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ABSTRACT
CASP9 (caspase 9) is a well-known initiator caspase which triggers intrinsic apoptosis. Recent studies also
suggest various non-apoptotic roles of CASP9, including macroautophagy/autophagy regulation. However,
the involvement of CASP9 in autophagy and its molecular mechanisms are not well understood. Here we
report the non-apoptotic function of CASP9 in positive regulation of autophagy through maintenance of
mitochondrial homeostasis. Growth factor or amino acid deprivation-induced autophagy activated CASP9,
but without apoptotic features. Pharmacological inhibition or genetic ablation of CASP9 decreased autop-
hagy flux, while ectopic expression of CASP9 rescued autophagy defects. In CASP9 knockout (KO) cells,
initiation and elongation of phagophore membranes were normal, but sealing of the membranes and
autophagosomematuration were impaired, and the lifetime of autophagosomeswas prolonged. Ablation of
CASP9 caused an accumulation of inactive ATG3 and decreased lipidation of the Atg8-family members, most
severely that of GABARAPL1. Moreover, it resulted in abnormal mitochondrial morphology with depolariza-
tion of the membrane potential, reduced reactive oxygen species production, and aberrant accumulation of
mitochondrial fusion-fission proteins. CASP9 expression or exogenously added H2O2 in the CASP9 KO cells
corrected the ATG3 level and lipidation status of Atg8-familymembers, and restored autophagy flux. Of note,
only CASP9 expression but not H2O2 rescued mitochondrial defects, revealing regulation of mitochondrial
homeostasis by CASP9. Our findings suggest a new regulatory link between mitochondria and autophagy
through CASP9 activity, especially for the proper operation of the Atg8-family conjugation system and
autophagosome closure and maturation.

Abbreviations: AA: amino acid; ACD: autophagic cell death; ACTB: actin beta; ANXA5: annexin A5;
APAF1: apoptotic peptidase activating factor 1; Atg: autophagy related; ATG16L1: autophagy related 16
like 1; BafA1: bafilomycin A1; BCL2: BCL2 apoptosis regulator; BECN1: beclin 1; CARD: caspase recruitment
domain containing; CASP: caspase; CM-H2DCFDA: chloromethyl-2ʹ,7ʹ-dichlorodihydrofluorescein diace-
tate; Δψm: mitochondrial membrane potential; DN: dominant-negative; DNM1L/DRP1: dynamin 1 like;
EBSS: Earle’s balanced salt solution; GABARAP: GABA type A receptor-associated protein; GABARAPL1:
GABA type A receptor associated protein like 1; GABARAPL2: GABA type A receptor associated protein
like 2; HCN: hippocampal neural stem cells; IAM: inner autophagosome membrane; INS: insulin; KO:
knockout; LEHD: Z-LEHD-fmk; MAP1LC3: microtubule associated protein 1 light chain 3; MFN1: mitofusin
1; MFN2: mitofusin 2; MTORC1: mechanistic target of rapamycin kinase complex 1; PARP1: poly(ADP-
ribose) polymerase 1; PBS: phosphate-buffered saline; PE: phosphatidylethanolamine; ROS: reactive
oxygen species; sgRNA: single guide RNA; SR-SIM: super-resolution structured illumination microscopy;
SQSTM1: sequestosome 1; STS: staurosporine; STX17: syntaxin 17; TMRE: tetramethylrhodamine ethyl
ester; TUBB: tubulin beta class I; ULK1: unc-51 like autophagy activating kinase 1; WT: wild type; ZFYVE1/
DFCP1: zinc finger FYVE-type containing 1
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Introduction

Macroautophagy (commonly referred to as autophagy) is
a lysosome-dependent, intracellular self-digestion process
which degrades various cytoplasmic materials as well as
invading pathogens [1–4]. Autophagy is essential for cell
survival in the presence of diverse stressors including nutrient
or growth factor deprivation, and also plays a critical role in

maintaining cellular homeostasis at the basal state by ensuring
turnover of proteins, metabolites and organelles [1–4].
Autophagy is characterized by an increase in the number of
autophagic vesicles (autophagosomes for sequestration and
delivery of intracellular cargo materials, and autolysosomes
for cargo degradation and recycling) [5]. Autophagosome
biogenesis is a multi-stage process and begins by forming
a nascent cup-shaped phagophore, which is followed by
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elongation and closure of the phagophore membrane, result-
ing in a new double-membrane organelle, autophagosome.
The autophagosome then fuses with a lysosome and matures
into an autolysosome, where the inner autophagosome mem-
brane (IAM) is degraded along with the cargos by lysosomal
enzymes [6].

This complex process is tightly controlled by autophagy
related (ATG) genes, especially by two ubiquitin-like conjuga-
tion systems involving ATG5, which is conjugated to ATG12
and forms an ATG12–ATG5-ATG16L1 complex, and Atg8-
family proteins, which are conjugated to phosphatidylethano-
lamine (PE) [6]. There are two subfamilies of mammalian
Atg8-family proteins: MAP1LC3/LC3 (microtubule associated
protein 1 light chain 3), which includes MAP1LC3A,
MAP1LC3B, MAP1LC3B2, and MAP1LC3C; and GABARAP
(GABA type A receptor associated protein), which includes
GABARAP, GABARAPL1 and GABARAPL2 [7]. Following
the appearance of the nascent phagophore, these two conju-
gation systems expand and seal the membrane to generate an
autophagosome. ATG7 serves as an E1-like enzyme for both
ATG12 and Atg8-family proteins, and ATG10 and ATG3 as
E2-like enzymes for ATG12 and Atg8-family proteins, respec-
tively. Then, the ATG12–ATG5-ATG16L1 complex acts as an
E3-like ligase to mediate PE-dependent lipidation of
MAP1LC3 and GABARAP proteins; when lipidated, these
are called MAP1LC3-II/GABARAP-II and associated with
autophagosomes, whereas their cytosolic, nonconjugated
forms are called MAP1LC3-I/GABARAP-I [6].

Autophagy and apoptosis are two key cellular processes for
cell survival and death. Although there is a growing recognition
of the sophisticated intersection of apoptotic and autophagic
molecular networks, themechanismsmediating their interaction
are far from clear. They involve a set of multifunctional mole-
cules that participate in both apoptosis and autophagy. The well-
knownmolecules with dual roles in autophagy and apoptosis are
BCL2 (BCL2 apoptosis regulator) and BECN1 (beclin 1) [8].
There is a growing list of other proteins with such dual roles.
For example, ATG12 associates with anti-apoptotic BCL2 and
MCL1, thereby promoting mitochondrial apoptosis [9].
Caspases (CASPs) are cysteine-dependent aspartate-specific
proteases indispensable for apoptosis [10]. In addition, their
functions in regulation of autophagy are also gaining attention.
Association of CASPs with autophagy has been reported during
starvation or developmental cell death in Drosophila [11,12].
A Drosophila CASP, Dcp-1, promotes autophagy by decreasing
the levels of the mitochondrial protein SesB and ATP [13]. In
mammalian cells, CASPs regulate autophagy in both positive
and negative ways. Binding of CASP9 to ATG7 facilitates
MAP1LC3B lipidation and autophagosome formation in
a CASP9 activity-independent manner [14]. Inhibition of
CASP9 suppresses autophagy flux and enhances cell death in
MCF-7 cells, revealing CASP9 involvement in an autophagy-
mediated survival pathway [15]. On the other hand, ablation of
CASP8 enhances autophagy signaling and necroptotic cell death
in proliferating T-cells, suggesting that CASP8 limits hyperacti-
vation of autophagy and prevents autophagy from inducing
T-cell death [16]. CASP2 negatively regulates autophagy, and
loss of CASP2 leads to AMP-dependent protein kinase (AMPK)
activation and reactive oxygen species (ROS) production in

mouse embryonic fibroblasts [17]. Furthermore, various
human ATG proteins are cleaved by CASPs, suggesting CASP-
mediated inhibition of autophagy [18]. Conversely, autophagy
can degrade CASPs to counterbalance apoptosis induction [19].
These findings suggest that the cross-talk between autophagy
and apoptosis is important for cell fate determination by regulat-
ing the balance of cell survival and death.

We have previously reported that INS (insulin) withdra-
wal induces autophagic cell death (ACD) in adult rat hippo-
campal neural stem (HCN) cells, although they have fully
functional apoptotic capability [20–23]. ACD, also called
type II programmed cell death is defined as follows; i)
autophagy flux is increased during cell death, ii) no involve-
ment of apoptotic machinery, iii) blockage of cell death by
suppression of autophagy genes [24–26]. The absence of
apoptotic markers in INS-deprived HCN cells, including
chromosomal DNA fragmentation, nuclear condensation,
CASP3 activation, and cleavage of PARP1 (poly[ADP-
ribose] polymerase 1) have been well documented in our
previous studies [20–23].

In this study, we report that autophagy flux induced by
growth factor deprivation or amino acid (AA) starvation
depends on CASP9 activity, which regulates mitochondrial
homeostasis and production of ROS for the efficient autop-
hagosome maturation. Our study uncovers a mitochondria-
mediated molecular mechanism by which CASP9 exerts
non-apoptotic function in maintenance of mitochondrial
homeostasis and facilitation of autophagy.

Results

CASP9 is required for autophagy in HCN and HeLa cells

In agreement with our previous studies, INS withdrawal
increased the level of the lipidated form of MAP1LC3B
(MAP1LC3B-II) and decreased that of SQSTM1/p62 along-
side an increase in cell death (Figure 1A,B). Apoptosis was not
induced, as suggested by the observations that INS-deprived
HCN cells were barely stained with ANXA5 (annexin A5), in
contrast to a dramatic increase in ANXA5 staining by staur-
osporine (STS) treatment (Figure 1C). Z-VAD-fmk, a broad-
spectrum CASP inhibitor, did not reduce cell death
(Figure 1D).

CASPs are the principal apoptotic proteases, but they were
also reported to cooperate with autophagy in the developmental
cell death of salivary glands in Drosophila [12]. Thus, we tested
whether CASP activities are required for ACD of HCN cells by
testing the effects of inhibitors of individual caspases. Although,
similar to Z-VAD-fmk, inhibitors specific for CASP3, CASP6,
and CASP8 had no effect on cell death, a CASP9 inhibitor,
Z-LEHD-fmk (LEHD), significantly reduced death of INS-
deprived HCN cells (Figure 1D). Therefore, we checked whether
CASP9 was activated following INS withdrawal. Under INS
withdrawal condition, the cleaved form of CASP9, but not of
CASP3, was increased, suggesting activation of CASP9 without
activation of the apoptosis effector CASP3 (Figure 1E).
Moreover, CASP9 activity was significantly increased by INS
withdrawal compared to control and was suppressed by LEHD
(Figure 1F). On the other hand, CASP3 activity was not
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increased by INS withdrawal (Figure 1G). Next, we checked
whether CASP9 activation during autophagy occurs in other
type of cell. In HeLa cells, AA starvation increased both cleavage
and activity of CASP9 compared to the normal complete med-
ium (Figure 1H,I). These results strongly suggest that CASP9 is
activated during autophagy induction by growth factor depriva-
tion or nutrient starvation.

Pharmacological inhibition of CASP9 suppresses
autophagy flux

After we observed CASP9 activation during autophagy induc-
tion, we checked whether pharmacological inhibition of
CASP9 would affect autophagy flux. We blocked the autop-
hagosome–lysosome fusion with bafilomycin A1 (BafA1) and
monitored autophagy flux by using two well-established
methods [25]: western blotting analysis of MAP1LC3B-II
amount and puncta counting using tandem monomeric RFP-
GFP tagged MAP1LC3B (mRFP-GFP-MAP1LC3B). LEHD
treatment significantly reduced the accumulated amount of
MAP1LC3B-II when fusion was blocked in INS-deprived
HCN cells (Figure 2A). Interestingly, LEHD treatment also

slowed down MAP1LC3B turnover in the presence of INS
(Figure 2A).

For the morphological analysis of autophagic organelles, we
usedHeLa cells, since they have a larger volume of cytoplasmwith
well-spread morphology, and have been widely used as an in vitro
model for autophagy study. AA starvation induced similar total
numbers of autophagic vesicles in both vehicle- and LEHD-treated
HeLa cells transfected with the mRFP-GFP-MAP1LC3B plasmid
(Figure 2B). However, maturation of autophagosomes into auto-
lysosomes, detected as RFP-only puncta, was significantly
decreased by LEHD treatment (Figure 2B). These results suggest
that inhibition of CASP9 activity decreases autophagy flux by
affecting autophagosome maturation rather than initiation of
autophagosome biogenesis.

Knockout of CASP9 decreases autophagy flux

To corroborate these results derived from the pharmacologi-
cal inhibition of CASP9, we generated CASP9 KO cells using
the CRISPR-Cas9 genome editing technique in both HCN and
HeLa cells, and designated them sgCasp9 (HCN cells) or
sgCASP9 (HeLa cells), with control cells designated sgCon.
CASP9 KO was confirmed by western blotting analysis

Figure 1. CASP9 is activated upon autophagy induction. (A) Cell death rate in HCN cells following INS withdrawal for 24 h and 48 h (n = 5). (B) Western blotting
analysis of SQSTM1 and MAP1LC3B in HCN cells following INS withdrawal for 24 h. Graph, quantification of SQSTM1 and MAP1LC3B-II normalized to ACTB (n = 3). (C)
Measurement of apoptosis by FITC-ANXA5 staining in HCN cells following INS withdrawal for 24 h. Staurosporine (STS, 0.5 μM for 12 h) was used as a positive control
for apoptosis. Graph, quantification of FITC-ANXA5-positive cells (n = 5). (D) Cell death rate in HCN cells following INS withdrawal for 24 h without or with CASP
inhibitors (20 μM each) (n = 3). (E) Western blotting analysis of CASP9 and CASP3 cleavage in HCN cells following INS withdrawal for 6 h. STS (0.5 μM, 3 h) was used
as a positive control for CASP cleavage. The blots shown are representative of 3 experiments with similar results. (F) CASP9 activity in HCN cells after INS withdrawal
or STS (0.25 μM) treatment for 4 h without or with LEHD (20 μM) (n = 5). (G) CASP3 activity in HCN cells after INS withdrawal or STS treatment (0.25 μM) for 4
h (n = 3). (H) Western blotting analysis of CASP9 cleavage in HeLa cells after AA starvation (EBSS) for the indicated time periods. The blots shown are representative
of 3 experiments with similar results. (I) CASP9 activity in HeLa cells after AA starvation for 2 h (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001; ns, not significant.
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(Figure 3A,D). As expected, CASP9 KO substantially attenu-
ated CASP3 activation and PARP1 cleavage in STS-treated
sgCasp9 cells (Figure 3B). Introduction of wild type (WT)
rat Casp9 (RnCasp9) into sgCasp9 cells restored CASP3 acti-
vation and PARP1 cleavage following STS treatment
(Figure 3C).

There is a single isoform of CASP9 in rat, but 4 alterna-
tively spliced variants in humans. Isoform 1 is an entire pro-
form of CASP9. Isoform 2 has a caspase recruitment domain
containing (CARD) and a small but not large catalytic
domain, whereas isoform 3 has CARD only [27]. Isoforms 2
and 3 seem to play a role as endogenous inhibitors of apop-
tosis [28]. Isoform 4 has large and small catalytic domains, but
no CARD (Figure 3E) and was predicted from human gen-
ome sequencing [29]. However, isoform 4 has not been cloned
and its function remains to be elucidated. Single guide RNA
(sgRNA) targeting of a sequence within CARD can ablate
human CASP9 isoforms 1, 2, and 3, but not 4 (Figure 3E,F).
To rule out the potential contribution of isoform 4 into
CASP9 activity, we measured CASP9 activity following AA
starvation in sgCon and sgCASP9 cells. In sgCASP9 cells, basal
CASP9 activity was already lower than in sgCon cells, and AA

starvation failed to increase it, suggesting that isoform 4 is not
involved in regulation of CASP9 activation following starva-
tion (Figure 3G).

Next, we examined the role of CASP9 in autophagy in
CASP9 KO cells. In agreement with the data obtained with
LEHD treatment, CASP9 KO significantly decreased the num-
ber of RFP-only autolysosomes, but not the total number of
autophagic vesicles, following AA starvation in HeLa cells
(Figure 4A). Additionally, western blotting analysis revealed
decreased lipidation of MAP1LC3B both in CASP9 KO HCN
and HeLa cells (Figure 4B,C). In sgCasp9 cells, CASP9 activity
was dramatically decreased compared to sgCon cells at basal
state and was not increased by INS withdrawal (Figure 4D).
To confirm that the impaired autophagy flux in sgCasp9 cells
was due to the lack of CASP9 and determine whether CASP9
is sufficient to induce autophagy flux, we introduced
RnCasp9 WT or its catalytically inactive mutant form
(C325A) into sgCasp9 cells. Introduction of RnCasp9 WT
restored CASP9 activity and recovered autophagy flux follow-
ing INS withdrawal (Figure 4E,F). In contrast, expression of
the C325A mutant restored neither CASP9 activity nor autop-
hagy flux (Figure 4E,F). These results suggest that defective

Figure 2. Pharmacological inhibition of CASP9 impairs autophagy flux. (A) Western blotting analysis of MAP1LC3B lipidation in HCN cells after INS withdrawal for 6 h
without or with LEHD treatment (20 μM). BafA1 (10 nM) was added 1 h before cell harvest. S. E., short exposure; L. E., long exposure. Graph, quantification of
MAP1LC3B-II normalized to ACTB (n = 3). *P < 0.05. (B) Measurement of autophagy flux by mRFP-GFP-MAP1LC3B puncta assay in HeLa cells after AA starvation (EBSS,
1 h) without or with LEHD treatment (20 μM). BafA1 (100 nM) was present during AA starvation. Graph, quantification of mRFP-GFP-MAP1LC3B puncta (n = 10 cells
per each condition). Scale bar: 10 μm. P < 0.05 and P < 0.001; ns, not significant for red MAP1LC3B puncta. P < 0.05, P < 0.01, and P < 0.001; ns, not
significant for yellow MAP1LC3B puncta.
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autophagy flux is caused by the loss of CASP9 function and
the catalytic activity of CASP9 is critical for its ability to
regulate autophagy.

APAF1 (apoptotic peptidase activating factor 1) is not
required for autophagy flux

APAF1 is a well-known upstream molecule for CASP9 activation
during apoptosis [30,31]. To check whether APAF1 is also
involved in CASP9 activation during autophagy, we generated
APAF1 KO (sgApaf1) HCN cells using the CRISPR-Cas9 system
and validated the KO by western blotting analysis (Figure 5A).
Attenuation of apoptosis in sgApaf1 cells following STS treatment
was confirmed by the suppressed cleavage of CASP9 (Figure 5B).
On the other hand, CASP9 activity in sgApaf1 HCN cells and in
sgCon cells was increased similarly (1.62 ± 0.08 vs 1.7 ± 0.05 fold)
following INS withdrawal, although basal CASP9 activity was
lower in sgApaf1 than in sgCon cells (Figure 5C). Furthermore,
both sgCon and sgApaf1 HCN cells showed the same level of

MAP1LC3B lipidation induced by INS withdrawal (Figure 5D).
These results indicate that APAF1 is involved neither in autop-
hagy-induced CASP9 activation nor in autophagy flux in HCN
cells following INS withdrawal. Consistent with these results of
CASP9 activation and autophagy flux, sgApaf1 cells were resistant
to STS, but not to INS withdrawal, while sgCasp9 cells were
protected from both STS and INS withdrawal (Figure 5E).

Initiation and nucleation steps of autophagosome
biogenesis are not affected by CASP9 KO

Autophagosome biogenesis can be divided into phagophore
initiation, nucleation, expansion, and closure of phagophore
membranes, which generate the complete autophagosome
[32]. Then, autophagosomes mature into autolysosomes
through fusion with lysosomes for degradation and recycling
of the cargos [32]. Each step is mediated by distinct ATG
proteins and regulatory molecules. Since CASP9 KO impaired
autophagosome maturation into autolysosome, we examined

Figure 3. CASP9 KO cells are resistant to STS-induced apoptosis. (A) Western blotting analysis for validation of CASP9 KO in HCN cells. (B) Western blotting analysis of
cleavage of CASP9, CASP3, and PARP1 in CASP9 KO (sgCasp9) and control (sgCon) HCN cells after treatment with STS (0.5 μM, 3 h). The blots shown are
representative of 3 experiments with similar results. (C) Western blotting analysis of cleavage of CASP9, CASP3, and PARP1 after treatment with STS (0.5 μM, 3 h) in
sgCasp9 HCN cells transfected with empty vector (EV) or wild-type (WT) rat Casp9 (RnCasp9). The blots shown are representative of 3 experiments with similar results.
(D) Western blotting analysis for validation of CASP9 KO in HeLa cells. (E) Schematic diagram of isoforms of human CASP9. (F) sgRNA sequence used for generation of
CASP9 KO is marked as a red box. (G) CASP9 activity in sgCon and sgCASP9 HeLa cells after AA starvation for 2 h (n = 3). *P< 0.05, ***P < 0.001; ns, not significant.
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Figure 4. Genetic ablation of CASP9 impairs autophagy flux. (A) Measurement of autophagy flux by mRFP-GFP-MAP1LC3B puncta assay after AA starvation for 1 h in
sgCon and sgCASP9 HeLa cells. BafA1 (100 nM) was present during AA starvation. Graph, quantification of mRFP-GFP-MAP1LC3B puncta (n = 10 cells per condition).
Scale bar: 10 μm. P < 0.05 and P < 0.001; ns, not significant for red MAP1LC3B puncta. P < 0.05, P < 0.01, and P < 0.001; ns, not significant for yellow
MAP1LC3B puncta. (B) Western blotting analysis of MAP1LC3B after INS withdrawal for 6 h in sgCon and sgCasp9 HCN cells. BafA1 (10 nM) was added 1 h before cell
harvest. Graph, quantification of MAP1LC3B-II normalized to ACTB (n = 4). (C) Western blotting analysis of MAP1LC3B after AA starvation for 1 h in sgCon and
sgCASP9 HeLa cells. BafA1 (100 nM) was present during AA starvation. Graph, quantification of MAP1LC3B-II normalized to ACTB (n = 4). (D) CASP9 activity after INS
withdrawal for 3 h in sgCon and sgCasp9 HCN cells (n = 3). (E) CASP9 activity after INS withdrawal for 3 h in sgCasp9 HCN cells transfected with EV, WT, or C325A
RnCasp9 (n = 4). (F) Western blotting analysis of MAP1LC3B after INS withdrawal for 6 h in sgCasp9 HCN cells transfected with EV, WT, or C325A RnCasp9. BafA1
(10 nM) was added 1 h before cell harvest (n = 3). S. E., short exposure; L. E., long exposure. *P < 0.05, **P < 0.01, and ***P < 0.001; ns, not significant.
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whether other autophagy steps are also affected. Autophagy
initiation is induced by a kinase complex containing ULK1/
Atg1 (unc-51 like autophagy activating kinase 1), which is
under negative control by mechanistic target of rapamycin
complex 1 (MTORC1) depending on nutrient status [33,34].
Therefore, we examined the phosphorylation status of autop-
hagy upstream kinases MTOR at S2448 as an indicator of
MTOR activity [35,36] and ULK1 at S757, which is a site for
inhibitory phosphorylation by MTORC1 [33]. We also probed
phosphorylation of BECN1 at S14 (rat numbering; S15 in

humans), which is a substrate of ULK1 [34]. In both HCN
and HeLa cells, phosphorylation of MTOR S2448 and ULK1
S757 was markedly reduced, while BECN1 phosphorylation
was increased by INS withdrawal or AA starvation; the pat-
terns of these changes were the same in CASP9 KO and
control cells (Figure 6A,B). These data indicate that upstream
signaling molecules for autophagy initiation were not affected
by CASP9 KO.

Nucleation is mediated by a class III PtdIns3K complex
composed of PIK3C3/Vps34, BECN1/Vps30/Atg6, PIK3R4/

Figure 5. APAF1 is not required for CASP9 cleavage and autophagy induction following INS withdrawal in HCN cells. (A) Western blotting analysis for validation of
Apaf1 KO. (B) Western blotting analysis for evaluation of the effect of Apaf1 KO on CASP9 cleavage after treatment with STS (0.5 μM, 6 h). The blots shown are
representative of 3 experiments with similar results. (C) CASP9 activity after INS withdrawal for 3 h in sgCon and sgApaf1 cells (n = 4). (D) Western blotting analysis of
MAP1LC3B after INS withdrawal for 6 h in sgCon and sgApaf1 cells. BafA1 (10 nM) was added 1 h before cell harvest. Graph, quantification of MAP1LC3B-II normalized
to ACTB (n = 3). (E) Cell death rate in sgCon, sgApaf1 and sgCasp9 cells following INS withdrawal for 24 h (n = 4). (F) Cell death rate in sgCon, sgApaf1 and sgCasp9
cells after treatment of STS for 12 h (n = 4). **P < 0.01, ***P < 0.001; ns, not significant.
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Vps15, and ATG14 [37]. The increased phospholipid kinase
activity produces PtdIns3P at the omegasome (a specialized
ER subdomain for phagophore formation) and drives autop-
hagosome formation by recruiting other ATG proteins and
PtdIns3P effector proteins, such as ZFYVE1/DFCP1 (zinc
finger FYVE-type containing 1) [38]. Therefore, the sites of
phagophore nucleation and assembly can be examined by
ZFYVE1. We assessed the number of GFP-ZFYVE1 puncta
following autophagy induction and found that INS withdra-
wal or AA starvation induced the same number of ZFYVE1
puncta in CASP9 KO and control cells, both HCN and HeLa
(Figure 6C,D). These results demonstrate that the initiation
and nucleation steps of autophagosome formation are intact
in CASP9 KO cells and CASP9 affects more downstream
stages of autophagy, as suggested by the analysis of mRFP-
GFP-MAP1LC3B puncta.

Autophagosome closure and maturation are impaired by
CASP9 KO

Since autophagosome formation begins normally in CASP9
KO cells, we checked whether ATG conjugation molecules are
affected by CASP9 KO. Western blotting analysis revealed that
ATG3 was accumulated at high levels in CASP9 KO HCN and

HeLa cells (Figure 7A). Therefore, we checked whether tran-
scription of ATG3 was affected by CASP9 KO. However,
mRNA levels were not changed by CASP9 KO in either
HCN or HeLa cells (Figure 7B).

MAP1LC3B and other Atg8-family members undergo lipi-
dation during autophagy induction and all of them are impor-
tant for autophagosome formation, yet with different roles.
MAP1LC3B is involved in elongation of the autophagosome
membrane, whereas GABARAPmembers act at a later stage, in
autophagosome maturation and closure [39]. Therefore, we
examined the lipidated forms of GABARAP, GABARAPL1,
and GABARAPL2 [39,40]. Interestingly, upon autophagy
induction, increases in type II forms of GABARAPL1 and
GABARAPL2 were markedly suppressed in CASP9 KO cells,
whereas no changes were observed in the lipidation of
GABARAP (Figure 7C,D). These results showed that lipidation
of GABARAPL1 and GABARAPL2 (Figure 7C,D) as well as
MAP1LC3B (Figure 4B,C) was disturbed by CASP9 KO. To
reveal any differences in lipidation between MAP1LC3B and
GABARAP members, western blotting analysis with a time-
course after BafA1 treatment was performed at basal state. This
analysis showed that lipidation of GABARAPL2 in HCN cells
and of GABARAPL1 and 2 in HeLa cells was significantly
impaired in constitutive autophagy (Figure 7E,F). The reduced

Figure 6. Initiation and nucleation steps of autophagosome formation are not affected by CASP9 KO. (A and B) Western blotting analysis of phosphorylation of MTOR
(S2448), ULK1 (S757), and BECN1 (S14, S15) after INS withdrawal (3 h) or AA starvation (1 h) in HCN (A) or HeLa (B) cells. The blots shown are representative of 3
experiments with similar results. (C and D) GFP-ZFYVE1 puncta assay after INS withdrawal (3 h) in HCN cells (C) or AA starvation (1 h) in HeLa cells (D). Graphs,
quantification of the number of GFP-ZFYVE1 puncta (n = 10 cells per condition). Scale bar: 5 μm (HCN) and 10 μm (HeLa). ***P < 0.001 for sgCon cells. ###P < 0.001
for sgCasp9 or sgCASP9 cells. ns, not significant between control and CASP9 KO cells after INS withdrawal or AA starvation.

AUTOPHAGY 1605



Figure 7. Lipidation of GABARAPL1 and GABARAPL2 is affected by CASP9 KO. (A) Western blotting analysis of ATG-conjugating molecules, ATG7, ATG12–5, ATG16L1,
and ATG3, after INS withdrawal (3 h) in HCN cells or AA starvation (1 h) in HeLa cells. The blots shown are representative of 3 experiments with similar results. (B)
Relative mRNA levels of Atg3/ATG3 in HCN or HeLa cells, respectively (n = 3). (C and D) Western blotting analysis of GABARAP family proteins after INS withdrawal
(6 h) in HCN (C) cells or AA starvation (1 h) in HeLa cells (D). BafA1 (10 nM for HCN cells; 100 nM for HeLa cells) was added 1 h before cell harvest in HCN cells or was
present during AA starvation in HeLa cells. The blots shown are representative of 3 experiments with similar results. (E and F) Time-course analysis of lipidation of
MAP1LC3B, GABARAP, GABARAPL1, and GABARAPL2 by western blotting in sgCon and sgCasp9 HCN cells following treatment with BafA1 (10 nM) (E) or in sgCon and
sgCASP9 HeLa cells following treatment with BafA1 (100 nM) (F). Graphs, quantification of MAP1LC3B-II, GABARAP-II, GABARAPL1-II, and GABARAPL2-II normalized to
ACTB (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001.
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amounts of lipidated forms of MAP1LC3B and GABARAP
members were not due to alternations in their transcript levels
(data not shown). Given the potential involvement of
GABARAP proteins in the late stages of autophagosome for-
mation, these data support our observations that suppression
of autophagy flux caused by CASP9 KO is related to impaired
autophagosome maturation.

A recent study using atg3 KO mouse embryonic fibroblasts
showed that, although phagophore formation was normal, the
success rate of mature autophagosome formation was much
lower and autophagosomes were deformed and had defective
degradation of the IAM [40]. In this study, GFP-tagged STX17
(syntaxin 17) was used as a marker of autophagosome matura-
tion, since elongating phagophore membrane is STX17-negative
until it becomes completely ring-shaped. STX17 is then recruited
and eventually released after autophagosome–lysosome fusion
and IAM degradation [40]. Therefore, we adopted the GFP-
STX17 construct to monitor autophagosome membrane closure
and maturation. We first counted the number of ring-shaped
STX17-positive structures, which correspond to closed autopha-
gosomes. In sgCon HeLa cells, the number of such structures
increased significantly at an early time point (0.5 h) and then
gradually decreased (Figure 8A). In sgCASP9 cells, their number
was significantly lower than in sgCon cells and no significant
increase at 0.5 h was observed (Figure 8A). We also noticed an
irregular shape of STX17-positive autophagosomes in sgCASP9
cells (Figure 8A). To analyze the shape of STX17-positve struc-
tures at higher resolution, we used super-resolution structured
illumination microscopy (SR-SIM). In control cells, fully closed,
circular STX17-containing autophagosome were detected fol-
lowing autophagy induction. However, in CASP9 KO cells,
STX17-positive autophagosomes were not closed and had
a distorted shape (Figure 8B). Next, we measured the lifetime
of STX17-containing autophagosomes during starvation by live
confocal imaging of GFP-STX17 in living cells. In control cells,
most of the STX17 rings disappeared within 20 min (average
lifetime, 13.55 ± 0.82 min), suggesting that it takes less than
20min for fusion with lysosomes and degradation of the IAM. In
contrast, the lifetime of STX17 rings in sgCASP9 cells was
30.90 ± 3.24 min, more than twice as long as that in sgCon
cells (Figure 8C). These results clearly indicate that autophago-
some maturation, including sealing of the membranes, fusion
with lysosomes, and subsequent degradation of the IAM, was
significantly delayed by CASP9 KO. Autophagosomes are
matured and degraded by fusion with late endosomes [41,42].
Since autophagosome degradation was delayed in CASP9 KO,
fusion with late endosomes is likely also suppressed in CASP9
KO cells. RAB7 is a well-characterized marker of late endosomes
[41]; therefore, we checked co-localization of MAP1LC3B and
SQSTM1 with RAB7. As expected, RAB7 was strongly co-
localized with MAP1LC3B or SQSTM1 after AA starvation in
sgCon HeLa cells. However, this co-localization was consider-
ably decreased by CASP9 KO (Figure 8D,E).

Lastly, we confirmed the deformed morphology of autop-
hagosomes by transmission electron microscopy in HeLa cells.
We first checked the state of autophagosome closure in sgCon
and sgCASP9 at basal state. Closed or unclosed

autophagosomes were detected in both sgCon and sgCASP9
cells, and the number of closed autophagosomes was similar
between sgCon and sgCASP9 cells at basal state (Figure 8F,G).
However, the number of unclosed autophagosomes was sig-
nificantly higher in CASP9 KO cells, indicating inefficient
autophagosome closure. These results strongly suggest that
CASP9 activity is required for autophagosome closure and
maturation.

Production of mitochondrial ROS is decreased in CASP9
KO cells

One of the mechanisms modulating autophagy acts through
ROS-mediated pathways [43]. Endogenous ROS formation
can have disparate effects on autophagy. ROS, especially
mitochondrial superoxide is critical for stimulation of
autophagy [44–46]. However, overtly elevated level of intra-
cellular ROS may compromise autophagy by oxidative inhi-
bition of ATG3 and ATG7 [47]. Since the effects of CASP9
KO on ATG3 seemed to be at the protein level, we won-
dered if the production of mitochondrial ROS is altered in
CASP9 KO cells. To detect generation of mitochondrial
superoxide, we used MitoSOX Red. Of note, basal level of
mitochondrial ROS was markedly reduced, and generation
of mitochondrial ROS induced by AA starvation was also
greatly diminished in sgCASP9 HeLa cells (Figure 9A,B).
When measured using another ROS indicator, chloro-
methyl-2ʹ,7ʹ-dichlorodihydrofluorescein diacetate (CM-H2

DCFDA), the intracellular ROS level was also significantly
lower in sgCASP9 cells than in sgCon cells (Figure 9C).
These data suggest that CASP9 KO decreased production of
endogenous ROS below the level required to stimulate
autophagy. Thus, we reasoned that addition of extracellular
ROS in the form of H2O2 could rescue autophagy flux.
Frudd et al. reported that a high concentration of extra-
cellular H2O2 (over 200 μM) inhibits autophagy by oxida-
tion of ATG3 and ATG7 [47]. Therefore, we treated
sgCASP9 HeLa cells with low doses of H2O2 and examined
whether lipidation of MAP1LC3B and GABARAPL2 would
be restored. As we anticipated, doses of H2O2 below 50 μM
rescued autophagy flux within 1 h after addition to AA-
starved sgCASP9 HeLa cells (Figure 9D). These data suggest
that curtailed level of endogenous ROS, including mito-
chondrial superoxide, underlies the inefficient conjugation
of MAP1LC3B and GABARAPL2.

To determine if ATG3 activity was inhibited in the absence
of CASP9, we compared the endogenous levels of the ATG3-
Atg8-family protein (referred to here as ATG8 for the mam-
malian homologs of yeast Atg8) intermediates in sgCon and
sgCASP9 cells with sgATG3 cells as a negative control for
ATG3 and ATG3-ATG8 bands. We performed non-reducing
western blotting analysis following the published procedure
[47] and observed significant decrease in the amounts of
ATG3-ATG8 intermediates in sgCASP9 cells after AA starva-
tion (Figure 9E). To further confirm inhibition of ATG3 activ-
ity in CASP9 KO cells, we generated ATG3 and CASP9 double
KO HeLa cells (sgATG3;CASP9) and expressed FLAG-tagged
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Figure 8. Autophagosome closure is impaired by CASP9 KO. (A) Expression of GFP-STX17 in sgCon and sgCASP9 HeLa cells. Ring-shaped STX17 structures were
analyzed following AA starvation at the indicated time points. Graph, number of GFP-STX17 puncta per cell (n = 10 cells at each time point). Scale bar: 10 μm.
**P < 0.001 and ***P < 0.001; ns, not significant between sgCon and sgCASP9 cells. ### P < 0.001 compared to the control (0 h) in sgCon cells. ns, not significant
compared to the control (0 h) in sgCASP9 cells. (B) High-resolution images of STX17-positive structures captured by super-resolution structured illumination
microscopy (SR-SIM) in sgCon and sgCASP9 HeLa cells after AA starvation for 0.5 h. White and red arrowheads indicate complete and unclosed STX17 structures,
respectively. Scale bar: 5 μm (2 μm for magnified images). Graph, number of GFP-STX17 puncta per cell (n = 10 cells). (C) Measurement of lifetime of GFP-STX17-
containing autophagosomes by live-imaging confocal microscopy following AA starvation. Arrowheads indicate STX17-positive rings (n = 10 in at least 8 cells). Scale
bar: 2 μm. (D) Co-localization of endogenous RAB7 and MAP1LC3B in sgCon and sgCASP9 HeLa cells after AA starvation for 2 h. Scale bar: 10 μm (5 μm for magnified
images). (E) Co-localization of endogenous RAB7 and SQSTM1 in sgCon and sgCASP9 HeLa cells after AA starvation for 2 h. Arrowheads indicate co-localization and
arrows indicate MAP1LC3B or SQSTM1 without RAB7. Scale bar: 10 μm (5 μm for magnified images). (F) Analysis of autophagosome morphology by transmission
electron microscopy in sgCon and sgCASP9 HeLa cells. Red asterisks indicate the region of unclosed at autophagosome. Scale bar: 5 μm (500 nm for magnified
images). (G) Quantification of closed and unclosed autophagosomes in sgCon and sgCASP9 cells (n = 10). ***P < 0.001.
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WT ATG3 in sgATG3 or sgATG3;CASP9 cells. Lipidation of
Atg8-family proteins was completely blocked in sgATG3 and
sgATG3;CASP9 cells (Figure 9E,F) and expression of ATG3

restored the level of MAP1LC3B lipidation in sgATG3, but
not in sgATG3;CASP9 cells (Figure 9G). The amount of FLAG-
ATG3-ATG8 intermediate was also much less in sgATG3;

Figure 9. Production of mitochondrial ROS is suppressed by CASP9 KO. (A) Analysis of mitochondrial ROS production. sgCon and sgCASP9 HeLa cells were stained
with MitoSox Red (5 μM) for 30 min following AA starvation (15 min) and analyzed using live-imaging confocal microscopy. Scale bar: 20 μm. (B) Measurement of
mitochondrial ROS production by fluorescence-activated cell sorting (FACS). sgCon and sgCASP9 HeLa cells after AA starvation for 1 h were stained with MitoSox Red
(5 μM) for 15 min. (C) Measurement of intracellular ROS by FACS. sgCon and sgCASP9 HeLa cells after AA starvation for 1 h were stained with CM-H2DCFDA (200 nM)
for 20 min. (D) Western blotting analysis of MAP1LC3B and GABARAPL2 lipidation after AA starvation for 1 h in HeLa cells. H2O2 was added 1 h before medium
change to EBSS. (E) Non-reducing western blotting analysis of ATG3-ATG8 intermediate after AA starvation for 0.5 h in sgCon, sgCASP9 and sgATG3 HeLa cells,
respectively. sgATG3 cells were used as a negative control of ATG3 and ATG3-ATG8 intermediate bands. Asterisk indicates ATG3-ATG8 intermediate band. Graph,
quantification of ATG3-ATG8 intermediates normalized to ACTB (n = 3). (F) Western blotting analysis of ATG3, CASP9 and Atg8-family lipidation in sgCon, sgATG3 and
sgATG3;CASP9 HeLa cells. (G) Non-reducing western blotting analysis of FLAG-ATG3-ATG8 intermediate after AA starvation for 0.5 h in sgATG3 and sgATG3;CASP9 cells
without or with expressing FLAG-ATG3. Asterisk indicates FLAG-ATG3-ATG8 intermediate band. The blots shown are representative of 3 experiments with similar
results. *P < 0.05, **P < 0.01, ***P < 0.001.

AUTOPHAGY 1609



CASP9 cells than sgATG3 cells (Figure 9G). These data indicate
that ATG3 activity was inhibited in CASP9 KO cells.

Mitochondrial homeostasis is disrupted by CASP9 KO

Amarked decline inmitochondrial ROS production, even under
starvation, in CASP9 KO cells implies dysregulated mitochon-
drial function. Therefore, we compared themitochondrial mem-
brane potential (Δψm) in sgCon and sgCASP9 HeLa cells by
staining with tetramethylrhodamine ethyl ester (TMRE) and

found that basal Δψm was lower in sgCASP9 cells (Figure 10A).
Next, we used MitoTracker Green to assess the total number of
mitochondria andMitoTracker Deep Red tomeasuremitochon-
drial membrane potential. In agreement with TMRE data, we
observed an increase in the population of depolarizedmitochon-
dria in sgCASP9 cells (Figure 10B). Since the morphological
dynamics of mitochondria is associated with their key physiolo-
gical functions, including cell death, bioenergetics, and autop-
hagy [48], we monitored mitochondrial morphology in living
cells stained with MitoTracker Green by live confocal

Figure 10. Mitochondrial morphology and homeostasis are affected by CASP9 KO. (A) Measurement of mitochondrial membrane potential (Δψm). sgCon and sgCASP9
HeLa cells were stained with TMRE (100 nM, 20 min) and analyzed using live-imaging confocal microscopy. Scale bar: 20 μm. (B) Analysis of depolarized mitochondria
by FACS. sgCon and sgCASP9 HeLa cells were stained with MitoTracker Green and MitoTracker Deep Red (100 nM each, 20 min; n = 4). (C) Mitochondrial morphology.
sgCon and sgCASP9 HeLa cells were stained with MitoTracker Green (200 nM, 20 min) and analyzed using live-imaging confocal microscopy. Scale bar: 20 μm (5 μm
for magnified images). (D) Western blotting analysis of ATG3 protein level after AA starvation for 1 h in sgCASP9 HeLa cells. H2O2 was added 1 h before medium
change to EBSS. Graphs, quantification of ATG3 normalized to ACTB (n = 3). (E) Mitochondrial morphology. sgCASP9 HeLa cells were treated with H2O2 (20 μM, 1 h),
stained with MitoTracker Green (200 nM, 20 min), and analyzed using live-imaging confocal microscopy. Scale bar: 20 μm (5 μm for magnified images). (F)
Mitochondrial morphology. sgCASP9 HeLa cells co-transfected with DsRed-Mito and EV, WT, or C325A RnCasp9 (1:3 ratio) were analyzed using live-imaging confocal
microscopy. Scale bar: 20 μm (5 μm for magnified images). (G) Western blotting analysis of ATG3 protein level after introduction of EV, WT, or C325A RnCasp9 into
sgCASP9 HeLa cells. Graphs, quantification of ATG3 normalized to ACTB (n = 3). ***P < 0.001; ns, not significant.
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microscopy. Interestingly, CASP9 deletion resulted in
a transition from the tubular or globular shape of normal mito-
chondriawith diverse lengths to an entangled, long tubular shape
(Figure 10C). To further examine the differences in mitochon-
drial dynamics between control and CASP9 KO cells, we trans-
fected cells with DsRed-Mito and performed real-time tracking
of mitochondria. In sgCon HeLa cells, mitochondria actively
moved and constantly connected with and disconnected from
other mitochondria (Movie S1). However, mitochondria
remained interconnected and formed long tubular structure in
sgCASP9 cells, and mitochondrial fusion and fission occurred at
a much lower rate than in sgCon cells (Movie S2). These results
indicate that CASP9 is critical for mitochondrial fusion and
fission and maintenance of their normal morphology. Since
extracellularly added H2O2 rescued autophagy flux, we checked
whethermitochondrial defects were also corrected. Interestingly,
H2O2 addition rescued the abnormal accumulation of ATG3
(Figure 10D) but not dysregulated mitochondrial morphology
(Figure 10E). Conversely, expression of active CASP9 corrected
both the ATG3 levels andmitochondrial morphology, indicating
that mitochondrial phenotypes are caused by loss of CASP9
(Figure 10F,G and Movies S3-5).

Next, we checked whether the proteins regulating mito-
chondrial fusion and fission were affected by CASP9 KO.
Interestingly, DNM1L/DRP1 (dynamin 1 like), MFN1 (mito-
fusin 1) and MFN2 were significantly accumulated in sgCASP9
cells (Figure 11A). Furthermore, inactive form of DNM1L, as
indicated by S637 phosphorylation was increased while active
form of DNM1L, as indicated by S616 phosphorylation was
decreased in sgCASP9 cells, indicating defects in DNM1L func-
tion and mitochondria fission in sgCASP9 cells (Figure 11A).
To examine whether inhibition of mitochondria fission was
able to recapitulate autophagy defects observed in CASP9-
deficient cells, we expressed dominant-negative (DN) form of
DNM1L and monitored mitochondria morphology and lipida-
tion of ATG8 proteins. In a similar way to sgCASP9 cells,
expression of DN-DNM1L showed long and hyperconnected
mitochondria morphology (Figure 11B) with reduced lipida-
tion of ATG8 proteins (Figure 11C). These data suggest that
CASP9 can affect the stability and function of protein regulat-
ing mitochondrial fission and fusion. To examine whether
CASP9 translocate to mitochondria upon autophagy induc-
tion, we performed subcellular fraction into mitochondrial
and cytosolic fractions with starved HeLa cells. Interestingly,
we observed pro and cleaved forms of CASP9 in the mitochon-
drial fraction at both basal and starved states, whereas cytosolic
fraction contained only proform of CASP9 at basal state and
cleaved CASP9 was detected in the cytosol only after EBSS
starvation (Figure 11D). Next, we wondered whether CASP9
activation was dependent on mitochondrial ROS. Activation of
CASP9 in starved HeLa cells was significantly suppressed by
Mito-TEMPO (Figure 11E,F). Combined with mitochondrial
fractionation experiments, these results suggest that mitochon-
drial fraction of CASP9 is activated by mitochondrial ROS
upon autophagy induction and amplifies signal for facilitation
of autophagy. Although this speculation needs more experi-
mental verification, it provides a useful starting point for
further analysis. All together, these results clearly indicate
that CASP9 activity is essential for mitochondrial homeostasis

and optimal level of ROS generation, which are in turn required
for membrane closure and completion of autophagosome for-
mation in response to growth factor or nutrient deprivation.

Discussion

Physiological outcomes of crosstalk between autophagy and
apoptosis, and related molecular mechanisms are quite com-
plex. Generally, autophagy is considered a pro-survival
mechanism to prevent cell death under stress conditions,
while excessive level of stress leads cells to the point of no
return, and apoptosis inhibits autophagy to promote cell
death. Accordingly, accumulating evidence shows that
CASPs suppress autophagy to facilitate apoptosis. However,
CASPs have also been found to promote autophagy indepen-
dently of their apoptotic function, or even in opposition to
apoptosis [14,15]. Therefore, the function of CASPs in regula-
tion of autophagy is not as simple as it might seem at first
glance, and is rather context-dependent. The contradictory
roles of CASPs in autophagy and relevant molecular mechan-
isms warrant further detailed investigation. In this study, we
observed CASP9 activation during autophagy induction.
However, CASP9 activation was autophagy-independent,
because Ulk1 KO or Atg7 knockdown in HCN cells did not
affect CASP9 activation. Although an increase in CASP9
activity was reduced in sgUlk1 or shAtg7 HCN cells following
INS withdrawal, there was still significant upregulation of
CASP9 activity (sgCon vs. sgUlk1 vs. shAtg7; 1.72 ± 0.12 vs.
1.47 ± 0.02 vs. 1.45 ± 0.04, n = 3). CASP9 activation mediates
ACD in INS-deprived HCN cells or does not evoke immediate
cell death in AA-starved HeLa cells. Although CASP9 began
to be activated from very early time points in HeLa cells
(within 30 min by EBSS, as shown in Figure 1H), this early
activation of CASP9 did not cause cell death (control vs. EBSS
at 12 h; 1.49 ± 0.14% vs. 5.22 ± 0.38%, n = 3). As a control of
cell death assay, 0.25 μM of STS caused a marked increase in
cell death (61.24 ± 3.60% at 12 h, n = 3). This concentration of
STS was used typically in HeLa cells [49]. In either way,
CASP9 activation is associated with autophagy, not apoptosis.
If CASP9 activity is indispensable for autophagy flux, then
how does CASP9 activity not propagate apoptotic signal at the
same time? And what can be its substrates/targets and under-
lying mechanisms for its role in autophagy regulation?

Although a few studies have already suggested a positive role
of CASP9 in autophagy regulation, our study suggests previously
unidentified molecular mechanisms. Han et al. reported that
CASP9 forms a complex with ATG7 [14]; however, we were
not able to observe this interaction under our experimental
conditions. Also, in this reported direct interaction, CASP9
activity is not required for autophagy facilitation, and ATG7
suppresses CASP9 processing and its apoptotic activity. In con-
trast, our pharmacological and genetic inactivation studies
demonstrate that CASP9 activity is critical for autophagy induc-
tion. Lending further support to our conclusion, rescue experi-
ments showed that only WTCASP9, but not its inactive mutant,
restored autophagy flux in CASP9 KO cells. In breast cancer
MCF-7 cells, CASP9 has a pro-survival function and protects
against nonsteroidal anti-inflammatory drugs used as anti-
cancer therapy by enhancing autophagy [15]. However, the
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molecular mechanism for CASP9-mediated autophagy has not
been resolved in that study. Our study suggests that CASP9 is
likely to mediate autophagy induction through the mitochon-
drial pathway, especially through production of mitochondrial
ROS. Mitochondrial ROS are implicated in autophagy induction
under various conditions, including starvation and inhibition of
themitochondrial electron transport chain [44,46]. Our study, in
line with the stimulatory role of ROS in autophagy, suggests that

optimal production of mitochondrial ROS contributes to the
progress of autophagy. However, the ROS-mediated redox
events related to autophagosome elongation need to be further
elucidated at the molecular level. The probable molecular target
of ROS is ATG3 or ATG4. We observed a significant accumula-
tion of ATG3 in CASP9 KO cells. Although the molecular
properties of the abnormally accumulated ATG3 in CASP9 KO
cells await further characterization, accumulated ATG3 is likely

Figure 11. Mitochondrial fusion-fission proteins are affected by CASP9 KO. (A) Western blotting analysis of mitochondrial fusion and fission proteins in sgCon and
sgCASP9 cells. Graphs, quantification of DNM1L, MFN1 and MFN2 normalized to ACTB or p-DNM1L S616 and S637 normalized to total DNM1L (n = 4). (B)
Mitochondrial morphology after expression of DN-DNM1L. HeLa cells transfected with IRES-mCherry (EV) or DN-DNM1L-IRES-mCherry (DN-DNM1L) were stained with
MitoTracker Green (200 nM, 20 min), and analyzed using live-imaging confocal microscopy. Scale bar: 20 μm (5 μm for magnified images). (C) Western blotting
analysis of GABARAP1L, L2 and MAP1LC3B lipidation transfected with IRES-mCherry (EV) or DN-DNM1L-IRES-mCherry (DN-DNM1L) after AA starvation for 1 h without
or with BafA1 (100 nM) in HeLa cells (n = 3). (D) Western blotting analysis of mitochondrial localization of cleaved CASP9 in HeLa cells after AA starvation for the
indicated time periods. Cyto and Mito represent cytoplasmic and mitochondria fractions, respectively. TUBB and VDAC were used as loading control of each fraction.
(E) CASP9 activity in HeLa cells after AA starvation without or with Mito-TEMPO (10 μM) (n = 5). (F) Western blotting analysis of cleaved CASP9 after AA starvation for
1 h with Mito-TEMPO at the indicated concentrations (n = 4). Mito-TEMPO was added 2 h before medium change to EBSS. S. E., short exposure; L. E., long exposure.
*P < 0.05, **P, ##P < 0.01, ***P < 0.001; ns, not significant.
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to be inactive. Accumulation of ATG3 seems to be regulated
posttranslationally, because its transcript level is not changed.
We have excluded the possibility that ATG3 level is regulated
through CASP9-dependent cleavage, because we could not
detect any evidence of ATG3 cleavage by or its interaction with
CASP9 (data not shown). Also, extracellular H2O2 quickly
(within 1 h) reduces the ATG3 protein level to baseline in
CASP9 KO cells.

Lipidation status of MAP1LC3B/GABARAP members is
regulated by reversible lipid conjugation [50]. ATG4 is
a cysteine protease that processes ATG8 members in both
conjugation and deconjugation steps. ATG4 cleaves nascent
ATG8 proteins and exposes their C-terminal glycine residue.
This cleavage is known as priming of MAP1LC3/GABARAP
proteins and generates cytosolic MAP1LC3-I/GABARAP-I
forms for PE conjugation. ATG4 also delipidates PE-
conjugated MAP1LC3-II/GABARAP-II by breaking the
bond between the C-terminal glycine and PE [51]. During
starvation, ATG4 activity is inhibited by ROS through oxida-
tion of the catalytically critical cysteine residue [44].
Therefore, in CASP9 KO cells, which produce mitochondrial
ROS at a much lower rate than control cells, ROS-mediated
modulation of ATG4 activity is likely to be incomplete and
ATG4 is expected to stay overactive despite autophagy induc-
tion. ATG4 then very rapidly releases PE from ATG8 pro-
teins, especially GABARAPL1 and GABARAPL2. Since
lipidated ATG8 proteins are involved in all aspects of autop-
hagosome development, the diminished amount of lipidated
MAP1LC3/GABARAP will considerably slow down autopha-
gosome formation. Again, restoration of intracellular redox
balance, by reconstitution with active CASP9 or addition of
extracellular H2O2 to CASP9 KO cells, rescues defective lipi-
dation of MAP1LC3B or GABARAPL2. The priming of ATG8
proteins is fast and constitutive, and the resting level of ATG4
is enough to support priming [50]. On the other hand, sus-
tained autophagosome growth requires persistent presence of
MAP1LC3–PE/GABARAP–PE proteins. As such, delipidation
of ATG8 members is not thought to be constitutive, nor as
fast as priming [50]. Therefore, overactivation of ATG4 would
more greatly affect delipidation than PE conjugation.

Another aspect to be investigated in the future is how
CASP9 is activated. Since APAF1 is dispensable for CASP9
activation in HCN cells, there may be a distinct activation
mechanism different from typical apoptotic pathways. One
candidate mechanism is through autophagosome-mediated
processing of CASP9, as hinted by the case of CASP8.
CASP8 activation was reported in the absence of its conven-
tional, death ligand receptor-dependent activation pathway
[52]. Interestingly, CASP8 maturation following apoptosis
induction is strongly impaired when autophagy is inhibited.
Therefore, CASP8 is activated in an autophagosome-
dependent way [16,53]. CASP9 may be activated in a similar
manner. However, it should be mentioned that CAPS8 exe-
cutes apoptosis after autophagosome-dependent activation,
which is in contrast to association of CASP9 activation with
autophagy in our study.

It would also be interesting to determine how CASP9
regulates mitochondrial homeostasis. Depolarization of mito-
chondrial outer membrane potential and subsequent CASP9

activation are well established in mitochondria-mediated
intrinsic apoptosis [54]. CASP9 then induces feedback disrup-
tion of mitochondria [55]. However, in contrast to CASP-
dependent mitochondrial damage during apoptosis, CASP9
activity is essential to maintain mitochondrial homeostasis at
basal state and during autophagy induction under our experi-
mental conditions. How the CASP9 signaling cascade is
diverted from activation of downstream CASPs and apoptosis,
and is instead driven toward autophagy needs further inves-
tigation. Also, little is known about how CASPs affect mito-
chondria in the nonapoptotic context. Given CASP9
activation without mitochondrial disruption and immediate
apoptosis, our study will provide a useful platform for future
study to understand how CASPs control mitochondrial func-
tion and homeostasis in nonapoptotic scenarios.

In conclusion, our results establish a previously unrecognized
role of CASP9 in the promotion of autophagy through main-
tenance of mitochondrial homeostasis and facilitation of ATG8
conjugation (Figure 12). Elucidation of the cryptic mechanisms
underlying CASP9 activation and CASP9-mediated regulation
of mitochondrial homeostasis and autophagy will greatly
advance our understanding of the autophagy-apoptosis
interaction.

Materials and methods

Reagents and antibodies

The following reagents were used: BafA1 (BML-CM110-0100)
and Z-VAD-fmk (ALX-260-020-M005) from Enzo Life
Sciences; STS (9953) from Cell Signaling Technology;
Z-DEVD-fmk (550378) and Z-IETD-fmk (550380) from BD
Biosciences; Z-VEID-fmk (FMK006) and Z-LEHD-fmk
(FMK008) from R&D Systems; MitoTracker Green FM
(M7514), MitoTracker Deep Red FM (M22426), MitoSox
Red (M36008), CM-H2DCFDA (C6827), and TMRE (T669)
from Thermo Fisher Scientific. Antibodies against the follow-
ing proteins were used: MAP1LC3B (NB100-2220), ATG5
(NB110-53818), and APAF1 (NBP1-76999) from Novus
Biologicals; GABARAPL1 (11010-1-AP) and GABARAPL2
(18724-1-AP) from Proteintech; FLAG (F3165) from Sigma-
Aldrich; GABARAP (13733S), p-MTOR S2448 (5536),
MTOR (2972S), p-ULK1 S757 (14202), ULK1 (8054S),
BECN1 (3738S), ATG3 (3415), ATG7 (8558), ATG16L1
(8089), pro-CASP3 (9662), cleaved CASP3 (9661), CASP9
(9508), cleaved CASP9 (9595 for human, 9507 for rat),
PARP1 (9542), TUBB (2146), VDAC (4866), p-DNM1L
S616 (4494), and MFN2 (9482) from Cell Signaling
Technology; p-BECN1 S15 (254515) from Abbiotec;
p-DNM1L S637 (orb 127984) from Biorbyt; RAB7 (sc-
376362), DNM1L (sc-32898), MFN1 (sc-166644) and horse-
radish peroxidase-conjugated ACTB/β-actin (sc-47778) from
Santa Cruz Biotechnology.

Cell cultures

HCN cells derived from the hippocampus of 8-week-old
Sprague Dawley rats were cultured in poly-L-ornithine- and
laminin-coated tissue culture dishes, as previously described
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[20]. Cells were maintained in chemically defined serum-free
medium containing Dulbecco’s modified Eagle’s medium
(DMEM)/F-12 (Gibco, 12400–024) supplemented with N2
components and basic fibroblast growth factor (20 ng/ml;
Peprotech, 100-18B-500). INS was omitted to prepare INS-
deficient medium.

HeLa cells were maintained in DMEM containing 10%
heat-inactivated fetal bovine serum (Hyclone, SH30084.03)
and 1% penicillin–streptomycin (Corning, 30-002-CI). For
AA starvation, cells were washed with phosphate-buffered
saline (PBS; 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4,
1.4 mM KH2PO4, pH 7.4) twice and then incubated with
Earle’s balanced salt solution (EBSS) (Sigma, E2888-500ML)
for different time periods as indicated in figure legends.

Construction of CRISPR-Cas9 mediated KO cells

sgRNAs for CRISPR-Cas9 mediated gene KO of both rat and
human CASP9, rat Apaf1, and human ATG3 were designed by
and purchased from ToolGen (Republic of Korea). HCN or HeLa
cells were transfected with Cas9- and gRNA-encoding plasmids
using the Lipofectamine 2000 transfection reagent (Invitrogen,
11688019) according to the manufacturer’s protocol. CASP9,
APAF1 and ATG3 KO cells were selected by hygromycin
B (Enzo Life Sciences, ALX-380-306-G001) at a concentration
of 300 μg/ml for 24 h followed by single-cell colony isolation on
a 96-well plate. sgRNA sequences were as follows: for human
CASP9, 5′-GAACAGCTCGCGGCTCAGCAGGG-3′; for rat
Casp9, 5′-CTCTGGGTCTCGGCGGGATCAGG-3′; for rat
Apaf1, 5′-TATGTTGAAGCAAACAATTTCGG-3′.; for human
ATG3. 5ʹ-TTATAGTGCCGTGCTATAAG-3ʹ.

Cell death assay

Cells were seeded in a 96-well plate at a density of 5 × 104 cells for
HCN cells or 2 5 × 104 cells for HeLa cells per cm2. Cell death
was measured by co-staining with Hoechst 33342 (Invitrogen,
H3570) and propidium iodide (PI; Sigma-Aldrich, P4170).
Images of stained cells were captured using a fluorescence
microscope (Axiovert 40 CFL; Carl Zeiss) and Hoechst-
positive and PI-positive cells were counted using NIH ImageJ
software. Cell death rate (%) calculated as (PI-positive [dead] cell
number/Hoechst-positive [total] cell number) × 100.

Subcellular fractionation

Subcellular fractionation was performed as previously
described [56]. In brief, HeLa cells were centrifuged at
800 × g for 10 min and then homogenized by Dounce homo-
genizer for 150 times in STM buffer (250 mM sucrose
[Duchefa Biochemie, S0809.1000], 50 mM Tris-HCl, pH 7.4,
5 mM MgCl2, 1 × Halt protease and phosphatase inhibitor
cocktail [Thermo Fisher Scientific, 78444]) and kept on ice for
30 min. The homogenate was then mixed by vortexing for
15 s and centrifuged at 800 × g for 15 min and the super-
natant (S0) was further centrifuged at 11,000 × g for 10 min
twice to separate the supernatant (S2) and pellet (P2). An
equal volume of cold 100% acetone was added to S2 and the
samples were incubated for at least 1 h at – 20ºC to precipitate
the proteins. After centrifugation at 12,000 × g for 5 min, the
pellet was resuspended in STM + RIPA (Thermo Fisher
Scientific, 89901) (1:1) buffer and used as the cytosolic frac-
tion. P2, which contained the mitochondrial fraction, was
resuspended in STM buffer and centrifuged at 11,000 × g

Figure 12. A schematic diagram suggesting that mitochondrial homeostasis and autophagosome maturation requires CASP9. Autophagosome membrane closure
and maturation are suppressed due to decreased mitochondrial ROS production in CASP9 KO cells.
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for 10 min; the pellet (P3) was washed with STM buffer and
centrifuged at 11,000 × g for 10 min. Pellet (P4) was resus-
pended in STM buffer + RIPA (1:1) and sonicated with
a Bioruptor KRB-01 (CosmoBio, Tokyo, Japan) on ice 3
times for 10 s with 30 s intervals. Samples were quantified
by BCA protein assay kit. S2 was used as cytosolic fraction
and P4 was used as mito fraction, respectively.

Western blotting analysis

Western blotting analysis was performed as previously
described [57]. In brief, cell pellets were lysed on ice in radio-
immunoprecipitation assay buffer (Thermo Fisher Scientific,
89900) containing 1× protease and phosphatase inhibitors
cocktails (Thermo Fisher Scientific, 78444) for 30 min. After
incubation, lysates were centrifuged at 12,000 × g for 15 min,
and protein concentration was measured by using a BCA pro-
tein assay kit (Thermo Fisher Scientific, 23224). For non-
reducing samples, cells were directly lysed with diluted
4× Laemmli buffer (Bio-Rad, 161–0747) containing protease
and phosphatase inhibitor cocktails without dithiothreitol or β-
mercaptoethanol (Sigma-Aldrich, M6250-250ML) into plate.
Protein samples were heated for 5 min, separated by electro-
phoresis and transferred onto polyvinylidene fluoride mem-
brane (Merck Millipore, IPVH00010) in a semi-dry
electrophoretic transfer cell (Bio-Rad). The membranes were
incubated for 1 h at room temperature in a blocking buffer
containing 5% skim milk (Sigma-Aldrich, 70166) and 0.1%
Tween 20 (Duchefa, P1362.0500) in Tris-buffered saline
(TBST). The membranes were then incubated overnight at 4°
C with appropriate primary antibodies diluted in TBST con-
taining 5% bovine serum albumin (Thermo Scientific,
AAJ1085736) and 0.01% sodium azide (Sigma-Aldrich,
S2002). The membranes were washed three times with TBST
for 10 min each, followed by 1 h incubation at room tempera-
ture with peroxidase-conjugated secondary antibodies diluted
in blocking solution. After washing, the membranes were then
processed for analysis using a chemiluminescence detection kit
(Thermo Fisher Scientific, 34580). Western blots were quanti-
fied by ImageJ (NIH) software and normalized to ACTB.

CASP activity assay

CASP9 (Promega, G8210) and CASP3 (Promega, G8090)
activity assay kits were used according to the manufacturer’s
instructions. Cells were seeded onto 96-well white plates at
a density of 2 × 104 cells per well. CASP9 and CASP3 Glo
reagent solutions were freshly prepared and added to each
well and luminescence was recorded using a SpectraMax
L luminometer (Molecular Devices). Wells containing med-
ium without cells were used as blank. The luminescence
values were normalized by the protein concentration for
each condition after blank values were subtracted.

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde (Sigma-Aldrich,
P6148-500G) and permeabilized with 0.1% Triton X-100
(Sigma, X100-500ML) in PBS. Cells were blocked with 0.5%

bovine serum albumin and incubated overnight with primary
antibodies at 4°C, followed by incubation with donkey anti-
mouse Alexa Fluor 488 or donkey anti-rabbit Alexa Fluor 647
secondary antibodies (Jackson ImmunoResearch, 715-545-
150, 711-605-152). Nuclei were stained with Hoechst 33342.
Images were captured using an LSM 780 confocal microscope
(Carl Zeiss) or SR-SIM (Carl Zeiss) for STX17 detection, and
analyzed by ZEN software (Carl Zeiss).

Live cell imaging

Cells were transfected with GFP-STX17 or DsRed-Mito
expression vectors for 24 h and then seeded on an 18 mm
cover slip at a density of 1 × 105 cells per well. For detection of
GFP-STX17, sgCon and sgCASP9 HeLa cells were AA-
starved, and z-stacked images (0.5 μm intervals × 5) were
captured at 30 s intervals for 30 min in live imaging chamber
supplemented with 5% CO2 at 37°C. For analysis of mito-
chondrial dynamics, z-stacked (0.5 μm intervals × 5) DsRed-
Mito images of sgCon and sgCASP9 HeLa cells were captured
at 5 s intervals for 10 min. For analysis of mitochondrial
morphology, z-stacked images (0.25 μm intervals × 10) of
sgCon and sgCASP9 cells were captured after 15 min staining
with MitoTracker Green with a live imaging confocal micro-
scope (LSM 7, Carl Zeiss).

Quantitative real-time PCR

Total RNA was isolated from cells using the ImProm-II Reverse
Transcriptase kit (Promega, A3800) and reverse-transcribed into
cDNA as previously described [57]. Quantitative real-time PCR
was performed with the CFX96 Real-Time System (Bio-Rad)
and iTaq Universal SYBR Green Supermix (Bio-Rad, 1725121).
Results were analyzed using CFX96 Manager. ACTB (for HeLa)
or Actb (for HCN) was used as a reference gene for normal-
ization. Primers were as follows: Atg3 (rat), forward (5′-
GCTATGATGAGCAACGGCAGCC-3′) and reverse (5′-
ACTTCAGCATGCCTGCAGGGGT-3′); ATG3 (human), for-
ward (5′- GCTATGATGAGCAACGGCAGCC-3′) and reverse
(5′-ACCTCAGCATGCCTGCATGGGT-3′); ACTB (human),
forward (5′- CCATCCTGCGTCTGGACCTGG-3′) and reverse
(5′- TTGCCAATGGTGATGACCTGGCC-3′); Actb (rat), for-
ward (5′- CCATCCTGCGTCTGGACCTGG-3′) and reverse
(5′- TTGCCGATAGTGATGACCTGA-3′).

PCR cloning of rat casp9 and human ATG3

Rat Casp9 construct was generated by using Pfu-X polymerase
(Solgent, SPX16-R250) from total cDNA of HCN cells. PCR
product of Casp9 was introduced into the pcDNA3.1-HA
vector (Addgene, 128034, deposited by Oskar Laur) by
EcoRI and NotI restriction. To generate the C325A mutation,
TGT (C325) was changed to GCT (A325). Point mutations
were introduced by PCR using Pfu-X polymerase with muta-
tion-containing primers followed by treatment with Dpn1 for
1 h at 37°C. The PCR product was then transformed into
DH5α competent Escherichia coli cells (RBC, RH617). Human
ATG3 construct was generated from human cDNA library.
PCR product of ATG3 was introduced into the 3× FLAG-
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tagged pcDNA-3.1(+) (Invitrogen, V79020; for FLAG tag,
3× FLAG oligomer was introduced by Kpn1 and BamH1
restriction) vector by EcoRI and NotI restriction. All con-
structs were validated by sequencing.

Fluorescence-activated cell sorting (FACS) analysis

To detect apoptotic cells, HCN cells were seeded in a 24-well
plate and INS was removed by changing medium to INS-
deficient medium. The cells were treated with STS for different
time periods as indicated in figure legends. After treatment, cells
were harvested using 0.05% trypsin-EDTA (TE) solution
(Hyclone, SH30236.01) and stained for 15 min using a FITC-
ANXA5 apoptosis detection kit I (BD Biosciences, 556547)
according to the manufacturer’s instructions. To measure
Δψm, sgCon and sgCASP9 HeLa cells were treated as described
above, harvested using TE, and stained with both MitoTracker
Green and MitoTracker Deep Red (100 nM each) for 15 min.
To measure intracellular or mitochondrial ROS, cells were
harvested using TE, and stained with CM-H2DCFDA
(200 nM) or MitoSox Red (5 μM), respectively. All stained
cells were analyzed with an Accuri C6 flow cytometer (BD
Biosciences). Non-stained cells were used as a negative control
and single-stained cells were used for channel compensation
(ANXA5 and MitoTracker Green or MitoTracker Deep Red).

Transfection and expression vectors

GFP-DFCP1 (38269, deposited by Noboru Mizushima), GFP-
STX17 (45909, deposited by Noboru Mizushima), DsRed-
Mito (55838, deposited by Michael Davidson), and ptfLC3
(encoding mRFP-GFP-MAP1LC3B, 21074, deposited by
Tamotsu Yoshimori) were purchased from Addgene. EV-
IRES-mCherry and DN-DRP1-IRES-mCherry were kindly
provided from Bongki Cho at DGIST. All constructs were
validated by sequencing. Transfection of plasmids was per-
formed with Lipofectamine 2000 according to the manufac-
turer’s instructions. Four hours after transfection, medium
containing the plasmid-Lipofectamine 2000 mixture was
changed to fresh medium, and cells were incubated for
another 24 h. Transfected cells were then used for cell death
assay, western blotting analysis, or fluorescence imaging.

Alignment of CASP9 isoform sequences

Sequences of human CASP9 isoforms 1, 2, 3, and 4 were
aligned using the Multalin website [58].

Statistical analysis

All data are represented as mean ± standard error of the mean
(SEM) with at least 3 individual experiments. Statistical analysis
was performed using unpaired Student’s t-test or one-way ana-
lysis of variance (ANOVA), and statistical significance (P value)
was calculated in GraphPad Prism 5 (GraphPad Software).
Results were considered significant at the 95% confidence level.
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