosis in Bombyx
midgut (Franzetti et al., 2012). In the H. armigera midgut, knock-
down of ATG5 inhibited both autophagy and apoptosis, which
delayed the midgut PCD and pupation time. In the experiments,
20E was injected followed by ATG5 knockdown. Therefore, ATG5 is
necessary for autophagy, apoptosis, and final pupation. In mam-
mals, the release of cytochrome c from mitochondria to cytosol
enhances apoptosis by activating the initiator caspases and effector
caspases (Maiuri et al., 2007). In Drosophila, cytochrome c does not
play any role in apoptosis (Hay and Guo, 2006). However, in Lepi-
dopteran insects such as Spodoptera frugiperda Sf21 cells (Jin et al.,
2012) and Bombyx Bm-12 cells (Xie et al., 2016), apoptosis de-
pends on cytochrome c release. ATG5 interference decreased ATG5
in our study, thereby decreasing NtATG5. The involvement of
mitochondrial cytochrome c in the apoptosis should be examined
in the future work.

Our HaEpi cell study shows that when autophagy is inhibited by
3-MA or interfered with the key autophagy genes ATG5, ATG7, or
ATG12, autophagic vesicles and LC3-II decrease and cleaved-
caspase-3 drastically decreases, thereby indicating that autophagy
proteins are necessary for both autophagy and apoptosis. In
contrast, inhibition of caspase-3 activity by the caspase-3 inhibitor
Ac-DEVD-CHO has little effect on LC3-II and autophagic vesicle
formation, thereby indicating that the suppression of apoptosis
could maintain autophagy and cell survival.

5. Conclusion

20E induces autophagy at a low concentration or short treat-
ment duration. However, at high concentrations or long treatment
periods, 20E transforms autophagy to apoptosis. Higher
concentrations of 20E mediates an intracellular Ca2þ increase to
regulate the cleavage of ATG5 to NtATG5 and caspase-3 to active
caspase-3 for apoptotic cell death. Blocking Ca2þ channels represses
apoptosis and maintains autophagy and cell survival. 20E simul-
taneously triggers autophagy and intracellular Ca2þ increase,
thereby resulting in midgut PCD by autophagy to apoptosis trans-
formation (Fig. 9).
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