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ABSTRACT
Conophylline (CNP) is a vinca alkaloid extracted from the Tab-
ernaemontana divaricata plant. It has been reported that CNP
induces autophagy in a mammalian target of rapamycin–inde-
pendent manner, and thereby inhibits protein aggregation.
However, the mode of action of CNP in inducing autophagy
remains unknown. In this study, we identified glutathione per-
oxidase 4 (GPX4) as a CNP-binding protein by using thermal
proteome profiling. The technique exploits changes in the ther-
mal stability of proteins resulting from ligand interaction, which
is capable of identifying compound-binding proteins without
chemical modification. GPX4, an antioxidant protein that uses
reduced glutathione as a cofactor, directly catalyzes the reduc-
tion of hydrogen peroxide, organic hydroperoxides, and lipid
peroxides. GPX4 suppresses lipid peroxide accumulation, and
thus plays a key role in protecting cells from oxidative damage.
We found that treatment with CNP caused accumulation of lipid

reactive oxygen species (ROS) in cultured cells. Furthermore,
similarly with CNP treatment, GPX4 deficiency caused accumu-
lation of lipid ROS and induced autophagy. These findings indi-
cate that GPX4 is a direct target of CNP involved in autophagy
induction.

SIGNIFICANCE STATEMENT
The present study identified glutathione peroxidase 4 (GPX4) as
a binding protein of conophylline (CNP) by using thermal prote-
ome profiling (TPP). This study showed that CNP treatment,
similarly with the inhibition of GPX4, induced lipid reactive oxy-
gen species accumulation and autophagy. The present findings
suggest that GPX4 is the CNP target protein involved in autoph-
agy induction. Furthermore, these results indicate that TPP is a
useful technique for determining the mechanism of natural
compounds.

Introduction
Natural compounds possess unique structures and occupy

more diverse chemical spaces compared with the majority of
synthetic small molecules (Feher and Schmidt, 2003; Ros�en
et al., 2009). They have various physiologic activities, and are
expected to be particularly useful as lead compounds for drug
development (Lachance et al., 2012). Indeed, it has been
reported that 34% of the medicines approved by the US Food
and Drug Administration between 1981 and 2010 are natural
compound derivatives (Harvey et al., 2015; Newman and
Cragg, 2016). The compounds are usually obtained from cell-

based screening, so that in many cases, the exact target pro-
teins and precise mode of action of the compounds are
unknown. The elucidation of the mechanisms of the com-
pounds has attracted attention because of the expectation
that the investigation will uncover novel biologic mecha-
nisms. Here, we present a mechanism of a natural compound
with various in vitro and in vivo effects.
Conophylline (CNP) is a vinca alkaloid isolated from the

ethanolic extract of Tabernaemontana divaricata leaves
(Kam et al., 1993). It has been reported that CNP treatment
may be effective for various diseases. In the first report to
investigate the CNP effects on cells, CNP was shown to
induce morphologic normalization of kirsten rat sarcoma
viral oncogene homologue–overexpressing cancer cells (Ume-
zawa et al., 1994). In addition, administration of CNP has
also been shown to improve disease conditions in various ani-
mal models, including diabetes (Umezawa et al., 2003; Ogata
et al., 2004), nonalcoholic steatohepatitis (Ohashi et al.,
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2019), and lung fibrosis (Saito et al., 2012; Tezuka et al.,
2018). Furthermore, it has been reported that CNP sup-
presses aggregation of mutant huntingtin in cells by inducing
autophagy (Sasazawa et al., 2015). Therefore, various effects
of CNP treatment may be related to the activity of inducing
autophagy.
Autophagy is a cellular mechanism for bulk degradation of

cytosolic components, including organelles. Autophagy is ini-
tiated by the sequestration of cytoplasmic components in dou-
ble-membrane structures, called autophagosomes, and is
mediated by evolutionarily conserved autophagy-related
genes (ATGs) and microtubule-associated protein 1 light
chain 3 (LC3). The autophagosome fuses with a lysosome to
form an autolysosome, and then the autophagosome-deliv-
ered contents and its inner membrane are degraded by lyso-
somal hydrolase (Ohsumi, 2001; Galluzzi et al., 2017).
Autophagy plays crucial roles in protein homeostasis and
maintenance of cellular function and viability by eliminating
aggregated protein or dysfunctional organelles. In recent
years, its role in the prevention of cancer, neurodegenerative
diseases, diabetes, nonalcoholic steatohepatitis, and fibrotic
diseases has been recognized (Mizushima, 2018; Mizushima
and Levine, 2020). Indeed, autophagy suppressor rubicon-
knockout mice reduced a-synuclein accumulation in the brain
or interstitial fibrosis in kidney (Nakamura et al., 2019). In
addition, nilotinib, which is an oral breakpoint cluster
region-abelson tyrosine kinase inhibitor, induces autophagy
and promotes a-synuclein clearance (Mahul-Mellier et al.,
2014). Thus, elucidation of the mechanism of CNP-induced
autophagy can explain CNP’s attractive effects in vivo, which
may lead to new therapeutic approaches for various diseases.
In the present study, we used thermal proteome profiling

(TPP) to investigate the mode of action of CNP in the induc-
tion of autophagy. The TPP technique was used based on the
principle that the thermal stability of proteins will change
upon interaction with ligands, such as small molecules or
natural compounds (Savitski et al., 2014). Interestingly, we
identified phospholipid hydroperoxide glutathione peroxidase
4 (GPX4) as a CNP-binding protein using this technique.
GPX4 is an antioxidant protein that suppresses lipid oxida-
tion in cells. Based on this finding, we examined the effects of
CNP on lipid oxidation. In addition, we explored whether
GPX4 inhibition leads to induction of autophagy. From this
study, we propose that TPP is a useful technique for target
identification of natural compounds, and for elucidating the
molecular mechanisms of CNP-induced autophagy.

Materials and Methods
Cell Lines, Antibodies, Compounds, Reagents. The U-2 OS

(human osteosarcoma) cell line and HEK293T (human embryonic
kidney) cell line were obtained from the American Type Culture Col-
lection (Manassas, VA). U-2 OS cells were maintained in McCoy’s 5a
modified medium supplemented with 10% (v/v) fetal bovine serum
and 1% (v/v) penicillin-streptomycin solution (Sigma-Aldrich, St.
Louis, MO) in a humidified CO2 incubator. HEK293T cells were
maintained in Dulbecco's modified Eagle's medium supplemented
with 10% (v/v) fetal bovine serum and 1% (v/v) penicillin-streptomy-
cin solution (Sigma-Aldrich). The primary antibodies were as follows:
anti-a-tubulin (T5168) from Sigma-Aldrich; anti-GPX4 (sc-166120)
from Santa Cruz Biotechnology (Dallas, TX); anti-LC3B (186-3) and
ATG7 (PM039) from MBL (Nagoya, Japan); anti-phospho-p70 S6
kinase (Thr389) (9234), p70 S6 kinase (2708), phospho-S6 ribosomal

protein (4858), and S6 ribosomal protein (2217) from Cell Signaling
Technology, Inc. (Danvers, MA). Secondary antibodies conjugated
horseradish peroxidase were purchased from Agilent Technologies, Inc.
(Santa Clara, CA). The compounds CNP (BioBioPha Co., Ltd., Kun-
ming, China), Torin 1 (Tocris Bioscience, Bristol, UK), ML210 (Med-
ChemExpress, Monmouth Junction, NJ), erastin (MedChemExpress),
and bafilomycin A1 (Sigma-Aldrich) were dissolved in DMSO (Wako
Pure Chemical Industries, Ltd., Osaka, Japan) before being diluted
with cell culture medium. Boron-dipyrromethene 581/591 C11 were
obtained from Thermo Fisher Scientific, Inc. (Waltham, MA).

Generation of the RFP-GFP-LC3 Stably Expressed Cell
Line. The cDNAs of red fluorescent protein TagRFP (RFP) (Evrogen,
Moscow, Russia), green fluorescent protein TagGFP2 (Evrogen), and
LC3B (Promega, Madison, WI) were cloned into a pLVSIN-EF1a-Pur
vector (Takara Bio Inc., Shiga, Japan). HEK293T cells were trans-
fected with the plasmid and lentiviral high titer packaging mix using
LipofectAMINE 3000 transfection reagent (Thermo Fisher Scien-
tific). Two days later, the supernatants were used for transduction
into U-2 OS cells. GFP-positive cells were sorted by a BD FACSAria
Cell Sorter (BD Biosciences, San Jose, CA), and then single-cell
clones were isolated by limiting dilution. The cells were maintained
in McCoy’s 5a modified medium supplemented with 10% (v/v) fetal
bovine serum, 1% (v/v) penicillin-streptomycin solution (Sigma-
Aldrich), and 0.3 mg/ml puromycin (Thermo Fisher Scientific) in a
humidified CO2 incubator.

Detection of the LC3 Dot Formation. U-2 OS cells were
seeded onto 96-well, mClear black microplates (6�103 cells/well)
(Greiner Bio-One GmbH, Kremsm€unster, Austria). On the next day,
the cells were treated with compounds for 3 hours at 37�C and were
fixed with 4% paraformaldehyde in PBS (Wako Pure Chemical
Industries, Ltd.). The cells were incubated with PBS containing 50
mM NH4Cl for 15 minutes, 50 mg/ml digitonin for 10 minutes, and
then 0.2% gelatin for 60 minutes at room temperature. Then, the
cells were incubated with anti-LC3 antibody for 60 minutes, anti-
rabbit IgG-conjugated Alexa Fluor 488 (Thermo Fisher Scientific) for
30 minutes, and then PBS containing 1 mg/ml H€oechst 33258
(Thermo Fisher Scientific) for 15 minutes at room temperature. LC3
puncta were visualized using confocal microscopy (Nikon, Tokyo,
Japan). RFP-GFP-LC3 stably expressed U-2 OS cells were seeded
onto a 96-well mClear black microplate as described above, treated
with compounds, and then fixed with 4% paraformaldehyde in PBS
containing H€oechst 33258. LC3 puncta were visualized and quanti-
fied using Operetta CLS (PerkinElmer, Waltham, MA).

TPP of Proteins in Cell Extracts. The TPP experiments were
performed as described in previous reports with some modifications
(Savitski et al., 2014). Briefly, U-2 OS cells (1 � 108 cells) in a tube
were suspended in ice-cold PBS containing EDTA-free protease
inhibitor cocktail (Sigma-Aldrich) and snap-frozen in liquid nitrogen.
The tube was placed into a water bath at 23�C until a portion of the
content was thawed and then transferred onto ice until the entire
content was thawed. This freeze/thaw cycle was repeated two more
times, and then the samples were centrifuged at 100,000g for 20
minutes at 4�C. The supernatants were collected, and then the pro-
tein concentrations of the supernatants were determined by
advanced protein assay reagent (Cytoskeleton, Inc., Denver, CO).

In the TPP-temperature range (TR) experiments, 100 mM cono-
phylline or DMSO alone were added to the cell extracts, respectively,
to a final DMSO concentration of 1%, and incubated for 10 minutes
at 23�C. Each extract was divided into 10 aliquots and individually
heated for 3 minutes at dierent temperatures: 40�C, 43�C, 46�C,
49�C, 52�C, 55�C, 58�C, 61�C, 64�C, and 67�C, followed by 3 minutes
at 23�C. Subsequently, the samples were centrifuged at 14,000g for
20 minutes at 4�C, and then the supernatants were used for liquid
chromatography-tandem mass spectrometry (LC-MS/MS). In the
TPP-compound concentration range (CCR) experiments, the cell
extracts were incubated with vehicle or CNP over a range of nine
concentrations, then heated at 55�C and subsequently treated in the
same manner as described above.
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Fig. 1. Chemical structure of CNP and the autophagy-inducing activity of CNP in U-2 OS cells. (A) The chemical structure of CNP. (B) U-2 OS
cells were incubated for 3 hours in the presence of DMSO as vehicle, 0.1 mM Torin 1, or 10 mM CNP with or without 0.1 mM Baf.A1. The cells
were fixed with 4% formaldehyde and stained for LC3 (green) and nuclei (blue) described in Materials and Methods. The cells were observed by
confocal microscopy. (C) U-2 OS cells were incubated for 20 hours in CNP, Torin 1 with or without 0.1 mM Baf.A1 at the indicated concentrations.
The cells were lysed, and p62 protein levels were measured by AlphaLISA as described in Materials and Methods. The p62 protein levels were
normalized to the total protein levels, and expressed as percent of vehicle control. Data are represented by box plots (n 5 3 biologic replicates).
*P < 0.05 (one-way ANOVA with Dunnett’s test) compared with Baf.A1-untreated vehicle control. (D and E) U-2 OS cells were incubated for 3
or 20 hours in the presence of the indicated compounds. The cells were lysed and analyzed by Western blotting using antibodies specific to the

Conophylline Induces Autophagy by Inhibiting GPX4 183



LC-MS/MS Analysis. Samples from each condition were digested
with trypsin overnight at 37�C and then precipitated using a metha-
nol-chloroform precipitation method. After protein recovery, samples
were reduced with dithiothreitol and alkylated with iodoacetamide.
The peptides were labeled with tandem mass tag (TMT) 10-plex
reagent (Thermo Fisher Scientific). The 10 labeled samples were
mixed and separated into 16 fractions for TPP-TR or 9 fractions for
TPP-CCR using reversed phase chromatography at a pH of 12, and
then analyzed by Ultimate 3000 nano-liquid chromatography cou-
pled with Q Exactive Plus mass spectrometer (Thermo Fisher
Scientific).

Protein Identification and Quantification. The raw files
obtained from LC-MS/MS analysis were processed by Proteome Dis-
coverer version 2.0 (Thermo Scientific, Inc.). The identification of pro-
teins was performed against the UniProt human protein database
using the built-in SEQUEST HT, MS Amanda and connected Mascot
engine. The parameters were set to 10 ppm mass tolerance for pep-
tide precursors and 0.02 Da tolerance for fragment ions. Trypsin was
used as the digesting enzyme, and three missed cleavages were
allowed. The TMT modification of lysine residues were set as fixed
modifications, whereas methionine oxidation, N-terminal acetylation
of proteins, and TMT modification of peptide N-termini were set as
variable modifications. The false discovery rate was set to less than
0.01, and peptide matches were filtered by a minimum peptide
length of six amino acids. The reporter ion intensities of TMT-labeled
peptides were used for the quantification of each protein. In the case
of multiple unique peptides per protein identified, the average of the
top three peptide areas were calculated.

Proteomic Data Analysis. The MS analysis data were analyzed
using the TPP-R package as previously reported (Savitski et al.,
2014). In TPP-TR experiments, the amount of each protein at 40�C
was set to 1, and the amount of protein at each temperature point
was calculated. The melting temperature (Tm) of each protein was
determined as the temperature at which 50% of the protein is dena-
tured. The following criteria were used to choose proteins altered their
thermal stability: 1) The R2 of the fitting curves for melting curves of
vehicle and CNP-treated samples had to be >0.8; 2) the plateau of vehi-
cle curve had to be <0.3; 3) the steepest slope of the protein melting
curve had to be <�0.06; 4) the Tm difference between vehicle- and
CNP-treated conditions was analyzed by Benjamini–Hochberg method,
and the P value had to be <0.05 in one biologic replicates and <0.10 in
the other; 5) the direction of thermal shift is the same in the two bio-
logic replicates; 6) the difference of thermal shift between vehicle- and
CNP-treated conditions was larger than the difference between lots of
the vehicle. In TPP-CCR experiments, the vehicle condition was used
as control for calculating fold-change. The fold-change values were
transformed to a range between 0 and 1 for stabilized proteins, and 1
and 0 for destabilized proteins.

siRNA Knockdown. The siRNA molecules targeting GPX4
(GPX4 #1: SI00032536 and GPX2 #2: SI02627737) and a negative
control siRNA (1022076) were purchased from Qiagen (Hilden, Ger-
many). The siRNA molecules targeting ATG7 were purchased from
Thermo Fisher Scientific (s20651). U-2 OS cells were transfected
with the siRNAs using LipofectAMINE RNAiMAX Transfection
Reagent (Thermo Fisher Scientific). Next day, the cells were plated
onto 96-, 12-, or 6-well plates, incubated for 2 days, and then used for
the AlphaLISA assay for p62 protein, lipid ROS detection, or West-
ern blotting, respectively.

RNA Isolation and Quantitative Reverse Transcription
Polymerase Chain Reaction. Total RNA was extracted from U-2
OS cells using the RNeasy Mini Kit (Qiagen). Total RNA was
reverse-transcribed with ReverTra Ace qPCR RT Master Mix

(Takara Bio), then the polymerase chain reaction was performed. We
used the following specific primers and probes from Applied Biosystems
(Foster City, CA): GPX4 (HS00989766_g1), ATG7 (Hs00893766_m1),
p62 (HS01061917_g1) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (4325792). The polymerase chain reaction was performed at
95�C for 10 minutes, and then 40 cycles of 95�C for 15 seconds, and
60�C for 1 minute using ABI Prism 7700 Sequence Detection System
(Applied Biosystems).

AlphaLISA Assay for p62 Protein. Cells were lysed with
AlphaLISA Lysis Buffer (PerkinElmer) containing EDTA-free prote-
ase inhibitor cocktail (Sigma-Aldrich) and incubated at room temper-
ature for 10 minutes. The lysates were transferred to a white 1/2
AreaPlate-96 (PerkinElmer) and were incubated with AlphaLISA
NaCl buffer containing 16.7 mg/ml anti-p62 antibody (M162-3)
(MBL) conjugated acceptor beads and 0.42 nM biotinylated anti-p62
antibody (ab56416) (Abcam, Cambridge, UK) at room temperature
for 1 hour. Then, streptavidin-coated donor beads (PerkinElmer)
were added to each well at a final concentration of 40 mg/ml, and the
plate was incubated for 30 minutes at room temperature. The p62
protein levels were measured using an EnVision-Alpha Reader (Per-
kinElmer). For measuring the total amount of protein, the cells were
lysed using 0.1 N NaOH, and the protein concentration was deter-
mined by advanced protein assay reagent.

Western Blotting. Cells were lysed in radioimmunoprecipitation
assay buffer [50 mM Tris-HCl buffer (pH 7.5), 150 mM NaCl, 1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, EDTA-free protease
inhibitor cocktail, and phosphatase inhibitor cocktail (Nacalai Tes-
que, Inc., Kyoto, Japan)]. The cell lysates were centrifuged, and the
supernatants were subjected to sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis. After the electrophoresis, the proteins
were transferred onto polyvinylidene fluoride membranes. The mem-
branes were incubated with 5% skim milk for 1 hour at room temper-
ature, the primary antibody overnight at 4�C, and then the
secondary antibody for 1 hour at room temperature. The membranes
were incubated with Immobilon Western Chemiluminescent HRP
Substrate (Merck KGaA, Darmstadt, Germany), and the protein
bands on the membranes were detected using a LAS3000 imager
(Fujifilm, Tokyo, Japan). Densitometry analysis was done by Multi-
Gauge software (Fujifilm).

Statistical Analysis. Data except for mass spectrometry analysis
were analyzed by one-way ANOVA followed by Dunnett’s test. P val-
ues less than 0.05 were considered significant. Based on the explor-
atory character of the study, the outcomes of the statistical tests
should be interpreted as descriptive only.

Results
CNP Induces Autophagy in an mTOR-Independent

Manner. CNP is a vinca alkaloid extracted from the leaves
of the tropical plant T. divaricate and possesses unique struc-
ture (Fig. 1A). It has been reported that CNP induces autoph-
agy in HeLa cells or nerve growth factor-differentiated
pheochromocytoma 12 cells (Sasazawa et al., 2015). Autoph-
agy is a multistep process involved in the formation of the
autophagosome, fusion of the autophagosome with the lyso-
some, and degradation of the contents in the autolysosome.
The LC3 is a key biologic marker of autophagosome forma-
tion (Mizushima et al., 2010). Thus, we performed the LC3
puncta formation assay to assess the formation of autophago-
somes in the CNP-treated human osteosarcoma cell line, U-2
OS. CNP treatment induced LC3 puncta formation in U-2

indicated proteins. Densitometric analysis was performed as described in Materials and Methods. The amounts of p-p70S6K or p-RPS6 were
normalized to each total protein and were expressed as percent of vehicle control. Data are represented by box plots (n 5 3 independent experi-
ments). *P < 0.05 (one-way ANOVA with Dunnett’s test) compared with vehicle control.
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Accession Name Gene Name
TPP-TR TPP-CCR

Δ Tm (˚C)_Exp. 1 Δ Tm (˚C)_Exp. 2 thermal stability change dose dependency

Q8NB46 ANKRD52 1.82 2.07

stabilized

N.D.
Q8NHQ9 DDX55 4.52 2.84 N.D.
Q13905 RAPGEF1 7.97 5.33 N.D.
Q0VDG4 SCRN3 1.68 2.09 No
P78524 ST5 3.29 10.95 No

Q6DCA0 AMMECR1L -2.18 -2.68

destabilized

N.D.
Q9NUP1 BLOC1S4 -4.50 -4.02 N.D.
Q9BXL7 CARD11 -1.89 -2.50 N.D.
Q9NXZ2 DDX43 -3.61 -3.87 N.D.
Q7Z6M2 FBXO33 -2.52 -3.07 N.D.
P36969 GPX4 -4.13 -2.95 Yes
P08581 MET -3.24 -4.35 No
Q96E29 MTERF3 -4.67 -2.51 N.D.
P84095 RHOG -1.56 -2.66 N.D.
O60942 RNGTT -3.53 -1.94 N.D.
O75648 TRMU -2.79 -2.63 No
Q6AHZ1 ZNF518A -17.57 -9.16 N.D.
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Fig. 2. Schematic workflow of the thermal proteome profiling procedure for identification of CNP-binding proteins. (A) TPP-TR experiments: U-2
OS cell extracts were incubated with vehicle or CNP and then divided into 10 aliquots, respectively. The aliquots were subjected to heating at the
indicated temperatures, and centrifuged to remove denatured proteins. Nondenatured proteins were identified and quantified using LC-MS/MS,
and melting curves were produced for each protein. The Tm of each protein was determined as the temperature at which 50% of the protein is
denatured. The proteins with significantly altered Tm as a result of CNP treatment were selected as candidates for CNP-binding proteins. (B)
TPP-CCR experiments: The candidates of CNP-binding proteins identified by TPP-TR experiments were validated by evaluating the CNP dose
dependence of their thermal shifts. (C) The summary of TPP experiments. TPP-TR experiments were performed in biologic duplicates. The listed
proteins were altered their Tm values with CNP treatment, and the alterations satisfied TPP-TR criteria as described in Materials and Methods.
Accession name and gene name of the proteins were referred from UniProt Knowledgebase (https://www.uniprot.org/). In the column of TPP-CCR,
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OS cells, and it further increased the number of puncta in
the presence of the lysosome inhibitor bafilomycin A1
(Baf.A1). The results of CNP were similar to those of the
autophagy inducer Torin 1 (Fig. 1B). Next, to confirm the
degradation of the contents in the autolysosome, we mea-
sured the amount of p62/sequestosome-1 protein, which is an
autophagy substrate. The experiment showed that the
amount of p62 protein was decreased in CNP-treated U-2 OS
cells, whereas the effects of CNP were eliminated in the pres-
ence of Baf.A1 (Fig. 1C). These results indicated that CNP
induces autophagy in U-2 OS cells.
Furthermore, we examined whether the induction of

autophagy was dependent on inhibition of the mammalian
target of rapamycin (mTOR), also known as the mechanistic
target of rapamycin. mTOR is a serine/threonine protein
kinase, and functions as a negative regulator of autophagy. It
is also known that Torin 1 induces autophagy by inhibiting

mTOR activity. Because CNP was previously shown to
induce autophagy in an mTOR-independent manner, we
investigated the effects of CNP on mTOR activity by measur-
ing the phosphorylation of mTOR downstream effectors. CNP
treatment had no effects on the phosphorylation of p70 S6
kinase (p70S6K) and S6 ribosomal protein (RPS6), whereas
Torin 1 inhibited the phosphorylation of those proteins (Fig. 1,
D and E). These results suggested that CNP induces autoph-
agy in U-2 OS cells in an mTOR-independent manner. There-
fore, the characteristic of the autophagy-inducing activity of
CNP was identical with previous reports (Sasazawa et al.,
2015).
Identification of CNP-Binding Proteins by TPP.

TPP is based on the principle that proteins become thermally
stabilized or destabilized when complexed with ligands. To
elucidate the intracellular target protein of CNP, we used
TPP to identify CNP-binding proteins as shown in Fig. 2.

the results were expressed as follows: Yes, the proteins were identified and quantified by mass spectrometry, and exhibited CNP-dose dependent
thermal shifts; No, the proteins were identified and quantified by mass spectrometry, but not exhibited CNP-dose dependent thermal shifts; N.D.,
the proteins were not identified by mass spec analysis.
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First, we performed TPP-TR experiments at a single CNP
concentration. The compound concentration required for the
changing thermal stability tends to be about 10 times higher
than that of affinity for compound-binding proteins (Savitski
et al., 2014). For this reason, we adopted the concentration of
CNP at 100 mM in TPP-TR experiments to avoid missing the
CNP-binding proteins. The cell extracts were heated to
40–67�C in the presence of 100 mM CNP or DMSO as a vehi-
cle control. Then, nondenatured proteins were quantified
using mass spectrometry (MS). In the course of TPP-TR
experiments, through assessing the effect of CNP treatment
on the thermal stability of approximately 8000 proteins, 17
proteins were identified as candidates of CNP-binding pro-
teins (Fig. 2C; Supplemental Table 1). Their Tm values in
TPP-TR experiments were altered with CNP treatment, and
the alterations satisfied TPP-TR criteria as described in a
previous report (Savitski et al., 2014). In the experiments,
the thermal stability of GPX4 was destabilized by CNP treat-
ment (Fig. 2C and 3A). In the process of selecting the candi-
dates, we fitted the relative protein abundances at each
temperature by sigmoidal curves, and then calculated Tm
values. Thus, curve fitting and determining of Tm values
play crucial roles in TPP-TR experiments. However, the
shape of the sigmoidal curve is easily affected by the

technical and/or the biologic variation in quantitative proteo-
mics. Especially, proteomic analysis for low abundance pro-
teins is challenging. In addition, it is known that protein
structure intermediates are often present in the process of
transitioning from the folded state to the denatured state
(El-Baba et al., 2017). These proteins exhibited complex sig-
moidal curves, which are not ideal. For these reasons, the
strategy using curve fitting and extraction of Tm values from
the curves has the potential to provide false positives as
TPP-TR artifacts. To validate the alteration of their thermal
stability, we performed TPP-CCR experiments to evaluate
the CNP dose dependence for the thermal shifts of the candi-
date proteins. As a result, we had evaluated 5 proteins out of
17 proteins that were identified by TPP-TR experiments, and
only GPX4 exhibited dose-dependent thermal shift (Figs. 2C
and 3B; Supplemental Table 2). Thus, we concluded that 4
proteins except for GPX4 were TPP-TR artifacts. Although
the possibility remains that the other 12 proteins were
CNP-binding proteins, we further validated the results of MS
analysis for GPX4. We performed Western blotting analysis of
GPX4 using samples prepared in the same manner for MS
analysis. The results of these experiments as well as MS
analysis showed that GPX4 was thermally destabilized by
CNP treatment (Fig. 3, C and D). Furthermore, GPX1 or
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GPX7, belonging to the GPX family, did not have altered
thermal stability with CNP treatment (Supplemental Fig. 1).
These results suggested that GPX4 is a CNP-binding protein.
CNP Inhibits GPX4 Activity and Causes the Accu-

mulation of Lipid ROS in U-2 OS Cells. It is known that
GPX4 is an antioxidant peroxidase that directly reduces
phospholipid hydroperoxide, and that inhibition of GPX4
results in accumulation of lipid ROS in cells (Brigelius-Floh�e
and Maiorino, 2013). In addition, it has been reported that
some GPX4 inhibitors induce autophagy as confirmed by LC3
puncta formation and the conversion of LC3-I to LC3-II form
(Hou et al., 2016; Wang et al., 2019). As previously reported,
the amount of LC3 puncta and LC3-II form correlates with
the quantity of autophagosomes (Mizushima et al., 2010).
Therefore, we hypothesized that CNP inhibits the hydrolase
activity of GPX4, resulting in accumulation of lipid ROS in
cells, which may lead to the induction of autophagy. To evalu-
ate the effects of CNP on GPX4 activity, we measured the
amount of lipid ROS in cells incubated with or without CNP.
As expected, when we treated U-2 OS cells with CNP for 12
hours, the amount of lipid ROS was increased in a dose-
dependent manner (Fig. 4A). In addition, we carried out
GPX4 knockdown experiments to confirm whether the
increase of lipid ROS was indeed due to the inhibition of
GPX4 activity. CNP treatment induced accumulation of lipid
ROS in control siRNA transfected cells, whereas the effect of
CNP was abolished in GPX4-knockdown cells (Fig. 4B). In
the knockdown experiments, GPX4 mRNA was decreased by
GPX4 siRNA transfection (Fig. 4C). Thus, we consider that
lipid ROS accumulation in CNP-treated cells was dependent
on GPX4 inhibition. These results suggested that CNP inhib-
its GPX4 activity, and thereby leads to the accumulation of
lipid ROS in cells.
GPX4 Inhibition Induces Autophagy in U-2 OS

Cells. To evaluate the effects of GPX4 inhibition on induc-
tion of autophagy, we investigated whether the GPX4 inhibi-
tors, ML210 and erastin, can induce autophagy in cells.
ML210 is an alkylating agent that covalently binds to the
selenocysteine residue, which is a component of the GPX4
active site, and directly suppresses GPX4 enzymatic activity
(Eaton et al., 2020). On the other hand, erastin inhibits cys-
tine uptake by the cystine/glutamate antiporter (system xc-),
and then decreases intracellular glutathione levels in cells.
This consequently suppresses GPX4 activity indirectly (Dixon
et al., 2012).
First, we assessed the conversion of LC3-I to LC3-II form

in cells treated with GPX4 inhibitors. When we treated U-2
OS cells for 3 hours with ML210, the amount of LC3-II form
was increased, and this was further increased with Baf.A1
cotreatment (Fig. 5, A and B). The results were similar to
those of the autophagy inducer Torin 1 or CNP. On the other
hand, considering erastin treatment, we detected LC3-II con-
version 12 hours after the treatment, which was later than
that detected in ML210-treated cells (Fig. 5, A and B). This
seemed to reflect erastin’s pharmacological action as an indi-
rect GPX4 inhibitor.

Next, the LC3 puncta formation assay was performed in
U-2 OS cells stably expressing RFP-GFP-LC3. In a low-pH
environment, RFP fluorescence is stable, whereas GFP fluo-
rescence will be quenched. Yellow fluorescence, representing
colocalization of RFP and GFP, indicates autophagosomes
not fused with acidic lysosomes. Therefore, red punctate fluo-
rescence will increase if autophagy is enhanced, whereas
only yellow punctate fluorescence will be evident if autoph-
agy is inhibited. The experiment showed that the number of
autolysosomes, which is RFP positive and GFP negative, was
increased in ML210-, erastin-, and CNP-treated cells. The
results were comparable to that of Torin 1 treatment. Con-
versely, the number of LC3 yellow puncta was increased in
the lysosome inhibitor Baf.A1 (Fig. 5, C and D).
Finally, we investigated the effects of GPX4 knockdown on

the expression of p62 protein levels. As expected, the p62 pro-
tein levels were downregulated in GPX4-knockdown cells
(Fig. 6A). To confirm the downregulation of p62 protein levels
were the result of autophagy activation, we assessed p62
mRNA levels in GPX4-knockdown cells. The experiment
showed that GPX4 knockdown had no effects on p62 mRNA
levels (Fig. 6B). These results indicated that the effect of
CNP on the downregulation of p62 protein levels seemed to
reflect autophagy induction, but not inhibition of its mRNA
expression. Simultaneously, we performed ATG7 knockdown,
which is an essential autophagy protein, as an experimental
control. As a result of ATG7 knockdown, p62 protein and p62
mRNA levels were upregulated (Fig. 6, A and B). The upre-
gulation of p62 protein levels seemed to reflect autophagy
inhibition and the induction of p62 mRNA expression. Fur-
thermore, we assessed the phosphorylation of mTOR down-
stream effectors p70S6K and RPS6 in GPX4-knockdown
cells. The experiments showed that the phosphorylation of
those remained unchanged (Fig. 6, C and D). These results
strongly suggested that GPX4 inhibition leads to autophagy
activation, and that CNP treatment and GPX4 knockdown
produce similar phenotypes.

Discussion
There are eight isoforms of GPXs in humans, with differ-

ences in their tissue expression and substrate specificity (Bri-
gelius-Floh�e and Maiorino, 2013). GPXs catalyze the
reduction of hydrogen peroxide and organic hydroperoxides
to water or corresponding alcohols, thereby acting as antioxi-
dants. Recently, it has also become clear that GPX4 is
involved in cell death called ferroptosis, which is different
from necrosis and apoptosis. Among GPX family members,
only GPX4 inhibition induces cell death and thus is a key
regulator of ferroptosis (Yang et al., 2014). It has been
reported that ferroptosis may be a type of autophagic cell
death, and although autophagy maintains homeostasis,
excessive autophagy induces autophagy-dependent cell death
(Gao et al., 2016; Su et al., 2019). In fact, various types of
GPX4 inhibitors induce autophagy and ferroptosis (Hou et
al., 2016; Wang et al., 2019). In this study, we found that
CNP, one type of autophagy inducer, inhibits GPX4 activity.

by using the Operetta CLS system. Scale bar, 50 mm. The number of autolysosomes (dot of LC3 with RFP positive and GFP negative) per cell
were counted using Operetta CLS. Data are represented by box plots (n 5 6 biologic replicates). *P < 0.05 (one-way ANOVA with Dunnett’s test)
compared with vehicle control.
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First, our experiments indicated that GPX4 is a direct
binding protein of CNP (Fig. 3). Although we did not evaluate
whether CNP can directly inhibit the hydrolase activity of
GPX4 in vitro, we showed the accumulation of lipid ROS in
CNP-treated cells (Fig. 4A). In contrast to other GPX iso-
forms, the active site of GPX4 does not contain an exposed
surface loop (Scheerer et al., 2007). With this unique struc-
ture, GPX4 can catalyze phospholipids or cholesterol hydro-
peroxides incorporated in membranes or lipoproteins. Thus,
it is generally believed that the increasing amount of lipid
ROS indicates the inhibition of GPX4 hydrolase activity in
cells. In fact, GPX4 knockdown induced accumulation of lipid
ROS in cells (Fig. 4B). In addition, although U-2 OS cells
express three GPX isoforms (GPX1, GPX4, and GPX7) as
determined by MS analysis, only the thermal stability of
GPX4 had changed with CNP treatment (Fig. 3A;
Supplemental Fig. 1). These results support the hypothesis
that CNP specifically suppresses the hydrolase activity of
GPX4 in cells.
Next, we showed that two known GPX4 inhibitors increase

the amount of LC3-II form and the number of autolysosomes
(Fig. 5). Furthermore, we found that, as with CNP treatment,
GPX4 deficiency decreases p62 protein levels, but not at
mRNA levels (Fig. 6, A and B). These results strongly sup-
port the hypothesis that GPX4 inhibition induces autophagy.
Unfortunately, the precise mechanism by which accumula-
tion of lipid ROS by GPX4 inhibition promotes autophagy is
unknown. Meanwhile, we showed CNP treatment or GPX4
knockdown had no effects on enzyme activity of mTOR,
which is a well known pathway for autophagy regulation
(Figs. 1, C and D and 6, C and D). The results indicated that
lipid ROS accumulation affects the signaling pathway lead-
ing to autophagy in an mTOR-independent manner. One pos-
sibility is that oxidized lipids activate autophagy by
inhibiting the c-Jun N-terminal kinase (JNK) signaling path-
way. It has been reported that the lipid peroxidation product,
4-hydroxynonenal or malondialdehyde, activates JNK (Hab-
erzettl and Hill, 2013). JNK activation can dissociate the
interaction between Beclin-1 and B-cell lymphoma 2 by phos-
phorylating B-cell lymphoma 2. It leads to activation of vacu-
olar protein sorting 34, one of the key kinases involved in
autophagy, and then to induction of mTOR-independent acti-
vation of autophagy (Wei et al., 2015). Further analysis is
required to uncover the precise mechanisms of autophagy
induction by inhibiting GPX4.
In a previous report, ADP-ribosylation factor-like protein

6-interacting protein 1 (ARL6ip1) was identified as a CNP-
binding protein using CNP-immobilized beads (Suzuki et al.,
2009). Also, they determined its essential binding region for
CNP (Kuroda et al., 2013). ARL6ip1 is localized at the endo-
plasmic reticulum membrane and negatively regulates apo-
ptosis (Lui et al., 2003). However, in ARL6ip1-knockdown
cells, CNP induced the conversion of LC3-I to LC3-II form as
well as control cells (Sasazawa et al., 2015). Therefore, it is
assumed that CNP induces autophagy independently of
ARL6ip1. Affinity purification using compound-immobilized
beads is one of the most prevalent methods for target identifi-
cation of bioactive compounds (Saxena et al., 2009; Kawatani
and Osada, 2014). However, modifying the compounds in
preparation for immobilization on beads sometimes decreases
the affinity of the compound to the target protein. Further-
more, it is possible that the interaction of the compound and

the target protein may be prevented by steric hindrance of
the beads. For these reasons, development of techniques to
identify compound-binding proteins without chemical modifi-
cation has been expected. In this study, we investigated the
underlying mechanism of CNP’s action in autophagy induc-
tion using the TPP technique. The technique applied the Cel-
lular Thermal Shift Assay to proteomics analysis, and can be
used for identifying the target proteins of compounds without
chemical modification (Martinez-Molina et al., 2013). As
expected, in this study, GPX4 could be identified as a new
CNP-binding protein. Therefore, this technique was shown to
be a powerful tool for identifying binding proteins of bioactive
molecules, especially natural compounds that have struc-
tures difficult-to-modify.
Since GPX4 is a suppressor protein of ferroptosis, we inves-

tigated whether CNP treatment induces ferroptosis. As previ-
ously reported, overnight treatment of CNP decreased U-2
OS cell numbers. However, the decreasing was not sup-
pressed by ferroptosis inhibitors, ferrostatin-1 (data not
shown). CNP is a natural compound, so that it is possible to
bind a lot of proteins. In fact, CNP might be inhibited apopto-
sis repressor ARL6ip1, which is one of the CNP-binding pro-
teins, and then induced apoptosis. Therefore, it could be
difficult to detect the effect of CNP treatment on ferroptosis.
Further analysis is required to clarify the relationship
between CNP and ferroptosis.
From the findings of this work, we concluded that TPP is a

useful technique for analyzing the mechanism of natural
compounds. Using this technique, we identified GPX4 as a
new binding protein of CNP, and showed that the autophagy
promoting activity of CNP is mediated by GPX4 inhibition.
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