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ABSTRACT
In most cases, macroautophagy/autophagy serves to alleviate cellular stress and acts in a pro-survival
manner. However, the effects of autophagy are highly contextual, and autophagic cell death (ACD) is
emerging as an alternative paradigm of (stress- and drug-induced) cell demise. AT 101 ([-]-gossypol), a
natural compound from cotton seeds, induces ACD in glioma cells as confirmed here by CRISPR/Cas9
knockout of ATG5 that partially, but significantly rescued cell survival following AT 101 treatment. Global
proteomic analysis of AT 101-treated U87MG and U343 glioma cells revealed a robust decrease in
mitochondrial protein clusters, whereas HMOX1 (heme oxygenase 1) was strongly upregulated. AT 101
rapidly triggered mitochondrial membrane depolarization, engulfment of mitochondria within autopha-
gosomes and a significant reduction of mitochondrial mass and proteins that did not depend on the
presence of BAX and BAK1. Conversely, AT 101-induced reduction of mitochondrial mass could be
reversed by inhibiting autophagy with wortmannin, bafilomycin A1 and chloroquine. Silencing of
HMOX1 and the mitophagy receptors BNIP3 (BCL2 interacting protein 3) and BNIP3L (BCL2 interacting
protein 3 like) significantly attenuated AT 101-dependent mitophagy and cell death. Collectively, these
data suggest that early mitochondrial dysfunction and HMOX1 overactivation synergize to trigger lethal
mitophagy, which contributes to the cell killing effects of AT 101 in glioma cells.

Abbreviations: ACD, autophagic cell death; ACN, acetonitrile; AT 101, (-)-gossypol; BAF, bafilomycin A1;
BAK1, BCL2-antagonist/killer 1; BAX, BCL2-associated X protein; BH3, BCL2 homology region 3; BNIP3, BCL2
interacting protein 3; BNIP3L, BCL2 interacting protein 3 like; BP, Biological Process; CCCP, carbonyl
cyanide m-chlorophenyl hydrazone; CC, Cellular Component; Con, control; CQ, chloroquine; CRISPR,
clustered regularly interspaced short palindromic repeats; DMEM, Dulbecco’s Modified Eagle Medium;
DTT, 1,4-dithiothreitol; EM, electron microscopy; ER, endoplasmatic reticulum; FACS, fluorescence-activated
cell sorting; FBS, fetal bovine serum; FCCP, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone; GO,
Gene Ontology; HAcO, acetic acid; HMOX1, heme oxygenase 1; DKO, double knockout; LC-MS/MS, liquid
chromatography coupled to tandem mass spectrometry; LPL, lipoprotein lipase, MEFs, mouse embryonic
fibroblasts; mPTP, mitochondrial permeability transition pore; MTG, MitoTracker Green FM; mt-mKeima,
mito-mKeima; MT-ND1, mitochondrially encoded NADH:ubiquinone oxidoreductase core subunit 1; PBS,
phosphate-buffered saline; PE, phosphatidylethanolamine; PI, propidium iodide; PRKN, parkin RBR E3
ubiquitin protein ligase; SDS, sodium dodecyl sulfate; SQSTM1/p62, sequestome 1; STS, staurosporine;
sgRNA, single guide RNA; SILAC, stable isotope labeling with amino acids in cell culture; TFA, trifluoroacetic
acid, TMRM, tetramethylrhodamine methyl ester perchlorate; WM, wortmannin; WT, wild-type
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Introduction

It is widely acknowledged that in the majority of cases, autop-
hagy acts as a suppressor of cell death. Key physiological func-
tions of autophagy are to provide metabolic precursors and to
maintain energy homeostasis under conditions of starvation,

and to alleviate cellular stress by removing damaged proteins
and organelles [1,2]. Therefore, autophagy is rightfully acknowl-
edged as a pro-survival stress response. However, the extent and
duration of autophagy induction appears to be critical for cel-
lular life and death decisions, and cytotoxic functions of
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autophagy have also been reported. Amore complex interplay of
autophagy with cell survival is increasingly substantiated by
experimental evidence supporting the notion that the effect of
autophagy on cell death is intimately correlated with the respec-
tive cellular context [1–3].

According to the criteria defined by the leading experts in
the field of cell death research, autophagic cell death (ACD)
represents a type of cell death that is mediated by autophagy
and can be suppressed by specific inhibition of the autophagic
pathway [4]. ACD was initially described in models of devel-
opmental cell death in less complex organisms [5–7], e.g. in
insect development that is associated with an autophagic form
of cell death including the formation of a large number of
autophagosomes and cellular self-cannibalization [8,9]. More
recently, in the fungal aging model Podospora anserina it was
demonstrated that under low stress autophagy acts as a pro-
survival or ‘longevity assurance pathway’ allowing the fungus
to reach a long lifespan [10–12]. However, after passing
threshold levels of stress (e.g., oxidative stress, protein stress)
autophagy turns to a pro-death pathway leading to ACD and
a shortened lifespan [13,14].

In line with these observations from less complex systems,
there is increasing evidence for a pro-death function of autop-
hagy in response to a variety of anticancer drugs and other
pharmacological substances, in particular in cancer cells with a
high resistance to apoptosis where ACD may act as a backup
cell death program [3,15]. Of note, glioma cells appear to be
particularly vulnerable to ACD [15]. It has been previously
shown that Δ9-tetrahydrocannabinol triggers autophagy-
mediated glioma cell death by stimulation of ER stress [16].
Shchors and coworkers recently demonstrated that the combi-
nation of the Food and Drug Administration-approved drugs
imipramine hydrochloride and ticlopidine hydrochloride trig-
gers ACD in glioma cells via synergistic cAMP elevation [17].
Furthermore, autophagy can promote cell death by its interplay
with other cell death modalities such as apoptosis, necrosis and
autosis, the latter of which is a unique type of ACD [18–20].

We have previously shown that the natural compound
AT 101 ([-]-gossypol) elicits a non-apoptotic, autophagy-
mediated cell death in glioma cells [21]. In this study, we
also observed that AT 101-induced glioma cell death is
accompanied by an early fragmentation of mitochondria
in the absence of effector caspase activation and prominent
CYCS/cytochrome c release. To scrutinize the hypothesis
that mitochondrial events may be key mechanisms under-
lying ACD in the absence of apoptosis, we analyzed global
proteomic changes and several parameters of mitochondrial
function and mitophagy upon treatment with AT 101.
These included changes in mitochondrial membrane poten-
tial and mitochondrial mass, as well as the degradation of
mitochondrial proteins. Here we demonstrate that AT 101
induces overactivation of HMOX1 and the mitophagy
receptors BNIP3 and BNIP3L, which is accompanied with
early mitochondrial dysfunction and a robust depletion of
mitochondrial mass/proteins. The induction of excessive
mitophagy leads to a mitophagyic type of cell death in
glioma cells, which appears to be not the major contributor

of AT 101-induced cytotoxicity, but significantly promotes
its cell killing effect.

Results

Global proteomic analysis after AT 101 treatment of
U343 and U87MG glioma cells

AT 101 induces different forms of cell death depending on the
cellular context [22]. In glioma cells, AT 101 has been
described to trigger an autophagic type of cell death, but the
exact molecular events leading to AT 101-induced cell demise
remained largely unidentified [21,23]. To further investigate
the underlying mechanisms of AT 101-induced cell death in
glioma cells, a global proteomic analysis of U87MG and U343
cells upon treatment with AT 101 was performed (Figure 1
(a)). U87MG cells were labelled by using stable isotope label-
ling with amino acids in cell culture (SILAC) with heavy and
light isotopes of L-arginine and L-lysine and differentially
treated with AT 101 or DMSO for 48 h. The proteomic
analysis was carried out in duplicates with reverse SILAC
labels. Because U343 cells did not allow sufficient levels of
SILAC-labelling, we analyzed these cells by label-free quanti-
fication using triplicate samples. Proteins were reduced, alky-
lated, digested with lysine and trypsin, and separated into 12
fractions by strong cation exchange chromatography. The
fractions were analyzed by liquid chromatography coupled
to tandem mass spectrometry (LC-MS/MS) and combined
for the analysis in MaxQuant.

In U343 cells, a total number of 4185 proteins were
detected and 624 displayed a log2-expression-difference of at
least 0.2 upon treatment with AT 101. Of these, 354 proteins
were significantly up-, and 279 proteins were significantly
downregulated, the latter including 14.7% mitochondrial-
related proteins (Figure 1(b)). Furthermore, 3 of the top 10
downregulated proteins (30%) and 5 of the top 20 down-
regulated proteins (25%) were mitochondria-related
(Table S1A). To understand the biological relevance of the
differentially regulated proteins, the Gene Ontology (GO)
terms of the bioinformatics analysis tools DAVID and
PANTHER were used to cluster the identified proteins
according to the biological and molecular processes.
Figure 1(c) shows a selection of increased and downregulated
GO terms for Cellular Component (CC) or Biological Process
(BP). The bars display the number of up- and downregulated
proteins in U343 cells clustered for the respective GO term.

Upregulated proteins cluster for the GO terms tRNA ami-
noacylation for mRNA translation, gluconeogenesis and
smooth endoplasmic reticulum (ER). The GO terms with
abundantly downregulated proteins include mitochondrion,
mitochondrial inner membrane, cell division and mitochon-
drial translation elongation. To analyze the identified proteins
of SILAC-labelled U87MG cells, the duplicates were com-
bined. The log2 of the fold changes of the quotient AT 101/
control was plotted against the log10 of the protein intensity
(Figure 1(d)). A total of 1452 proteins were detected in
U87MG cells. Of those 56 were upregulated and 44 were
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downregulated and displayed a log2-difference of ≤-1 and ≥ 1,
respectively. Bioinformatic cluster analysis revealed that 16 of
56 (28.6%) of the downregulated proteins cluster for mito-
chondrial-related CC-GO-terms (Figure 1(d)). In detail, 5 of
the top 10 downregulated proteins (50%) and 8 of the top 20
downregulated proteins (40%) are mitochondria related
(Table S1B). A selection of enriched and downregulated GO
terms for CC and BP are shown in Figure 1(e). Enriched GO
terms for upregulated proteins are cell-cell adhesion, positive
regulation of NFKB transcription factor activity and cell-cell
adherens junction. GO terms with abundantly downregulated

proteins include mitochondrion, mitochondrial matrix,
nucleoplasm and DNA replication. In summary, we used 2
different labelling approaches that yielded a striking and
robust AT 101-induced decrease in mitochondrial protein
clusters in 2 independent cell lines.

AT 101 induces mitophagy in human glioma cells

To confirm that AT 101 induces autophagy in the human
glioma cell lines U343 and MZ-54, MAP1LC3B conversion of

Figure 1. Proteomic analysis of AT 101-treated U87MG and U343 glioma cells. (A) Overview of the experimental procedure. See materials and methods for a detailed
description. (B) Volcano-Plot showing the protein ratios (in log2) as a function of the -log p-value of label-free quantification proteomic-data from U343 human
glioma cells treated with AT 101 (15 µM) or DMSO for 48 h. A total of 4185 proteins were detected, and of those, 279 were significantly (p < 0.05) downregulated
(red dots) and 354 upregulated (green dots) and display a log2-expression-difference of at least 0.2. Unregulated proteins are displayed as gray dots. Bioinformatic
cluster analyses revealed that the depicted Gene Ontology (GO) terms for Cellular Component are strongly enriched for mitochondrial-related processes (purple dots).
(C) Bar chart showing the number of up- or downregulated proteins that cluster for selected Gene Ontology (GO) terms for Cellular Component (CC) and Biological
Process (BP) of U343 cells with a log p-value of p < 10−3. (D) Vulcano plot showing the protein ratios in log2 as a function of the log intensity of SILAC proteomic
data from U87MG human glioma cells treated with AT 101 (15 µM) or DMSO for 48 h. A total of 1452 proteins were detected, and of those, 56 (red dots) and 44
(green dots) displayed a log2-difference of ± 1 or greater. Unregulated proteins are displayed as gray dots. Bioinformatic cluster analyses revealed that 16 of 56
(28.6%) of the downregulated proteins cluster for mitochondrial-related CC-GO-terms (purple dots). (E) Bar chart showing the number of up- or downregulated
proteins that cluster for selected Gene Ontology (GO) terms for Cellular Component (CC) and Biological Process (BP) of U87MG cells with a p-value of p < 10−3.
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the cytosolic MAP1LC3B-I form into the faster migrating,
MAP1LC3B isoform phosphatidylethanolamine (PE)-conju-
gated MAP1LC3B-II form was analyzed by western blot
[24]. The conversion of MAP1LC3B generally correlates
with the number of autophagosomes within a cell and can
be increased due to either induction or late stage inhibition of
autophagy. Treatment with AT 101 led to a strong increase of
MAP1LC3B-II in U343 (Figure 2(a)) and MZ-54 cells
(Figure 2(b)). Combined treatment with AT 101 and the
lysosomal vacuolar-type H+-ATPase inhibitor bafilomycin
A1 (late stage inhibition of autophagy) further increased the
amount of MAP1LC3B-II after 24 h in U343 cells and after
6 h in MZ-54 cells, indicating that AT 101 enhanced the
autophagic flux (Figure 2(a,b)). This could be confirmed by
electron microscopy (EM) revealing formation of initiation
membranes and phagophores (Figure 2(c)) after AT 101 treat-
ment. Consistent with the abundance decrease of mitochon-
drial proteins detected, the EM analysis revealed a structure
with the size and appearance of a mitochondrion surrounded
by a double-membrane structure (Figure 2(c)), compatible
with engulfment of single mitochondria into a phagophore
and mitophagy induction induced by AT 101.

AT 101 treatment triggers early mitochondrial
depolarization and a delayed decrease of mitochondrial
protein levels

In previous studies, we could show that AT 101 triggers mito-
chondrial dysfunction and fragmentation, which are known to
be prerequisites for mitophagy [21]. To further investigate mito-
chondrial engagement in cell death, we first analyzed whether
AT 101 treatment leads to mitochondrial depolarization.

Therefore, we used 3 human glioma cell lines as well as wild-
type and apoptosis-deficient bax bak1 double-knockout (DKO)
mouse embryonic fibroblasts (MEFs) and quantified the
decrease in tetramethylrhodamine methyl ester (TMRM)-posi-
tive cells upon AT 101 treatment using flow cytometry. The gate
was set to 95–100% positive in DMSO-treated control cells.
Breakdown of the mitochondrial membrane potential typically
occurs when the uncoupled proton flux over the inner mito-
chondrial membrane reaches a certain threshold and the mem-
brane potential is unsustainable (e.g., due to treatment with
uncouplers such as carbonyl cyanide m-chlorophenyl hydrazone
[CCCP] and carbonyl cyanide 4-[trifluoromethoxy]phenylhy-
drazone [FCCP]) [25]. Treatment with AT 101 for 6 h to 48 h
led to a significant mitochondrial depolarization in the glioma
cell lines MZ-54, U343 and U87MG (Figure 3(a-c)) and in wild-
type and bax bak1 DKO MEF cells (Figure 3(d)). Importantly,
this depolarization significantly precedes AT 101-induced cell
death that occurs at a much later time point of 48–72 h in glioma
cells [21] (see also Figure 4). In analogy, treatment with the
uncoupler FCCP also significantly decreased the mitochondrial
membrane potential of these cell lines (Fig. S1A-D). These
results are in line with our recent observation that AT 101
treatment triggers a significant decrease of mitochondrial
respiration, which is accompanied with an opening of the mito-
chondrial permeability transition pore (mPTP) [23]. Consistent
with these findings, treatment with AT 101 led to a reduction of
mitochondrial proteins VDAC1 (voltage dependent anion chan-
nel 1), TOMM20 (translocase of outer mitochondrial membrane
20), HSPD1 (heat shock protein family D [Hsp60] member 1)
and COX4I1 (cytochrome c oxidase subunit 4I1) (Figure 3(e-g)).

Additionally, we analyzed the mitochondrial degradation
upon AT 101 treatment in the fungal aging model P. anserina.

Figure 2. Effect of AT 101 on the induction of mitophagy in human glioma cells. (A, B) Immunoblotting analysis of MAP1LC3B expression in human glioma cell lines treated
with AT 101 (15 µM), bafilomycin A1 (BAF; 10 nM) or DMSO (Con). Bafilomycin A1 was added 4 h before harvest. The time points in brackets refer to the time point when the
sample was harvested. (C) Electron microscopy analyses of U343 glioma cells display mitochondria (Mt) with normal morphology, especially with regular cristae structures
under control conditions (I)(scale bar: 10 µm; original magnification 20,500x). Upon AT 101 treatment, one could observe the induction of autophagy indicated by the
formation of phagophores (PG), autolysosomes (arrowheads) and the engulfment of mitochondria (asterisk) with altered cristae structure (II)(scale bar: 2 µm; original
magnification 20,500x). (III)(scale bar: 2 µm; original magnification 60,000x) and (IV)(scale bar: 4 µm; original magnification 105,000x) represent higher magnifications of
(II): arrow in (III) points to a mitochondrion that is surrounded by a double membrane thereby indicating its engulfment as a sign of mitophagy; (IV) represents the lower
right phagophore in (II). (V)(scale bar: 2 µm; original magnification 160,000x): initiation membranes (arrow) of phagophores are depicted.
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In this model organism, as in the cell lines, AT 101 treatment
was previously shown to trigger a decrease of mitochondrial
respiration and membrane potential [23]. To analyze the
mitochondrial degradation by mitophagy we used an estab-
lished and recently adjusted biochemical assay [10,13]. In this
assay, the vacuolar degradation of the mitochondrial
PaSOD3H26L::GFP fusion reporter protein is examined. If
mitophagy is induced, the SOD3 part of the fusion reporter
protein is degraded, while the GFP part (‘free GFP’) remains
stable in the vacuole and can be quantified by western blot
analysis. Treatment of PaSod3H26L::Gfp strains with AT 101
led to a significant increase of the ‘free GFP’ amount impli-
cating an increase in mitophagic flux (Figure 3(h)). In line
with the increase of mitophagic flux, we found in P. anserina
wild-type strains a reduced amount of different mitochondrial

proteins. In particular, the amount of PaSOD3, PaPRX,
PaPORIN and PaATP5 were significantly reduced after AT
101 treatment (Figure 3(i)).

CRISPR/Cas9 knockout of ATG5 partially rescues glioma
cells from AT 101-induced cell death

In order to further investigate the role of mitophagy and autop-
hagy in AT 101-induced cell death, we generated clustered
regularly interspaced short palindromic repeats (CRISPR)/Cas9
knockouts of ATG5 in MZ-54 and U343 cells (Figure 4(a)).
Because ATG5 is essential for the conjugation of MAP1LC3B
to PE, knockout of ATG5 completely inhibited the conversion of
MAP1LC3B-I to MAP1LC3B-II upon treatment with AT 101
and bafilomycin A1 compared to the control (Figure 4(b)).

Figure 3. Effect of AT 101 on mitochondrial depolarization and mitochondrial protein expression. Cells were exposed to AT 101 (15 µM) or DMSO (Con). (A-C)
Quantification of TMRM-positive cells by flow cytometric analysis of the human glioma cell lines MZ-54 (A), U343 (B) and U87MG (C) and MEF WT versus MEF bax
bak1 DKO cells (D). The percentage of TMRM-positive cells is equivalent to the amount of cells with an intact mitochondrial membrane potential. The threshold for
TMRM-positive cells was set according to the control. Experiments were repeated 3 times. Data are mean + SEM from n = 9–12 samples (10,000 cells measured in
each sample, 3–4 samples per experiment). (E-G) Immunoblotting analysis of mitochondrial protein expression in wild-type (WT) and bax bak1 DKO MEF cells (E),
U343 cells (F) and U87MG cells (G). Quantification of the protein level normalized to the loading control (100%) was performed for U343 and U87MG cells.
Experiments were repeated 3–5 times. (H) Monitoring mitophagy by immunoblotting analysis of P. anserina Sod3H26L::Gfp cultures exposed to AT 101 (200 µM) or
DMSO (con) for 24 h and quantification of ‘free GFP’ protein level normalized to the Coomassie Brilliant Blue-stained gel. Protein level in DMSO cultures were set to 1.
Data are mean + SEM from n = 6 cultures. (I) Immunoblotting analysis of expression of mitochondrial proteins in P. anserina wild type and quantification of protein
level normalized to the Coomassie Brilliant Blue-stained gel. Protein level in DMSO cultures were set to 1. Data are mean + SEM from n = 6 cultures.
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Furthermore, depletion of ATG5 significantly antagonized the
reduction of mitochondrial proteins upon treatment with AT
101 (Figure 4(c)). To investigate whether ATG5 knockout is able
to rescue cells from AT 101-induced cell death, flow cytometric
analysis was performed with APC ANXA5/annexin V, which
mostly stains early apoptotic cells, and propidium iodide (PI),
which stains the dead cell population. Indeed, depletion ofATG5
significantly reduced the amount of total cell death in U343 and
MZ-54 cells subjected to treatment with AT 101 (Figure 4(d,e)).
However, it is worth mentioning that also other cell death
mechanisms seem to be involved, as we could only detect a
partial rescue upon autophagy inhibition. In contrast, there
was no discernible effect of ATG5 depletion on total cell death
induced by the common apoptosis inducer staurosporine (STS)

(Figure 4(f,g)). Next, we investigated if AT 101-induced cell
death is dependent on BAX and BAK1. Similar to a previously
observed increased response to irradiation [26], bax bak1 DKO
MEFs died even earlier from AT 101 treatment compared to
wild-type MEFs (Figure 4(h)). In contrast, knockout of bax and
bak1 almost completely inhibited STS-induced apoptotic cell
death (Figure 4(h)).

Genetic and pharmacological autophagy inhibition
attenuates AT 101- induced mitophagy

To test the hypothesis that inhibition of autophagy prevents
AT 101-induced mitochondrial depletion, we used 3 different
assays to determine the mitophagic flux upon AT 101

Figure 4. Effects of CRISPR/Cas9 knockout (KO) on the expression of mitochondrial proteins and cell death upon AT 101 treatment. (A) Immunoblotting analysis of ATG5
expression in MZ-54 ATG5 KO cells and U343 ATG5 KO cells compared to control. (B) Immunoblotting analysis of MAP1LC3B expression in MZ-54 ATG5 KO cells compared to
control treated with AT 101 (15 µM), bafilomycin A1 (BAF; 10 nM) or DMSO (Con). Bafilomycin A1 was added 4 h before harvest. (C) Immunoblotting analysis of mitochondrial
protein expression in MZ-54 ATG5 KO cells compared to control treated with AT 101 (15 µM) or DMSO (Con). The mean protein expression was quantified and normalized to
the loading control (100%). Experiments were repeated 3–5 times. (D-H) Cell death was quantified by flow cytometric analysis of ANXA5/annexin binding and PI uptake after
treatment with AT 101 (15 µM), staurosporine (STS; 1 µM, 24 h; 3 µM, 6 h) or DMSO (Con). Measurements were performed with U343 cells (D, F), MZ-54 cells (E, G) and MEF
WT versus MEF bax bak1 DKO cells (H). Cell death includes ANXA5/annexin-positive only and PI-positive only as well as double-positive cells. Experiments were repeated at
least 3 times. Data are mean + SEM from n = 9–12 samples (10,000 cells measured in each sample, 3–4 samples per experiment).
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treatment in combination with autophagy inhibitors. The
uptake of MitoTracker dyes has been described to be partly
dependent on mitochondrial membrane potential [27], possi-
bly limiting the suitability of these compounds to measure
mitophagy. Therefore, we first compared the decreases in
TMRM and MitoTracker Green FM (MTG) intensities upon
treatment with FCCP and AT 101 in U87MG cells (Fig. S2).

TMRM measurements were performed as described for
Figure 3. For MTG measurements, the gate was set to 0% –
5% MTG-negative cells in DMSO-treated controls and cells
were subsequently gated MTG positive and MTG negative
according to the control, with MTG-negative cells being
defined as cells with a decrease in mitochondrial mass.
Treatment with FCCP led to a massive mitochondrial depo-
larization after 2, 4 and 6 h, whereas the amount of MTG-
negative cells did not increase during this time period
(Fig. S2A, B), indicating that the analysis of depolarization
and mitophagy changes can be uncoupled by this approach.
This lack of mitophagy induction observed after FCCP treat-
ment likely reflects the low or absent PRKN (PRKN RBR E3
ubiquitin protein ligase) levels routinely observed in malig-
nant gliomas [28,29]. AT 101 induced a decrease of > 80% in
the TMRM signal after 6 h, whereas the amount of MTG-
negative cells only increased up to 30% within 6 h of treat-
ment (Fig S2C, D).

To ensure that the observed decrease of MTG intensity upon
AT 101 exposure reflects mitophagy, we used 3 different autop-
hagy inhibitors to block mitophagy. To this end, we treated the
cells with a combination of AT 101 and the late stage autophagy
inhibitors bafilomycin A1 and chloroquine, which both inhibit
lysosomal acidification and fusion of autophagosomes with lyso-
somes. In addition, we also used wortmannin that suppresses
autophagy at the stage of autophagosome formation via inhibi-
tion of class III phosphatidylinositol 3-kinase PIK3C3/VPS34
[30]. Exposure of U87MG cells to AT 101 resulted in a strong
accumulation of MTG-negative cells (up to 50%) that was sig-
nificantly antagonized by wortmannin, and even stronger by
bafilomycin A1 and chloroquine (Figure 5(a,b)). Furthermore,
wild-type MZ-54 cells exhibited a significantly stronger increase
ofMTG-negative cells upon treatment with AT 101 compared to
ATG5 KO MZ-54 cells (Figure 5(c,d)), further supporting our
hypothesis that the AT 101-induced decrease in mitochondrial
mass is caused by enhanced mitophagy.

To confirm our results, we next investigated AT 101-
induced mitophagy with the mito-mKeima (mt-mKeima)
assay. Thereto, U87MG cells and MZ-54 cells stably expres-
sing mt-mKeima were analyzed by flow cytometry. As the
excitation wavelength of mKeima is dependent on the pH,
the ratio changes of mKeima excited with 561 nm (pH 4) and
488 nm (pH 7) can be used to measure the uptake of mito-
chondria into lysosomes. Exposure to AT 101 for 6 h resulted
in a significant increase of the 561 nm:488 nm ratio in
U87MG (Figure 5(e,f)) and MZ-54 cells (Figure 5(g)). In
contrast, concurrent treatment with AT 101 and bafilomycin
A1 significantly decreased the 561 nm:488 nm ratio changes
compared to AT 101 treatment alone. These data indicate that
mitophagy is a direct and early event triggered by AT 101. A
comparatively modest increase in the 561 nm:488 nm ratio
could also be observed after treatment of MZ-54 cells with

FCCP (Fig. S2E), suggesting that PRKN may not play a major
role in AT 101-induced mitophagy.

In addition, we determined the induction of mitophagy by
measuring the mitochondrial DNA level of MT-ND1 (mito-
chondrially encoded NADH:ubiquinone oxidoreductase core
subunit 1) normalized to the nuclear DNA level of LPL
(lipoprotein lipase), as this ratio reflects the concentration of
mitochondria per cell [31]. Indeed, the ratio of mitochondrial
to nuclear DNA was significantly decreased upon treatment
with AT 101 in MZ-54 cells, whereas the mitochondrial mass
of MZ-54-derived ATG5 KO cells remained unchanged upon
treatment with AT 101. These results are consistent with the
role of AT 101 in promoting mitophagy (Figure 5(h)).
Treatment with AT 101 also led to a strong reduction of the
mitochondrial mass of U87 and U343 glioma cell lines,
respectively (Figure 5(i)).

Effects of BNIP3 and BNIP3L depletion on mitophagy and
cell death

A number of different mitophagy regulators have been
described in mammals including PINK1 (PTEN induced
putative kinase 1)-PRKN, BNIP3, BNIP3L and FUNDC1
(FUN14 domain containing 1) [32–34]. However, the
PRKN expression levels in malignant gliomas are very low
or even absent [28]. Therefore, we investigated the mRNA
expression of BNIP3 and BNIP3L. Both proteins are atypical
BH3-only members of the BCL2 family and localize to
mitochondria. In addition, BNIP3 and BNIP3L have been
described to participate in hypoxia-induced mitophagy [35–
37] and cell death [36,38]. The mRNA levels of BNIP3 and
BNIP3L were strongly upregulated upon treatment with AT
101 in U87MG, MZ-54 and U343 cells (Figure 6(a,b)).
These data are consistent with another study showing upre-
gulation of BNIP3 upon AT 101 treatment [39]. We also
investigated the expression of the selective cargo receptor
SQSTM1/p62 (sequestome 1), which has been described to
participate in the PINK1-PRKN mitophagy pathway [33].
Proteomic analysis of U87MG and U343 cells revealed a
significant upregulation of SQSTM1/p62 in both cell lines
upon AT 101 exposure for 48 h (Table S1C, D). The mRNA
expression level of SQSTM1/p62 was significantly increased
in MZ-54 cells and U343 cells, but not in U87MG cells
(Figure 6(c)).

In line with the above data, we could also observe a strong
upregulation of BNIP3L protein level upon 16 h and 24 h
treatment with AT 101 (Figure 6(d-f)). However, an elevated
protein expression of BNIP3 could only be observed in
U87MG cells, as BNIP3 levels were not detectable by western
blot in the other cell lines (Figure 6(d-f)). The protein expres-
sion of SQSTM1/p62 was not visibly influenced by AT 101
treatment up to 24 h, suggesting that the increase in SQSTM1/
p62 protein expression was counterbalanced by degradation
of SQSTM1/p62 at this time point (Figure 6(d-f).

To further investigate the role of BNIP3 and BNIP3L in
mitophagy and cell death, siRNA-mediated knockdowns were
performed in U87MG cells (Figure 6(g,h)). MTG measure-
ments of U87MG cells treated with AT 101 in combination
with siRNA against BNIP3 and BNIP3L or siRNA negative
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control revealed a significant increase of MTG-negative cells
upon treatment with AT 101 after 24 h, which was attenuated
by depletion of both BNIP3 and BNIP3L (Figure 6(i)). Given
that BNIP3 and BNIP3L might have some overlapping func-
tions as mitophagy receptors [40], we knocked down both
proteins simultaneously in order to further inhibit mitophagy.
Indeed, the BNIP3 BNIP3L double knockdown significantly
prevented AT 101-induced accumulation of MTG-negative

cells, indicating that both receptors might be involved in AT
101-induced mitophagy (Figure 6(k)).

In addition, we found that cell death induced by AT 101
was significantly diminished by knockdown of BNIP3L with 2
different siRNAs (Figure 6(j)). Significantly attenuated cell
death was also observed following BNIP3 depletion with one
of the siRNAs, whereas the other siRNA elevated basal cell
death in the absence of AT 101, indicating possible off-target

Figure 5. Mitophagy induced by AT 101 is blocked by autophagy inhibition. (A, B) Quantification of MTG-negative cells by flow cytometric analysis (A) and exemplary
measurements of MTG intensity by flow cytometry (B). U87MG cells were treated with AT 101 (15 µM) alone or in combination with bafilomycin A1 (BAF; 10 nM),
wortmannin (WM; 100 nM) and chloroquine (CQ; 20 µM). Wortmannin was added to the cells 48 h before harvest and all other treatments were performed for 24 h.
(C, D) AT 101 (15 µM) and/or bafilomycin A1 (BAF; 10 nM) was applied to the MZ-54 control and ATG5 KO cells for 24 h. The threshold for MTG-positive cells was set
according to the control. DMSO was used as control (Con). Experiments A-D were repeated 3 times. Data are mean + SEM from n = 9–12 samples (5000–10,000 cells
measured in each sample, 3–4 samples per experiment). (E-G) U87MG and MZ-54 cells stably expressing mito-mKeima were exposed to AT 101 (15 µM) in the presence
or absence of bafilomycin A1 (BAF; 100 nM) or to DMSO (Con) for 6 h and subjected to flow cytometric analysis. (E) Representative experiment of U87MG cells. (F, G)
Quantification of the changes in the mean value of the 561 nm:488 nm ratio, which corresponds to the pH where mKeima is located, normalized to control. Data
represent mean + SEM of 3 replicates with 10,000 cells measured in each sample. (H, I) The glioma cell lines MZ-54 and MZ-54 ATG5 KO2 (H), U87 and U343 (I) were
treated with 15 µM AT 101 for 30 h followed by q-RT-PCR in order to assess the mitochondrial mass determined as the ratio between the DNA levels of the
mitochondrial gene MT-ND1 and the nuclear gene LPL. Experiments were repeated 3–4 times with 3 technical replicates. Data are mean + SEM from n = 3–4 samples.
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effects (Figure 6(j)). The BNIP3 BNIP3L double knockdown
decreased cell death to a similar extent as the BNIP3L knock-
down alone (Figure 6(l)), suggesting a more important func-
tion of BNIP3L compared to BNIP3.

Depletion of HMOX1 alleviates AT 101-induced
mitophagy and death

Besides the plethora of downregulated mitochondrial pro-
teins, our global proteomic analysis revealed a number of

upregulated stress-responsive proteins including BAG3
(BCL2 associated athanogene 3), HSPA1A (heat shock protein
family A [Hsp70] member 1A), APP (amyloid beta precursor
protein) and CLU (clusterin). Further analysis showed that
HMOX1 was also significantly induced in both investigated
cell lines (U87MG, U343) (Table S1D). HMOX1 is an indu-
cible enzyme that catalyzes the degradation of pro-oxidant
heme into equimolar quantities of carbon monoxide, biliver-
din and iron. It is induced by diverse stress stimuli and is
mostly associated with beneficial effects in many cellular

Figure 6. Investigation of mitophagy receptors. (A-C) Expression levels of BNIP3, BNIP3L and SQSTM1/p62 mRNA normalized to TBP. MZ-54, U343 and U87MG cells
were treated with AT 101 (15 µM) for 6, 16 and 24 h or with DMSO for 24 h (Con). Experiments were repeated 3 times with 3 technical replicates. Data are mean
+ SEM from n = 3 samples. (D-F) Immunoblot analysis of BNIP3L, SQSTM1/p62 and BNIP3 protein expression in MZ-54 (D), U87MG (E) and U343 cells (F) upon AT 101
(15 µM) exposure for 6, 16, and 24 h or DMSO (Con) for 24 h. (G, H) Immunoblot analysis of U87MG cells treated with AT 101 (15 µM) for 16 h in the presence of
siRNA against BNIP3 (siBNIP3 #1 or siBNIP3 #2; 10 nM, 25 nM, 50 nM) (G) and BNIP3L (siBNIP3L #1 or siBNIP3L#2; 10 nM, 25 nM, 50 nM) (H) or universal negative
control (siCon). (I, K) Quantification of MTG-negative U87MG cells upon exposure to AT 101 for 24 h and siRNA against BNIP3 (siBNIP3 #1 or siBNIP3 #2; 25 nM) or
BNIP3L (siBNIP3L #1 or siBNIP3L #2; 25 nM) (I) or a combination of BNIP3 and BNIP3L (siBNIP3 #1 and siBNIP3L #1 or siBNIP3 #2 and siBNIP3L #2; 25 nM each) (K) or
universal negative control (siCon). (J, L) Cell death of U87MG cells was quantified by flow cytometric analysis of ANXA5/annexin binding and PI uptake after
treatment with AT 101 (15 µM) for 48 h in the presence of siRNA against BNIP3 (siBNIP3 #1 or siBNIP3 #2; 25 nM) or BNIP3L (siBNIP3L #1 or siBNIP3L #2; 25 nM) (J) or a
combination of BNIP3 and BNIP3L (siBNIP3 #1 and siBNIP3L #1 or siBNIP3 #2 and siBNIP3L #2; 25nM each) (L) or universal negative control (siCon). (M) Exemplary
measurement of MTG intensity by flow cytometry. An amount of 25 nM siRNA was used for all experiments. Measurements were performed at least in triplicate. Data
are mean + SEM from n = 9–12 samples (5000 – 10,000 cells measured in each sample, 3–4 samples per experiment).
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contexts due to modulation of anti-inflammatory, anti-oxi-
dant and anti-apoptotic processes. Besides the function as a
catalytic enzyme, HMOX1 has been described to play a role in
mitochondrial biogenesis as well as mitophagy, thereby
strongly affecting the pool of mitochondria within the cells
[41,42].

Immunoblotting analysis confirmed that HMOX1 protein
expression was strongly increased upon exposure to AT 101
(Figure 7(a)). Based on these findings, we hypothesized that
upregulated expression of HMOX1 might affect the mito-
chondrial mass in glioma cells. To test this, we depleted
HMOX1 using siRNAs (Figure 7(b)). Knockdown of
HMOX1 with siRNA completely prevented the increase of
HMOX1 protein levels upon AT 101 exposure (Figure 7(c)).
Furthermore, we could show that upregulated HMOX1 was
functionally related to the induction of mitophagy, as knock-
down of HMOX1 with 2 different siRNAs partially prevented
the AT 101-induced decrease of mitochondrial mass in
U87MG cells (Figure 7(d)).

Next, we analyzed whether HMOX1 induction also affects cell
death. A previous study described that overexpressed HMOX1
promotes ferroptotic cell death in HT-1080 fibrosarcoma cells
[43]. To rule out that AT 101 induces a ferroptotic cell death in
glioma cells, they were exposed either to AT 101 or to the
ferroptosis inducer RSL3 in the presence or absence of the ferrop-
tosis inhibitor ferrostatin-1. Ferrostatin-1 completely abrogated
cell death in RSL3-treated cells, but not in AT 101-treated cells

(Figure 6(e-g)). In addition, we investigated whether HMOX1
depletion is able to rescue the cells from AT 101-triggered cell
death. Indeed, knockdown of HMOX1 with siRNA significantly
alleviated cell death after AT 101 treatment, suggesting that upre-
gulation of HMOX1 by AT 101 was involved in overactivation of
mitophagy and concomitant cell demise (Figure 6(h)).

Discussion

In this study, we follow up on our previous studies demonstrat-
ing that AT 101, a natural polyphenolic compound from cotton
seeds, triggers an autophagy-dependent type of cell death asso-
ciated with mitochondrial fragmentation and dysfunction in
glioma cells [21]. Here, we used a CRISPR/Cas9-based approach
to generate new genetic models of autophagy deficiency. To this
end, the core autophagy gene ATG5 was inactivated in the 2
glioma cell lines MZ-54 and U343, leading to a significant
reduction of AT 101-induced cell death in both cases. AT 101
induced an early mitochondrial depolarization that noticeably
preceded cell death in glioma cells, and there was no major
difference in the kinetics of this depolarization in bax bak1
DKO MEF cells compared to wild-type cells, indicating that it
occurs independently of the mitochondrial pathway of apopto-
sis. In line with these findings, only the minority of putative BH3
mimetics such as ABT737, ABT-263 and ABT-199 appear to act
as bona fide, selective inhibitors of BCL2, BCL2L1 (BCL2 like 1)
and BCL2L2 (BCL2 like 2), and alternative mechanisms seem to

Figure 7. HMOX1 triggers mitophagy, which is accompanied with increased cell death. (A) Immunoblotting analysis of HMOX1 expression in U87MG cells treated
with AT 101 (15 µM) compared to control (Con). (B) Immunoblotting analysis of HMOX1 expression in U87MG cells treated with 2 different siRNAs against HMOX1
(siHMOX1 #1 and siHMOX1 #2; 10 nM, 25 nM, 50 nM) compared to siRNA universal negative control (siCon). (C) Immunoblotting analysis of HMOX1 expression in
U87MG cells treated with AT 101 (15 µM) and/or siRNA against HMOX1 (siHMOX1 #1; 25 nM) compared to mock transfection and siRNA universal negative control
(siCon). (D) Quantification of MTG-negative U87MG cells by flow cytometric analysis upon treatment with AT 101 (15 µM, 24 h) in the presence of 2 different siRNAs
against HMOX1 (siHMOX1 #1 and siHMOX1 #2; 10 nM) compared to siRNA universal negative control (siCon). (E-G) Quantification of PI-positive cells of the cell lines
MZ-54 (E), U343 (F) and U87MG (G) treated with 15 µM AT 101 or 500 nM RSL3 in the presence or absence of 5 µM ferrostatin-1. Cell death was assessed after 48 h
(MZ-54, U343) or 72 h (U87MG) by PI and Hoechst-stained nuclei using fluorescence microscopy. Mean and SEM of 5–7 independent experiments performed in
triplicate are shown. (H) Quantification of cell death by flow cytometric analysis of ANXA5/annexin binding and PI uptake after treatment with AT 101 (15 µM, 24 h)
in the presence of 2 different siRNAs against HMOX1 (siHMOX1 #1 and siHMOX1 #2; 10 nM) or siRNA universal negative control (siCon). MTG and cell death
measurements were repeated at least 3 times. Data are mean + SEM from n = 9–12 samples (10,000 cells measured in each sample, 3–4 samples per experiment).
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predominate in cell killing induced by several of these com-
pounds, including AT 101 [44].

Interestingly, we recently demonstrated that AT 101
impairs mitochondrial respiration in bax bak1 DKO MEF
cells, in glioma cells and in the aging model P. anserina that
lacks expression of endogenous BCL2 proteins [23]. In this
study, we also provided evidence that PPID/CYPD (peptidyl-
prolyl isomerase D)-mediated opening of the mPTP is
required for AT 101-induced mitochondrial dysfunction,
autophagy and cell death, supporting the hypothesis that
mitochondrial permeability transition, but not the BAX- and
BAK1-dependent apoptosis pathway, plays a predominant
role in cell killing by AT 101.

In line with these observations, we provide novel evidence
that AT 101 induces mitophagy and thereby a robust decrease of
mitochondrial mass. Our global proteomic analysis of U87MG
and U343 glioma cells indicated a prominent decrease in mito-
chondrial protein pools, which could be confirmed by western
blot analysis of mitochondrial markers including VDAC1,
COX4I1, TOMM20 and HSPD1. Knockout of ATG5 in MZ-54
cells was able to prevent the decrease of mitochondrial protein
markers. Consistently, studies with P. anserina confirmed the
induction of mitophagy and the resulting decrease of mitochon-
drial proteins. Additionally, FACS analysis of U87MG and MZ-
54 cells stably expressing mt-mKeima demonstrated an increase
of mitophagy upon AT 101 treatment that was completely abro-
gated by autophagy inhibition with bafilomycin A1.
Furthermore, we observed a decrease of MTG intensity after
treatment with AT 101 that could significantly be rescued with
wortmannin, bafilomycin A1 and chloroquine, indicating
ongoing mitophagy. Despite the fact that mitophagy can also
occur through alternative autophagy pathways independent of
ATG5 [45,46], the decrease ofMTG intensity was also attenuated
in ATG5-depleted MZ-54 cells, demonstrating that 1) ATG5 is
involved in mitophagy in these cells, and 2) that the block in AT
101-induced mitophagy is associated with reduced induction of
cell death. Collectively, our observations suggest that a lethal
form of mitophagy contributes to the cellular demise of glioma
cells treated with AT 101.

Our data also demonstrate that AT 101-triggered mitophagy
is accompanied with strongly increased expression of the mito-
phagy receptors BNIP3 and BNIP3L. Depletion of BNIP3 and
BNIP3L was able to reduce AT 101-induced mitophagy and cell
death. While BNIP3 was previously implicated in triggering an
autophagic type of cell death in malignant glioma cells upon
treatment with ceramide and arsenic trioxide [47,48], our new
data suggest a predominant function of BNIP3L in AT 101-
triggered cell death. The mechanism for how BNIP3 and
BNIP3L exert cell death is still unclear, but their function as
proapoptotic BH3-only proteins does not appear to be the
major pathway of cell death induction [36]. Instead, BNIP3
and BNIP3L can cause an opening of the mPTP, which is
accompanied by a loss of mitochondrial membrane potential
[36,49,50]. Therefore, BNIP3 and BNIP3L may be directly
involved in the BAX- and BAK1-independent AT 101-induced
mitochondrial dysfunction observed in this study.

In this context it is worth mentioning that our previous
work demonstrated that the mPTP inhibitor olexosime is able
to reduce mitochondrial depolarization and cell death induced

by AT 101 [23]. It was proposed that the opposing effects of
pro-survival and pro-death autophagy may be caused by the
extent and duration of autophagy, indicating a threshold
effect of autophagy as also observed for other stress responses
such as the ER stress response and the TP53 (tumor protein
p53) pathway [51]. However, a number of studies suggest that
the selective removal of autophagy substrates may provide an
alternative scenario in promoting cell death, e.g., the degrada-
tion of the ROS scavenger CAT (catalase) [52,53]. In line with
this notion, our novel findings underscore the hypothesis that
similar to nonspecific bulk autophagy, selective mitophagy,
which typically acts in a cytoprotective manner, may reach a
certain threshold level at which it will turn into a death-
promoting process.

In analogy to our findings on AT 101, cell death caused by
lethal mitophagy was previously reported to be induced by the
orphan nuclear receptor NR4A1/TR3 [54], C-18 ceramide
[55] and by selenite in glioma cells [56,57]. Our proteomic
analysis of U87MG and U343 cells revealed that HMOX1 is
upregulated in both cell lines upon treatment with AT 101.
HMOX1 is an inducible enzyme that catalyzes the degrada-
tion of pro-oxidant heme, but is also involved in mitochon-
drial biogenesis and mitophagy [41,42]. Overexpression of
HMOX1 was able to promote mitochondrial biogenesis in
cardiac myocytes caused by upregulation of NFE2L2 (nuclear
factor, erythroid 2 like 2), PPARGC1A (PPARG coactivator 1
alpha) and TFAM (transcription factor A, mitochondrial)
protein levels and an increased expression of the mitochon-
drial fusion mediators upon treatment with doxorubicin [41].
However, the regulation of autophagy and especially mito-
phagy by HMOX1 has also been described by several studies.
Thereby, HMOX1 can exert either cytoprotective or cytotoxic
functions of autophagy induction [42].

HMOX1-dependent upregulation of autophagy was able to
protect hepatocytes from cell death in mice with infection-
induced sepsis [58]. A mitophagy-inducing function of
HMOX1 is supported by data from conditional cardiomyo-
cyte-specific KO animals that display disturbed mitochondrial
quality control and increased tissue damage after exposure to
oxidative stress [59]. On the contrary, in a model of neuro-
degeneration, HMOX1 overexpression activates mitophagy,
resulting in the accumulation of iron-laden cytoplasmic inclu-
sions and increased neuronal cell death [60]. Bansal and cow-
orkers determined that mitochondria-targeted HMOX1
induces oxidative stress and mitochondrial dysfunction in
macrophages, which results in the induction of autophagy
[61]. In our experimental paradigm, siRNA-mediated deple-
tion of HMOX1 led to significantly diminished AT 101-
induced mitophagy and a concomitant alleviation of cell
death, clearly demonstrating that HMOX1 overactivation is
mechanistically linked to the killing effects of AT 101.

Despite our experimental evidence for a death-promoting
function of BNIP3, BNIP3L and HMOX1, their depletion only
led to a partial rescue of cell viability, indicating the presence
of additional key players involved in AT 101-triggered, non-
apoptotic cell death that still need to be elucidated. Our recent
findings showing impaired mitochondrial respiration and
mPTP opening after AT 101 treatment suggest mitochondrial
dysfunction to be a key driver of AT 101-induced cell demise.
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When autophagy/mitophagy are blocked, e.g. by genetic
depletion of ATG5, BNIP3, BNIP3L or pharmacological inhi-
bitors, AT 101-induced cell death is partially inhibited, but
cells will ultimately surrender to the severe accumulation of
mitochondrial damage and likely undergo an mPTP-induced
cell death [23]. This type of non-apoptotic cell death may
involve the participation of additional death effectors such
as stress kinases, AIFM/apoptosis-inducing factor [62,63]
and non-caspase proteases such as calpains [64,65] and cathe-
psins [66]. Although the mechanisms of non-apoptotic cell
death induced by AT 101 are currently not completely under-
stood, it is worth mentioning that all 3 investigated glioma cell
lines lack detectable expression of RIPK3 (receptor interacting
serine/threonine kinase 3; data not shown), which is critical
for necroptotic cell death [67–69]. Furthermore, we found
that ferroptosis is not involved in AT 101-induced glioma
cell death. Based on these findings and considerations, we
suggest that AT 101 triggers an autophagic/mitophagic type
of cell death with necrotic features in glioma cells.

In conclusion, we propose that AT 101 treatment leads to
impaired mitochondrial respiration, mPTP opening [23],
mitochondrial dysfunction and a severe accumulation of
damaged mitochondria that are subsequently degraded via
mitophagy. In parallel, AT 101 stimulates induction of
BNIP3 and BNIP3L as well as HMOX1 that further amplify
mitophagy and partially contribute to AT 101’s toxicity. Based
on these observations, we propose that in glioma cells,
HMOX1 induction and mitochondrial dysfunction synergize
to promote excessive mitophagy and cellular demise induced
by AT 101, a compound that is clinically developed for cancer
treatment.

Materials and methods

Cell culture and reagents

DMEM GlutaMAX (10,566,016), SILAC DMEM (A33822),
penicillin/streptomycin (15,140,122), L-glutamine (25,030,081),
fetal bovine serum (FBS; 10,270,106), dialyzed FBS (26,400,044),
phosphate buffered saline (PBS) (14,190,094) and trypsin-EDTA
(25,200,056) were purchased from Gibco® (Life Technologies).
L-arginine 13C6,

15N4 (NC0332135) and L-lysine 13C6,
15N2

(NC0353871) were purchased from Cambridge Isotope labora-
tories and standard L-arginine (A5006) and L-lysine (L5501)
from Sigma-Aldrich. The human glioma cell lines MZ-54 (iso-
lated from a recurrent grade IV glioblastoma [70]), U87MG
(ATCC, HTC-14) and U343 (GOS-3; DSMZ, ACC 408) were
cultured in DMEM, high glucose, glutaMAX, 10% fetal bovine
serum and 100 U/mL penicillin-streptomycin. MEF bax bak1
DKO cells were generated by the lab of Stanley Korsmeyer [71].
MEF wild-type and MEF bax bak1 DKO cells were grown in
DMEM, 10% FBS, 100 U/mL penicillin-streptomycin and 2 mM
glutamine. The cells were kept at 37°C and 5% CO2. Cultures
were tested monthly for mycoplasma contamination. For SILAC
labelling, cells were cultured in medium consisting of SILAC
DMEM, 10% dialyzed FBS, 100 U/mL penicillin-streptomycin,
2 mM L-glutamine, 21 mg/ml arginine and 36.5 mg/ml lysine.
L-arginine 13C6,

15N4 and L-lysine
13C6,

15N2. isotopes were used
for the ‘heavy’ labelled SILACmedium (K8R10), natural isotopes

of L-arginine and L-lysine for the ‘light’-labelled medium
(K0R0). Cells were incubated with AT 101 (Tocris, 3367),
FCCP (Abcam Biochemicals, ab120081), bafilomycin A1 (LC
Laboratories, B-1018), wortmannin (Sigma-Aldrich, W1628),
chloroquine diphosphate salt (Sigma-Aldrich, C6628), stauros-
porine (Enzo Life Sciences, ALX-380–014), ferrostatin-1 (Sigma-
Aldrich, SML0583), RSL3 (kindly provided by B. Stockwell,
Columbia University, New York, NY, USA) or DMSO (Carl
Roth, A994.1) as indicated.

P. anserina strains and cultivation

In studies with the P. anserina, wild-type strain ‘s’ [72] and
the previously generated strains PaSod3H26L::Gfp [13] were
used. All transgenic strains are in the genetic background of
the wild-type strain ‘s’. Strains were grown on standard corn-
meal agar (BMM) at 27°C under constant light [73]. For spore
germination, standard cornmeal agar with 60 mM ammonium
acetate (Merck, 1116.1000) was used and incubated at 27°C in
the dark for 2 days. All strains used in this study were derived
from monokaryotic ascospores [73].

Sample preparation for proteomic analysis

U87MG and U343 were analyzed in technical duplicates and
triplicates using SILAC- and label-free-based quantification,
respectively. For SILAC labelling, U87MG cells were cultured
in lysine- and arginine-free DMEM (high-glucose, glutaMAX;
Thermo Fisher Scientific, 10,566,016) supplemented with 10%
dialyzed FBS and antibiotics as well as with 146 mg/ml light
(K0; Sigma-Aldrich, L8662) or heavy lysine (K8; Euriso-Top,
CNLM-291-H-1) and 84 mg/ml light (R0; Sigma-Aldrich,
A8094) or heavy (R10; Euriso-Top, CNLM/539-H-0) arginine.
Cells were treated with AT 101 or DMSO as control for 48 h.

After treatment, cells were harvested and washed twice with
chilled PBS. Cells were lysed with lysis buffer (8 M urea [Sigma-
Aldrich, U5378], 75 mM NaCl [Sigma-Aldrich, 31,434], 50 mM
Tris [Sigma-Aldrich, T1503], pH 8.2, one tablet of protease inhi-
bitors cocktail [Sigma-Aldrich, P834099], 1 mM sodium fluoride
[Fluka, 71,519], 1 mM sodium β-glycerophosphate [Cayman
Chemical, 13,408–09-8], 1 mM sodium orthovanadate [Sigma-
Aldrich, 450,243-50G], 10 mM sodium pyrophosphate [Sigma-
Aldrich, S6422-100G], 1 mM phenylmethylsulfonyl fluoride
[Sigma-Aldrich, P7626]) and lysates were sonicated 3 times for
60 sec with an output of 15%. Samples were centrifuged for
10 min at 15,000 x g to pellet cell debris. Supernatant was trans-
ferred into a new tube and protein concentration was determined
using a Pierce BCA protein assay kit (Thermo Fisher Scientific,
23,225) according to the manufacturer’s manual.

Differentially AT 101-treated and SILAC-labelled U87MG
cells were mixed at equal ratio based on protein concentration.
DTT (1,4-dithiothreitol; AppliChem, 28,194,437) was added to
a final concentration of 5 mM and the samples were incubated
for 25 min at 56°C, followed by the addition of iodoacetamide
(Sigma-Aldrich, I1149) to 14 mM final concentration and a
further incubation for 30 min at room temperature in the dark.
Unreacted iodoacetamide was quenched by addition of DTT to
an additional 5 mM and incubating for 15 min at room
temperature in the dark. Samples were diluted 1:5 in 25 mM
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Tris-HCl (Sigma-Aldrich, T1530), pH 8.2, and CaCl2 (Sigma-
Aldrich, C3306) was added to a final concentration of 1 mM.
Proteins were digested by adding trypsin (Promega, V511A)
1:250 (enzyme:substrate) and incubated at 37°C overnight.
Digestion was stopped by acidification with trifluoroacetic
acid (TFA; Carl Roth, 6957) to 0.4% and samples were centri-
fuged at 2300 x g for 10 min at room temperature. Supernatant
was transferred to new tubes.

Reverse-phase Sep-Pak tC18 cartridges with 500 mg sorbent
(Waters, WAT036790) were used to desalt the protein samples,
which were connected to a vacuum manifold. Cartridges were
washed with 9 ml acetonitrile (ACN, Carl Roth, 36,201) and
3 ml 50% ACN-0.5% acetic acid (HAcO, Carl Roth, 6957),
followed by the equilibration with 9 ml of 0.1% TFA. Samples
were loaded on the cartridges and washed with 9 ml of 0.1%
TFA. TFA was removed by washing with 900 µl 0.5% HAcO
and peptides were eluted with 5 ml of 50% ACN-0.5% HAcO.
Eluates were frozen with liquid N2 and lyophilized.

Peptides were resuspended in 400 µL 7 mM KH2PO4, pH
2.65, 30% ACN and loaded on a HPLC system with a
PolySULFOETHYL A™ column (5 μm, 200Å, 200 mm x
9.4 mm, PolyLC Inc) and 12 4-min fractions were collected.
The gradient used for the separation is described by Villén &
Gygi, 2008 [74]. Fractions were frozen in liquid N2 and volume
was reduced by 30% with a lyophilizer. Reverse-phase Sep-Pak
tC18 cartridges with 100 mg sorbent (Waters, WAT036955),
connected to a vacuum manifold were used to desalt peptides.
Cartridges were washed with 3 ml ACN and 3 ml 50% ACN-
0.5% HAcO and equilibrated with 3 ml of 0.1% TFA. TFA was
added to the samples to a final concentration of 0.1%, loaded
onto the cartridges and washed and desalted with 3 ml of 0.1%
TFA. Cartridges are washed with 250 µl 0.5% HAcO and
peptides were eluted with 1 ml of 50% ACN-0.5% HAcO.
Peptides were dried by vacuum centrifugation (Concentrator
5301, Eppendorf, Wesseling-Berzdorf, Germany).

Using an EASY-nLC II (Thermo Fisher Scientific, Dreieich,
Germany), peptides were loaded onto 75 µm x 15 cm fused silica
capillaries (New Objective, Woburn, MA, USA) packed with
C18AQ resin (Reprosil-Pur 120, 3 µm, Dr. Maisch HPLC,
Ammerbuch-Entringen, Germany). Peptide mixtures were sepa-
rated using a gradient of 5% – 33% ACN in 0.5% HAcO over
90 min and detected on an Orbitrap Elite mass spectrometer
(Thermo Fisher Scientific, Dreieich, Germany). MS data were
processed and analyzed using MaxQuant and Perseus. For
U87MG, log2 of fold change of the quotient AT 101-DMSO
was calculated and −1 and 1 was set as cut-off. In the analysis of
U343, only proteins with one complete triplet (either control or
AT 101) and a significant change between control and AT 101
(p < 0.05) were included. DAVID 6.7 (Database for Annotation,
Visualization and Integrated Discovery) and PANTHER 9.0
(Protein Analysis through Evolutionary Relationships) were
used for gene ontology analysis and functional classifications.

Generation of CRISPR/Cas9 knockouts and transfection

The guide RNAs for ATG5 knockouts were separately cloned
into the SpCas9(BB)-2A-GFP (PX458) vector from Feng Zhang
(Addgene, 48,138) [75]. The vector encodes the Cas9 endonu-
clease, which binds to a single guide RNA (sgRNA) including 20

nucleotides complementary to the target locus in the genome.
For Cas9 endonuclease from Streptococcus pyogenes, the target
locus needs to precede a 5ʹNGG protospacer adjacent motif [75].
Lipofectamine 3000 (Thermo Fisher Scientific, L3000008) was
used to transfect a combination of 2 different guide RNA plas-
mids intoU343 andMZ-54 cells (DNA:Lipofectamine 3000 ratio
1:2 for U343 and 1:1.5 for MZ-54 cells) according to the manu-
facturer’s instructions. For U343 ATG5 KO 1 and MZ-54 ATG5
KO 2 the sgRNAs CACCGAAGATGTGCTTCGAGATGTG and
CACCGCCTCTAATGCTACCACTCAGwere used, and for MZ-
54 KO 1 the sgRNAs CACCGTCAGGATGAGATAACTGAAA
and CACCGCCTCTAATGCTACCACTCAG were used. The
sgRNA sequences were generated with the online tool
Benchling and already contain the cloning sites for BbsI. The
base G was added 5ʹ if the sgRNA started with another base.

After 72 h, the GFP-positive cells were sorted into a 24-well
plate with a FACS Aria II cell sorter (BD Biosciences,
Heidelberg, Germany). Cells were incubated in conditioned
medium containing 50% sterile filtered medium from cultured
cells and 50% fresh medium for 72 h. Next, the cells were
separated by single cell dilution into 96-well plates and colonies
were expanded. Single cell clones with ATG5 KO were detected
by PCR and western blot. For depletion of BNIP3, BNIP3L and
HMOX1 2 different siRNAs were used (SASI_Hs01_00035065
[HMOX1 KD 1] and SASI_Hs01_00035067 [HMOX1 KD 2],
SASI-Hs01_00131554 [BNIP3 KD 1] and SASI-Hs01_00131555
[BNIP3 KD 2], SASI-Hs01_00030000 [BNIP3L KD 1] and
SASI-Hs01_00030001 [BNIP3L KD 2], Sigma-Aldrich). Cells
were transfected at 60% confluency using the siRNA against
HMOX1, BNIP3, BNIP3L or siRNA Universal Negative Control
(Sigma-Aldrich, SIC001) and Lipofectamine 2000 (Thermo
Fisher Scientific, 11,668,027) according to the manufacturer’s
instructions. Treatments were performed 24–48 h after
transfection.

Mt-mkeima transduction

Mt-mKeima (gift from Richard Youle; Addgene, 72,342) was
cloned into a pHAGE IRES Puro vector [76]. Lentiviral particles
were produced by transfection of HEK293T cells and collected
over 48 h.U87MGandMZ-54 cells were transducedwith 0.45-µm
filtered, virus-containing supernatant (1:10) in presence of 8 µg/ml
polybrene (EMD Millipore, TR-1003) and selected with 1 µg/ml
puromycin (Sigma-Aldrich, P8833) for 12 days.

Western blot analysis

150,000–180,000 cells were seeded in 6-well plates and cell lysis
was performedwith 2xSDS lysis buffer (137mMTris-HCl [Sigma-
Aldrich, T1503] pH 6.8, 4% SDS [Serva Electrophoresis, 151–21-
3], 20% glycerol [AppliChem 56–81-5], 1 mM protease inhibitor
cocktail [Sigma-Aldrich, P8340], 1 mM PhosSTOP [Roche
Diagnostics, 04 906 837 001]). Cell membranes were destroyed
by ultrasonic beats (3x10 times) and the protein amount of whole
cell lysates was determined with a Pierce BCA protein assay kit
(Thermo Fisher Scientific, 23,225). For SDS PAGE, 30–60 µg
proteins with 5X SDS loading buffer (250 mM Tris-HCl, pH 6.8,
10% SDS, 30% glycerol, 0.02% bromophenol blue [Sigma-Aldrich,
B8026], 5% 2-mercaptoethanol [Sigma-Aldrich, M6250]) were
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heated for 5min at 95°C and separated on a 10–15% SDS gel (85V
for 30 min, then 135V). Proteins were blotted semi-dry (15V,
35 min) onto a nitrocellulose membrane (Neolab, 260,201,396).

For MAP1LC3B and BNIP3 detection, the membranes were
blocked with 5%milk (Carl Roth, T145.2) in TBS (150 mMNaCl,
50 mM Tris, pH 7.5) + 0.05% Tween (AppliChem, A13890500)
(TBST). All other membranes were blocked with 5% BSA
(AppliChem, A1391.0500) in TBST for 1 h at room temperature
and incubated with primary antibodies overnight at 4°C (all anti-
bodies were diluted with 5% BSA in TBST): TOMM20 (translo-
case of outer mitochondrial membrane 20; 1:500; Santa Cruz
Biotechnology, sc-11,415), VDAC1 (voltage dependent anion
channel 1; 1:1000; Abcam Biochemicals, ab15895), HSPD1 (heat
shock protein family D [Hsp60] member 1; 1:1000; Cell Signaling
Techlonogy, 12,165), ATG5 (autophagy related 5; 1:1000; Cell
Signaling Techlonogy, 2630s), MAP1LC3B (microtubule asso-
ciated protein 1 light chain 3 beta; 1:1000; Thermo Fisher
Scientific, PA1-16,930), COX4I1 (cytochrome c oxidase subunit
4I1; 1:1000; Cell Signaling Technology, 4850), BNIP3 (BCL2
interacting protein 3; 1:250; Abcam, ab10433), BNIP3L (BCL2
interacting protein 3 like; 1:1000; Cell Signaling Techlonogy,
12,396), SQSTM1/p62 (sequestosome 1; 1:1000; BD Biosciences,
610,833), TUBA4A (tubulin alpha 4a; 1:5000; Sigma-Aldrich,
T6199) and GAPDH (glyceraldehyde-3-phosphate dehydrogen-
ase; 1:10,000; Merck Millipore, CB1001). Secondary antibodies
(goat anti-mouse, 926–32,210 or 926–68,070 and goat anti-rabbit,
926–32,211 or 926–68,071, all from Li-CORBiotech) were applied
1:10,000 for 1 h at room temperature. Antibodies were detected
with a LI-COR Odyssey reader (LI-COR Biosciences, Bad
Homburg, Germany).

Protein isolation and western blot analysis of P. anserina pro-
tein extracts were performed as previously published [73]. Primary
antibodies were raised against PaPRX specific synthetic peptide
([Ac]-LHESSPGNKVNLADC-[NH2], New England Peptide)
corresponding to amino acids 43–56 (dilution: 1:2000), a
PaATP5 specific synthetic peptide ([Ac]-CKLAKMNKLLTDTL-
[OH], New England Peptide) corresponding to amino acids
213–225 (dilution: 1:2000) and the PaPORIN full-length protein
(New England Peptide, dilution 1:5000). A polyclonal rat SOD2/
MnSOD antibody (Biomal Stressgen, SOD-111: dilution: 1:2000)
was used to detect P. anserinaPaSOD3 (mitochondrial superoxide
dismutase) and a monoclonal GFP antibody (dilution: 1:10,000;
Sigma-Aldrich, G6795) was used to detect ´free GFP´.

Subsequently, secondary antibodies with the infrared dye
IR Dye 800 (dilution: 1:15,000; Li-COR Biosciences,
926–68,021) or IR Dye 680 LT (dilution: 1:20,000; Li-COR
Biosciences, 926–68,021) were used. For detection and densi-
tometric quantification the ‘Odyssey Infrared Imaging System’
(Li-COR Biosciences, Bad Homburg, Germany) was used.

Flow cytometry

Tetramethylrhodamine methyl ester (TMRM; ex/em maxima
~ 553/576; Life Technologies, T668) is a cationic fluorescent
dye that enables the quantification of mitochondrial mem-
brane potential and therefore the detection of depolarized and
damaged mitochondria. The fluorophore MitoTracker Green
FM (MTG; ex/em maxima ~ 490/516; Life Technologies,
M7514) was used to detect the mitochondrial mass, in order

to monitor mitochondrial degradation. Double staining with
APC ANXA5/annexin V (ex/em maxima 650/660; BD
Pharmingen, 550,475) and propidium iodide (PI; ex/em max-
ima ~ 535/617 nm; Sigma-Aldrich, P4864) was performed to
quantify cell death. For FACS measurements, 15,000 – 30,000
cells were seeded into 24-well plates. MEF cells and glioma
cells were stained with 100 nM and 50 nM TMRM, respec-
tively. For all cell lines, an amount of 25 nM MTG was
sufficient for proper staining. The fluorophores were added
into the cell medium for 30 min before harvesting. Cell pellets
were resuspended in 50 µl PBS before measurement. For APC
ANXA5/annexin V (ex/em maxima 650/660)-PI measure-
ments, the cell pellets were resuspended in 50 µl FACS buffer
(10 mM HEPES [AppliChem, 7365–45-9], 140 mM NaCl
[Sigma-Aldrich, 31,434], 5 mM CaCl2 [Sigma-Aldrich,
C3306], pH 7.4) with 0.8 µl APC ANXA5/annexin V and
0.8 µg/mL PI. Measurements were performed either with a
FACS Accuri or FACS Canto II cytometer (BD Biosciences,
Heidelberg, Germany).

For the mt-mKeima assay, 100,000 cells stably expressing
mKeima were seeded into 12-well plates one day before the
measurement. The cells were treated 6 h, trypsinized, washed
once in medium and resuspended in 1 ml chilled PBS. The
cell suspensions were held on ice and measured with a BD
LSRFortessa (BD Biosciences, Heidelberg, Germany)
equipped with 405-, 488-, 561- and 640-nm lasers. Events
were preselected for viable, single cell populations, which
show excitation at 405 and emission at 610/620 nm.
Fluorescent cells (10,000 per sample) were collected and ana-
lyzed for dual-excitation at 488 (pH 7) and 561 (pH 4) nm
with 582/515 and 610/620 nm emission filters, respectively. By
analysis of the 561 nm:488 nm ratio, the percentage of lyso-
somal mt-mKeima can be calculated [77]. Data processing
was done with FlowJo (v10, Tree Star).

Electron microscopy

Treated cells were harvested using accutase (Sigma-Aldrich,
A6964), washed with PBS, pelleted by centrifugation at 179 x
g for 5 min and fixed for 45 min in 2.5% (v:v) glutaraldehyde
(Carl Roth, 3778.1) buffered in cacodylate (pH 7.4) prior to
recurrent centrifugation. The resulting cell pellet was
embedded in 1% osmium tetroxide (Carl Roth, 8371.3) and
dehydrated in a graded ethanol (Carl Roth, K928.2) series,
which was intermingled by an incubation step with uranyl
acetate (Serva, 77,870.01; between the 50% and 90% ethanol
step) and finally, rinsed in propylene oxide (Sigma-Aldrich,
110,205). After embedding the pellets in epoxy resin (Sigma
Aldrich, 45,359-1EA-F), which polymerized for 16 h at 60°C,
semithin sections (0.5 µm) were cut using an ultramicrotome
(Leica Ultracut UCT, Deerfield, IL, USA) with a diamond
knife. Sections were stained with toluidine blue (Merck,
1,159,300,025), placed on glass slides, and examined by light
microscopy to select appropriate areas for ultrathin prepara-
tion. Ultrathin sections (50–70 nm) were cut using an ultra-
microtome. Afterwards, sections were mounted on copper
grids and contrasted with uranyl acetate for 2–3 h at 42°C
and lead citrate for 20 min at room temperature. These
samples were analyzed and digitally documented using a FEI
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Tecnai G2 Spirit Biotwin TEM (Hillsboro, OR, USA) at an
operating voltage of 120 kV.

Assessment of ferroptotic cell death

The glioma cell lines U343, U87MG and MZ-54 were seeded at
5000–7000 cells per 96-well. After 24 h, cells were pre-treated
with ferrostatin-1 (Sigma-Aldrich, SML0583) for 1 h prior to
treatment with AT 101 or RSL3 (RSL3 was kindly provided by
B. Stockwell, Columbia University, New York, NY, USA) for 48
or 72 h. Cell death was assessed by PI and Hoechst staining
(1 µg/mL of PI; Sigma-Aldrich, SML0583; and 10 µg/mL of
Hoechst33342; Thermo Fisher Scientific, 62,249) followed by
fluorescence microscopy using ImageXpress Micro XLS system
(Molecular, Devices, CA, USA).

Determination of gene expression by quantitative real-
time polymerase chain reaction (qPCR)

For the isolation of total RNA the QIAshredder (Qiagen, 79,656)
and RNeasy Mini Kit from Qiagen (Qiagen, 74,106) were used
according to the manufacturer’s instructions. CDNA was synthe-
sized by using 2 µg of the corresponding RNA, Superscript III
reverse transcriptase (Thermo Fisher, 18,080,044) and random
primers in a total volume of 20 µL according to themanufacturer’s
protocol, and cDNA was diluted with 180 µL DEPC-H2O after-
wards. For qPCR 5 µL cDNA, 1 μl 1xTaqMan Gene Expression
Assay primer and 10 μl 1x FastStart Universal Probe Master-mix
(Roche, 04913957001) were used. The samples were normalized
to the amplification value of the reference gene TBP (TATA-box
binding protein). The following FAM (FAM-dye-labeled)-MGB
(minor-grove-binding) primers were used: Hs00427620_m1
(TBP), Hs00969291_m1 (BNIP3), Hs00188949_m1 (BNIP3L)
and Hs00177654_m1 (SQSTM1/p62) (Thermo Fisher Scientific).
Relative expression levels of the target genes were calculated by
using the comparative CT method [78].

Determination of the mitochondrial mass by qrt-pcr

In order to determine the mitochondrial DNA mass of glioma
cell lines upon treatment with AT 101, we quantified the mito-
chondrial-encoded gene MT-ND1 (mitochondrially encoded
NADH:ubiquinone oxidoreductase core subunit 1) relative to
the nuclear-encoded gene LPL (lipoprotein lipase). The ratio of
mitochondrial DNA to nuclear DNA reflects the tissue concen-
tration ofmitochondria per cell [31] and can therefore be used to
assess the mitochondrial mass. Human glioma cell lines MZ-54,
MZ-54 ATG5 KO2, U343 and U87 were treated with 15 µM AT
101 for 30 h. Total DNAwas isolated by using the QIAampDNA
Mini Kit (Qiagen, 51,304) according to the manufacturer’s
instructions. For quantification of mitochondrial and nuclear
DNA levels, SYBR-Green based quantitative real-time PCR was
performed using the SYBR™ Green PCR Master Mix (Thermo
Fisher Scientific, 4,309,155) and the QuantStudio 7 Flex Real-
Time PCR System (Applied Biosystems, Thermo Fisher
Scientific, Darmstadt, Germany). Total DNA (12 ng) were used
per sample and the qRT-PCR was initiated with 2 min at 50°C,
followed by 10 min at 95°C. This was followed by 40 cycles of 15
sec at 95°C and 1 min at 60°C. Analysis of the melting curves

served as control for the specificity of the amplified products.
Relative DNA levels of the mitochondrial gene MT-ND1 were
calculated compared to the nuclear gene LPL by using the
2−ΔΔCT-method [79]. The resulting mitochondrial mass of AT
101-treated glioma cell lines was normalized to the mitochon-
drial mass of untreated cells of the same cell line. At least 3
independent experiments in technical triplicates were performed
for each gene. All primers were purchased from Eurofins
(Hamburg, Germany) and were as follows:MT-ND1 (mitochon-
drial target gene), Forward: CCCTAAAACCCGCCACATCT,
Reverse: GAGCGATGGTGAGAGCTAAGGT; LPL (nuclear tar-
get gene), Forward: ATGAGAGTTGGGTGCCAAAAC, Reverse:
AGTCCACCACAATGACATTGGA.

Statistical analysis

Statistical analysis was done using GraphPad Prism 7
(GraphPad Software, La Jolla CA, USA). A Shapiro Wilk
normality test was performed to determine if a data set is
well-modeled by a normal distribution. In case of normally
distributed data, a one-way or two-way ANOVA was used to
analyze differences between treatments. For non-normally
distributed data, the non-parametric Mann-Whitney U-test
or Kruskal-Wallis test was performed. The minimum level
of statistical significance was set at P ≤ 0.05. P ≤ 0.05: *,
P ≤ 0.01: **, P ≤ 0.001: ***, n.s. not significant. Significances
are depicted between control and treatments or as indicated.
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