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GTPase-mTORCI1-TFEB signaling

Ningning Li%, Lingling Rao?, Xueqing Zhao?', Junwen Shen?,
Dan Su?, Guogiang Ma?, Shan Sun'?, Qilian Ma'?, Li Zhang*,
Chunsheng Dong?®, Kin Yip Tam?, Jochen H. M. Prehn?,
Hongfeng Wang™* and Zheng Ying'*

Jiangsu Key Laboratory of Neuropsychiatric Diseases and College of Pharmaceutical Sciences, Soochow
University, Suzhou, China, Faculty of Health Sciences, University of Macau, Taipa, China, *Department of
Physiology and Medical Physics and Future-Neuro Research Centre, Royal College of Surgeons in Ireland,
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Autophagy is a critical protein and organelle quality control system, which regulates
cellular homeostasis and survival. Growing pieces of evidence suggest that
autophagic dysfunction is strongly associated with many human diseases,
including neurological diseases and cancer. Among various autophagic
regulators, microphthalmia (MiT)/TFE transcription factors, including transcription
factor EB (TFEB), have been shown to act as the master regulators of
autophagosome and lysosome biogenesis in both physiological and pathological
conditions. According to the previous studies, chlorpromazine (CPZ), an FDA-
approved antipsychotic drug, affects autophagy in diverse cell lines, but the
underlying mechanism remains elusive. In our present study, we find that CPZ
treatment induces TFEB nuclear translocation through Rag GTPases, the upstream
regulators of mechanistic target of rapamycin complex 1 (mTORC1) signaling.
Meanwhile, CPZ treatment also blocks autophagosome-lysosome fusion.
Notably, we find a significant accumulation of immature autophagosome
vesicles in CPZ-treated cells, which may impede cellular homeostasis due to the
dysfunction of the autophagy—lysosome pathway. Interestingly and importantly, our
data suggest that the expression of the active form of Rag GTPase heterodimers
helps in reducing the accumulation of autophagosomes in CPZ-treated cells,
further suggesting a major contribution of the Rag GTPase-mTORC1-TFEB
signaling axis in CPZ-induced autophagic impairment.
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Introduction

Autophagy is a critical cellular quality control system used to remove damaged
organelles and maintain cellular homeostasis in response to stress. Following stress,
intracellular cargos are sequestered by autophagosomes (double-membrane vesicles in
the autophagy system) and further delivered to lysosomes for degradation and recycling
(Dikic and Elazar, 2018). Based on the specificity of cargos, autophagy can be divided into
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several selective forms, including mitophagy (autophagy of
mitochondria), ER-phagy (autophagy of the endoplasmic
reticulum), pexophagy (autophagy of peroxisomes), ribophagy
(autophagy of ribosomes), and aggrephagy (autophagy of
aggregated proteins) (Stolz et al, 2014). According to the
previous studies, more than 30 identified autophagy-related
proteins and many important regulators participate in autophagy
(Dikic and Elazar, 2018). Autophagy-related gene mutations and
autophagic dysfunction are strongly associated with various
diseases, including schizophrenia, neurodegenerative diseases, and
cancer (Merenlender-Wagner et al., 2013; Schneider et al., 2016;
Doherty and Baehrecke, 2018; Vargas et al., 2023).

The microphthalmia (MiT/TFE) transcription factors,
including transcription factor EB (TFEB), TFE3, TFEC, and
MITF, play important roles in lysosome biogenesis and
autophagy. The phosphorylation status of these transcription
factors is regulated by multiple kinases and is correlated with
intracellular localization and the activity of these transcription
factors (Takahara et al., 2020; Morais et al., 2023; Yang et al,,
2023). Mechanistic target of rapamycin complex 1 (mTORC1) is
one of the major kinases of these transcription factors, and
mTORC1 is recruited to the lysosomal surface by the
heterodimeric RagA/B-RagC/D GTPases (Saucedo et al., 2003;
Sancak et al., 2008). Under normal conditions, the active form of
Rag GTPases (GTP-bound RagA/B along with GDP bound RagC/
D) associates with these transcription factors, which are instantly
phosphorylated by mTORC1 on the surface of lysosomes.
Phosphorylated transcription factors interact with YWHA/14-
3-3 and remain in the cytosol (Martina and Puertollano, 2013;
Xia et al., 2016; Wang et al., 2020). Upon multiple stress stimuli,
mTORCI1 dissociates from lysosomes and loses its activity.
Inactive mTORCI fails to phosphorylate these transcription
factors and, therefore, leads to the nuclear translocation of
these transcription factors and the transcriptional activation of
lysosomal and autophagosomal genes (Roczniak-Ferguson et al.,
2012; Xia et al., 2015; Wang et al., 2020).

(CPZ), also
phenothiazine derivative that is

Chlorpromazine called wintermin, is a
commonly used to treat
psychiatric disorders by inhibiting dopamine receptors. Despite
CPZ being a classic antipsychotic drug, it exhibits significant
adverse drug reactions (side effects) in the clinical applications.
In recent years, CPZ has been shown to exhibit different effects on
autophagy in various cell lines (Shin et al., 2013; Li et al,, 20165
Matteoni et al, 2021; Xu et al, 2022). Several studies have
demonstrated that CPZ also exerts anticancer activities by
targeting autophagy and other mechanisms (Jhou et al, 2021;
Matteoni et al, 2021; Xu et al., 2022). However, the potential
mechanism of CPZ-modulating autophagy is still poorly
understood. Here, in this study, we find that CPZ displays dual
effects on the autophagy flux, suggesting that it not only induces
TFEB nuclear translocation in a Rag GTPase-dependent manner
(upstream signaling of the autophagy-lysosome pathway, which is
associated with autophagosome and lysosome biogenesis) but also
impedes the fusion between autophagosomes and lysosomes
(downstream signaling of the autophagy-lysosome pathway),
thereby
autophagy-lysosome system.

overwhelming the overall homeostasis of the
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Materials and methods
Plasmid construction

The following plasmids used in this study, including the
empty vectors expressing the tag, namely, mCherry-EGFP-LC3,
mCherry-LC3, EGFP-Parkin, mCherry-Parkin, mt-mKeima,
pEGFP-N3-TFEB, LAMPI1-RFP, pEGFP-N1-TFE3, pEGFP-
N1-MITF, pRK5-HA-GST-RagA“™  (RagA?®%), and
pRK5-HA-GST-RagCSP? (RagC*”*h), described
previously (Ying et al., 2009; Ma et al, 2011; Ying et al,
2011; Wang et al., 2012; Tao et al, 2015; Xia et al., 2016;
Mao et al., 2017; Chen et al., 2019; Zhang et al., 2020).

were

Cell culture, transfection, and chemicals

Human embryonic kidney 293 (HEK 293) cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco, 11995500) containing 10% fetal bovine serum (FBS;
allBIO, MN220610) (100 U/ml)
streptomycin (100 pg/mL). The plasmids were transfected

with  penicillin and
into cells using the Hieff Trans™ Liposomal Transfection
Reagent (Yeasen, 40802ES02) in Opti-MEM (OMEM; Gibco,
31985070) without the serum. Furthermore, these cells were
then incubated with drugs for the indicated concentrations and

time. The following drugs were used: chlorpromazine
hydrochloride (MCE, HY-B0407A), aspirin (MCE, HY-
14654), ropinirole hydrochloride (MCE, HY-B0623A),

chloroquine (CQ; Sigma, C6628), Torin 1 (Tocris Bioscience,
4247) or antimycin A (Sigma, A8674), and oligomycin A
(Selleck, S1478). It should be noted that chlorpromazine
hydrochloride CPZ, so CPZ

chlorpromazine hydrochloride in our present study.

functions as refers to

Immunoblot

The cells were collected and lysed in a cell lysis buffer (50 mM
Tris-HCI (pH 7.6) containing protease inhibitor cocktail (Roche,
4693132001), 0.5% sodium deoxycholate, 1% NP-40, and
150 mM  NaCl). separated by 13%
polyacrylamide gel electrophoresis (SDS-PAGE) and then

The proteins were
transferred onto a polyvinylidene difluoride membrane (PVDF
membrane; Millipore, IPVH00010). The following primary and
secondary antibodies were used: anti-GAPDH (Proteintech,
60,004-4-1g; 1:8000), anti-LC3 (Novus Biologicals, NB1-02200;
1:1000), anti-p62 (Enzo Life, BML-PW9860; 1:500), anti-
phospho-p70S6K (T389) (Cell Signaling Technology, 9205; 1:
100), anti-p70S6K (Epitomics, 1494-1; 1:1000), anti-TFEB (Cell
Signaling Technology, 4240; 1:1000), anti-phospho-TFEB (S211)
(Cell Signaling Technology, 37,681; 1:100), and RagB antibodies
(Santa Cruz Biotechnology, sc-293349; 1:100) over night at 4°C;
and horseradish peroxidase conjugated sheep anti-mouse and
anti-rabbit antibodies (Jackson ImmunoResearch Laboratories)
for 2 h at room temperature. The proteins were visualized using
an ECL detection kit (Vazyme, E411-04).
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FIGURE 1

CPZ treatment increases the accumulation of autophagosomes. (A) HEK 293 cells were treated with the indicated doses of ropinirole, aspirin, or CPZ
for 24 h, and then, the cell lysates were used to detect LC3 levels by immunoblot analysis. (B) HEK 293 cells were treated with the indicated doses of CPZ

for 24 h, and then, the cell

lysates were used to detect LC3 levels by immunoblot analysis. (C) Quantification of normalized LC3-11/I from three

independent experiments; mean + SD; n.s, not significant; *, p <0.05; **, p <0.01. (D) HEK 293 cells were treated with 10 yM CPZ for the indicated
times, and then, the cell lysates were used to detect LC3 levels by immunoblot analysis. (E, F) Quantification of normalized LC3-1I/GAPDH or LC3-11/I from
three independent experiments; mean + SD; *, p <0.05; **, p <0.01. (G) HEK 293 cells were transfected with mCherry—LC3, and then, the cells were
treated with indicated doses of CPZ for different times and visualized by fluorescent microscopy. Scale bar, 10 um. (H, 1) Quantification of the number of
autophagosomes indicated by mCherry—LC3 puncta per cell, given in (G); n = 20 cells per sample; mean + SD; n.s, not significant; **, p <0.01. (J)
A549 cells were treated with 20 pM CPZ or CPZ along with 10 uM CQ for 6 h, and then, the cell lysates were used to detect LC3 levels by immunoblot
analysis. (K) A549 cells were treated with 20 uM CPZ for 6 h, and then, the cell lysates were used to detect LC3 and p62 levels by immunoblot analysis.

Immunofluorescence and live cell imaging

HEK 293 cells were fixed with 4% paraformaldehyde for 10 min
at room temperature after transfection or treatment and were then
permeabilized with 0.1% saponins for another 10 min. The cells were
incubated with the anti-HA (Santa Cruz Biotechnology, sc-805; 1:
300), anti-LAMP2 (Santa Cruz Biotechnology, sc-18822; 1:250), or
anti-mTOR antibody (Cell Signaling Technology, 7C10; 1:500) over
night at 4°C, followed by Alexa Fluor 647-conjugated AffiniPure
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Donkey Anti-Mouse (Yeasen, 33213ES60; 1:400) or Anti-Rabbit IgG
(Yeasen, 33113ES60), Alexa Fluor 488-conjugated AffiniPure
Donkey Anti-Rabbit IgG (Proteintech, SA00013-2; 1:400), or
Alexa Fluor 594-conjugated AffiniPure Donkey Anti-Mouse 1gG
antibody (Proteintech, SA00013-3; 1:400) for 2h at room
Hoechst 23,491-45-4) staining was
performed for 20 min after fixation to identify the nucleus. The

temperature. (Sigma,

stained cells and live cells were visualized using ZEISS and Nikon
confocal microscopes (Wu et al., 2012; Ren et al., 2016; Fang et al.,
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2017), or a Nikon Ti2-E fluorescence microscope integrated with a
pco.edge 4.2 bi sCMOS camera.

Statistical analysis

Image] was used in image processing, fluorescence intensity analysis
of mt-mKeima, and immunoblot densitometric analysis. We use Image]J
(Analyze-ROI manager) to choose single positive cells and to measure
the fluorescence intensity of red and green channels. The ratios of red/
green signals of multiple cells were analyzed to reflect the level of
mitophagy. The charts were generated using Prism 7.0 (GraphPad
Software). Statistical analyses were performed using Student’s t-test.
The p-values and mean are indicated in figure legends.

Results

CPZ treatment results in the accumulation
of autophagosomes in cells

In a primary test of the effects of several FDA-approved central
nervous system drugs (including ropinirole, a dopamine agonist that is
used to treat Parkinson’s disease; CPZ; and aspirin) on autophagy, we
performed a biochemical analysis to examine the level of LC3-II/I,
which correlates with the number of autophagosomes, and we
unexpectedly found that CPZ treatment strikingly increased the level
of LC3-II/I compared with control, ropinirole, or aspirin treatments in
HEK 293 cells (Figure 1A). Next, we monitored the turnover of LC3-I to
LC3-II upon exposure to different concentrations of CPZ. These data
showed that CPZ treatment
autophagosomes in a dose-dependent manner (Figures 1B,C). Due
to severe cytotoxicity with 20 uM CPZ treatment in HEK 293 cells
(Supplementary Figure S1), we chose 10 uM CPZ to further examine
the turnover of LC3-I to LC3-1I over a number of times in HEK
293 cells. We found that the maximum LC3-II accumulation was
observed within 6 h after 10 uM CPZ treatment, relative to 12h or 24 h
of CPZ treatment (Figures 1D-F). To further confirm the influence of
CPZ on autophagosome formation, we expressed mCherry-LC3 to

increased the accumulation of

monitor the number of autophagosomes. Consistent with the
aforementioned results, we found that autophagosome accumulation
indicated by mCherry-LC3 puncta increased with the concentration of
CPZ and the maximum LC3 puncta accumulation was observed within
6 h (Figures 1G-I).

In order to determine if the CPZ-induced accumulation of
autophagosomes was due to enhanced autophagosome formation or
inhibited autophagosome degradation, we blocked autophagosome
degradation with chloroquine, which can intercept autophagy by
impairing the autophagosome-lysosome fusion, to further monitor
autophagosome formation (Figure 1]). These data showed that CPZ
treatment further enhanced the LC3-II level under CQ treatment,
indicating CPZ treatment could promote autophagosomal formation
by regulating upstream signaling in the autophagy flux. In addition, we
measured autophagosome degradation by the protein level of the
autophagic substrate p62, and we found that its level was
upregulated by CPZ treatment (Figure 1K). Taken together, these
data CpZ
accumulation through both enhancing autophagosome formation

suggest that strikingly ~enhances autophagosome

and blocking the autophagosome-lysosome fusion.
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CPZ has no effect on PINK1/Parkin-
mediated mitophagy, a selective form of
autophagy

PINK1/Parkin-mediated mitophagy is a well-known selective
autophagy pathway to remove dysfunctional mitochondria and is
associated with diverse neurodegenerative diseases (Pickrell and
Youle, 2015). Due to the previous studies that show that CPZ
decreases the mitochondrial membrane potential and increases
reactive oxygen species (ROS), which results in mitophagic initiation
(Jhou et al,, 2021), we analyzed the effect of CPZ treatment on mitophagy
using mt-mKeima, a fluorescence reporter of mitophagy. mt-mKeima
localizes in the mitochondrial matrix through its fusion with COX VIIJ;
its excitation peak is approximately 440 nm (green, we use a 458-nm
laser for excitation in this study) under neutral conditions but switch to a
586-nm excitation peak (red, we use a 561-nm laser for excitation in this
study) under acidic lysosomes (Figure 2A) (Katayama et al,, 2011). Our
results showed that “561-nm/458-nm” signals were equal in control and
CPZ treatment within 6 h or 24 h, indicating that CPZ treatment did not
affect the mitophagic flux (Figures 2B-E). In addition, we also had not
observed the change in the mitochondrial morphology. In order to
determine whether CPZ can affect the mitophagic flux, we first induced
mitophagy using antimycin A and oligomycin A (AO, mitochondrial
complexes III and V inhibitors) to decrease the mitochondrial
membrane potential. The signal of 561 nm/458 nm was significantly
increased under AO treatment, which was not affected by CPZ treatment
(Figure 2B). The E3 ubiquitin ligase Parkin is one of the key factors in
PINK1/Parkin-mediated mitophagy, and it is recruited to damage
mitochondria to amplify mitophagy (Kane et al, 2014). Therefore,
we also examined Parkin recruitment under CPZ treatment alone or
combined with AO treatment. As speculated, CPZ treatment did not
affect Parkin localization under normal conditions and AO induction
(Figures 2F,G). Taken together, these data suggest that CPZ affects classic
macro-autophagy but does not affect the selective form of autophagy,
such as PINK1/Parkin-mediated mitophagy.

CPZ induces TFEB nuclear translocation

According to the previous studies, TFEB, one of the most important
nucleocytoplasmic  shuttling proteins in autophagy signaling, is
phosphorylated by mTORCI and interacts with YWHA/14-3-3 in the
cytoplasm under normal conditions. Although it is well-known that
TFEB translocates to the nucleus to promote lysosome biogenesis and
autophagic activation under stress (Martina et al, 2012; Roczniak-
Ferguson et al, 2012), it is worth noting that inactive cytoplasmic
TFEB can strongly localize on the lysosomes through its interaction
with active Rag GTPases, especially in the case of mTOR inhibition
(Martina and Puertollano, 2013; Xia et al., 2016). We wondered whether
CPZ enhances autophagosome accumulation by regulating TFEB cellular
localization, including lysosomal and nuclear localization. Thus, we used
CPZ in treatment for 6 h and Torin 1 (mTORCI inhibitor) for 1 h in
EGFP-tagged TFEB-expressing cells. TFEB is located in the cytoplasm
under normal conditions. Compared with this, Torin 1 directly inhibited
mTORCI activity, which resulted in TFEB nuclear translocation and
lysosomal localization. However, CPZ treatment only resulted in TFEB
nuclear translocation but not lysosomal localization, accompanied by
reduced TFEB phosphorylation (Figures 3A-D). Similar effects were
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FIGURE 2

CPZ treatment does not affect PINK1/Parkin-mediated mitophagy. (A) Schematic illustration of the mt—mKeima fluorescence reporter for detecting
mitophagy. mKeima fusing COX VIII pre-sequence targets to mitochondria. Healthy mitochondria in a neutral environment were observed when green
signals were detected from excitation at 458 nm. When damaged mitochondria were delivered to acidic lysosomes, red signals were detected from
excitation at 561 nm. (B) HEK 293 cells were transfected with mt—m~Keima and EGFP—Parkin for 24 h, and then, the cells were treated with 10 uM

CPZ for 6 h with or without 5 pg/mL antimycin A and oligomycin A (AO) for 4 h. The cells were visualized by confocal microscopy. Ex, excitation. Scale
bar, 10 um. (C) HEK 293 cells were transfected as in (A) and were treated with 10 uM CPZ for 24 h. The cells were visualized by confocal microscopy. Ex,
excitation. Scale bar, 10 um. (D, E) Quantification of the relative fluorescence intensity of 561 nm/458 nm per mt—mKeima-positive cell after the
indicated treatment; n.s, not significant; n = 49, 42, 34, and 32 cells in (D); n = 48 and 43 cells in (E). (F) HEK 293 cells were transfected with
mCherry—Parkin for 24 h, and then, the cells were treated with 10 uM CPZ for 6 h, followed by 5 pg/mL AO treatment for 4 h. Scale bar, 10 pm. (G)
Quantification of the percentage of cells with Parkin recruited on mitochondria from >300 cells; mean + SD; n.s, not significant

Frontiers in Cell and Developmental Biology 05 frontiersin.org


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1266198

Li et al.

A

(o]

Control Torin 1 CPZ

| bd M :
=
D
o}
=
=
! H ‘E
[a]
=
=
B CPZ - + <
E:
GAPDH /| " s
E .
Control Torin 1 CPZ
a E ﬂ g
Z) il -
= 1 -
o
= '
[
=
FIGURE 3

10.3389/fcell.2023.1266198

D
120- 5 80- * %
1004 5 604 == .,
mE %e®
801 =8
= £40- .
60 S % °
£ = %
40 27201 e
g
207 20 e e

MITF-EGFP

CPZ treatment promotes the nuclear translocation of MiT/TFE transcription factors. (A) HEK 293 cells were transfected with EGFP-tagged TFEB and
were then treated with 250 nM Torin 1 for 1 h or 10 uM CPZ for 6 h. The cells were visualized by confocal microscopy. Scale bar, 10 ym. (B) HEK 293 cells
were treated with 10 uM CPZ for 6 h, and then, the cell lysates were subjected to immunoblot analysis using antibodies against TFEB, phospho-TFEB
(p-TFEB), and GAPDH. (C) Quantification of the percentage of cells in (A) with TFEB in the nucleus from >300 cells of three independent
experiments; mean + SD; **, p <0.01. (D) Quantification of the numbers of TFEB puncta in the cytoplasm; n = 30 cells per sample, respectively; mean +
SD; n.s, not significant; **, p <0.01. (E) HEK 293 cells were transfected with EGFP-tagged TFE3 or MITF and were then treated as in (A). The cells were

visualized by microscopy. Scale bar, 10 pm.

observed after CPZ treatment in EGFP-tagged TFE3 or MITF-expressing
cells (Figure 3E). Taken together, our results show that CPZ leads to the
nuclear translocation of TFEB/TFE3/MITF but not lysosomal
localization, suggesting that CPZ can affect the overall Rag
GTPase-mTORCI signaling, but it is unlikely that it affects
mTORCI directly as Torin 1 does.

CPZ affects TFEB nuclear translocation and
mTORC1 activity through Rag GTPases

Given that CPZ induces the nuclear translocation of TFEB/TFE3/
MITF, which suggests that mTORCI fails to phosphorylate these
transcription factors, we examined mTORCI localization and
activity, which is associated with TFEB phosphorylation and
localization. Our results showed that the lysosomal localization of
mTORCI reduced after CPZ treatment (Figure 4A). Supporting this
finding, phosphorylated p70S6K (p-p70S6K) was decreased after CPZ
treatment, suggesting that mTORCI activity is inhibited by CPZ
(Figure 4B). Furthermore, we also found that CPZ treatment
increased  lysosomal =~ numbers,  indicating = CPZ-induced
mTORCI inhibition promoted TFEB nuclear translocation, followed
by lysosomal biogenesis (Figure 4C). Since the CPZ-induced nuclear
translocation of TFEB is not caused by the direct inhibition of
mTORC1, we wondered whether CPZ treatment inhibited the
upstream signaling of mTORCI. Previous studies have shown that
the lysosomal localization and activity of mTORCI are controlled by the
Ragulator-Rag ~ GTPase-mTORC1  complex, including the
mTORC1 adapter protein raptor, Rag GTPases, and Ragulator
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(Sancak et al, 2008; Sancak et al., 2010; Zoncu et al, 2011; Bar-
Peled et al, 2012). In this complex, active Rag GTPases are pre-
required for TFEB lysosomal localization, and active Rag GTPases
interact with raptors, which target mTORCI on the lysosomal surface.
So, we first examined the RagB expression, a component of Rag
GTPases, and found that it was not affected by CPZ treatment
(Figure 4D). The active form of Rag GTPases consists of GTP-
bound RagA or RagB and GDP-bound RagC or RagD (Martina and
Puertollano, 2013). We next expressed constitutively active Rags (GTP-
bound RagA and GDP-bound RagC) and found that they restored the
lysosome-like localization of mMTORCI in CPZ-treated cells (Figure 4E).
Given that CPZ induces mTORCI translocation through Rag
GTPases, we  observe  upstream  regulators in  Rag
GTPase-mTORCI-TFEB signaling (Martina and Puertollano, 2013).
We further examined the role of Rag GTPases in CPZ-induced TFEB
nuclear translocation. Consistent with our previous studies, TFEB was
located in the cytoplasm under normal conditions. TFEB shuttled to the
nucleus under CPZ treatment, but TFEB nuclear translocation was
inhibited by active Rag GTPases, accompanied by the lysosomal
localization of TFEB (Figures 5A,B; Supplementary Figures S2A, B).
Taken together, our data suggest that Rag GTPases contribute to CPZ-
impaired mTORCI localization and TFEB nuclear translocation.

Active Rag GTPases reduce the CPZ-
induced accumulation of autophagosomes

To verify the role of Rag GTPases in CPZ-affected autophagy, we
used mCherry-EGFP-LC3 to examine the autophagic flux. When
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FIGURE 4

CPZ treatment reduces the lysosome localization of mTORC1 through Rag GTPases. (A) HEK 293 cells were treated with CPZ for 6 h, and then,
endogenous LAMP2 (red) and mTOR (green) were labeled with corresponding antibodies. Hoechst stain (blue) was used to identify the nucleus. The cells
were visualized by confocal microscopy. Scale bar, 10 ym. Co-localization of LAMP2 and mTOR was reflected with Pearson’s correlation coefficient. (B)
A549 cells were treated with 20 pM CPZ for 6 h, and then, the cell lysates were subjected to immunoblot analysis using antibodies against p70S6K,
phospho-p70S6K (p-p70S6K), and GAPDH, and the quantification of normalized p-p70S6K/p70S6K from two independent experiments; mean + SD; **,
p <0.01. (C) Quantification of the number of lysosomes indicated by LAMP2 punctain (A); mean + SD; **, p <0.01; n = 30 and 30 cells, respectively. (D) HEK
293 cells were treated with 10 pM CPZ for 6 h, and then, the cell lysates were subjected to immunoblot analysis using antibodies against RagB and
GAPDH. (E) HEK 293 cells were transfected with RFP-tagged LAMP1, along with HA-tag or HA-GST-tagged active Rag GTPase mutants (RagA®®t +
RagC®”*" = RagAS™® + RagC®PP). The cells were treated with 10 uM CPZ for 6 h and stained with anti-mTOR (green) and anti-HA (gray). Hoechst stain (blue)
was used to identify the nucleus. The images were obtained by confocal microscopy. Scale bar, 10 ym. The normalized intensity of the corresponding line
scan (magenta) was analyzed to show the co-localization of LAMP1 and mTOR
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FIGURE 5

Rag GTPases restore TFEB cellular localization in CPZ-treated cells. (A) HEK 293 cells were transfected with EGFP-tagged TFEB, along with HA-tag

or HA-GST-tagged active Rag GTPase mutants. The cells were treated with 10 uM CPZ for 6 h and stained with anti-LAMP2 (red). Hoechst stain (blue) was
used to indicate the nucleus. The images were obtained by confocal microscopy. Scale bar, 10 um. (B) Quantification of the percentage cells with TFEB in
the nucleus from >300 cells of three independent experiments; mean + SD; **, p <0.01.

autophagosome formation takes place, mCherry-EGFP-LC3 shows
yellow dots (red dots overlap with green dots), whereas when an
autophagosome fuses with the lysosome, through green fluorescence
quenching, mCherry-EGFP-LC3 shows red dots (Figure 6A)
(Kuma et al, 2017). Our result showed that CPZ treatment
increased the number of yellow dots but decreased the number
of red dots, suggesting that CPZ reduces the overall autophagic flux.
Interestingly and importantly, the active Rag GTPase expression
reduced the accumulation of autophagosomes in CPZ-treated cells
(Figures 6B-D). Taken together, our results suggest that CPZ
excessive accumulation, which is

induces autophagosome

alleviated by the active Rag GTPase overexpression.

Discussion

Interestingly, mitophagy, a selective form of autophagy, which
eliminates dysfunctional mitochondria to maintain cellular homeostasis
and plays important roles in the aging and neurodegenerative diseases
(Rodolfo et al,, 2018), was not affected by CPZ treatment (Figure 2). It is
observed that Parkin is one of the key factors in the mitophagic progress
(Pickrell and Youle, 2015) and is phosphorylated by PINKI, which
localizes on the surface of damaged mitochondria. Mitochondria-
localized PINK1 leads to the mitochondrial translocation and
activation of Parkin as an E3 ubiquitin ligase (Durcan and Fon, 2015);
we examined Parkin mitochondrial translocation and found that it did not
change in CPZ-treated cells, compared with control cells upon
mitochondrial damage (Figures 2F,G). Therefore, we speculate that the
OMM proteins are further ubiquitinated by activated Parkin (Narendra
and Youle, 2011) and recruit mitophagy receptors, including the
amyotrophic lateral sclerosis (ALS)-associated protein optineurin
(OPTN), NDP52, and TAX1BP1 (Moore and Holzbaur, 2016; Ryan
and Tumbarello, 2018), to a similar extent in control or CPZ-treated cells.
Intriguingly, since these receptors can connect with autophagosome
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proteins, such as ATGSs, to induce the formation of autophagosomes
(Nguyen et al, 2016; Kriegenburg et al, 2018), eventually, these
autophagosomes will fuse with lysosomes to degrade mitochondria
(Lérinez and Juhdsz, 2020). CPZ-influenced autophagosomes did not
affect the autophagic degradation of damaged mitochondria in our
observations (Figures 2B-E). These data suggest that the working
mechanism underlying selective autophagy and macro-autophagy may
vary. Relevant to this, the Parkin-driven autophagosomal recognition of
damaged mitochondria may be both sufficient and redundant for
degradation, even if the cells are treated with CPZ. In addition, in this
case, the lysosomes may also be overwhelmed due to a huge incoming flux
of autophagosomes containing damaged mitochondria, similar to the
situation with CPZ-treated cells.

According to the previous studies, active Rag GTPases are required
for TFEB-Rag GTPase interactions on lysosome surfaces, but
mTORCI activity is required for further TFEB phosphorylation and
nuclear translocation. Therefore, there are two cases of TFEB
localization when mTORCI is inhibited: 1) the active form of Rag
GTPases which retain TFEB on lysosomes (despite the major portion of
TEEB being translocated into the nucleus upon mTORCI inhibition)
and 2) the inactive form of Rag GTPases which fail to retain TFEB on
lysosomes. We found that CPZ resulted in “case (2).” In this case, TFEB
has no lysosomal localization since Rag GTPases are affected by CPZ,
which is different from “case (1).” Torin 1 treatment will simply inhibit
mTORCI activity but not Rag GTPases (Figures 3A,E) (Martina and
Puertollano, 2013).

Our data suggest that the perturbed autophagosome-lysosome
fusion and altered TFEB-mediated autophagy may both contribute
to CPZ-induced side effects (Figure 7). Impairment of autophagy,
especially the impairment of lysosomes, has been reported to
regulate mTOR and TFEB localization (Fedele and Proud, 2020).
This regulatory progress can be considered a protective response of
autophagic impairment, suggesting a key contribution of
mTORCI-TEEB signaling to cellular quality control. Although,
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CPZ treatment perturbs the autophagic flux, which can be recovered by the expression of active Rag GTPases. (A) Schematic illustration of the
mCherry—EGFP-LC3 probe for monitoring the autophagic flux. Under a neutral environment, mCherry signals and green signals co-exist to show yellow
puncta, which represent autophagosomes. When autophagosomes are fused with lysosomes, through green fluorescence quenching, mCherry signals
alone represent autolysosomes. (B) HEK 293 cells were transfected with mCherry—EGFP—-LC3, along with HA-tag or HA-GST-tagged active Rag
GTPase mutants. Then, the cells were treated with 10 uM CPZ for 6 h. The live cells were visualized by confocal microscopy. Scale bar, 10 um. (C)
Quantification of the numbers of autophagosomes (yellow dots) and autolysosomes (red dots); mean + SD; n.s, not significant; **, p <0.01; n = 20, 22, 20,
20, 22, and 20 cells, respectively. (D) HEK 293 cells were transfected with HA-tag or HA-GST-tagged active Rag GTPase mutants, followed by 10 uM CPZ
for 6 h. The cell lysates were used to detect LC3 levels by immunoblot analysis

interestingly, whether Rag GTPases are affected by autophagy or
lysosome impairment remains unclear. The evidence that CPZ
affects TFEB localization through Rag GTPases prompts us to
speculate that CPZ plays two roles in the regulation of autophagy
(Figures 5, 6), similar to our previous study which shows that autophagy
dysfunction can be induced by dual effects in a neurodegenerative
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disease model (Xia et al,, 2016; Ying et al., 2016). According to that
study, the deficiency of TDP-43, a hallmark protein broadly involved in
diverse neurological disorders, can lead to neurotoxicity through the
enhancement of TFEB-mediated biogenesis of autophagosomes and
lysosomes, and the blocking of the autophagosomal and lysosomal
fusion (Xia et al, 2016). In summary, we speculate that impaired
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Schematic model of the current study. Under normal conditions, a large portion of TFEB is continuously phosphorylated by mTORC1 (which
contains mTOR and raptor) localized on the lysosome surface and remains in the cytoplasm. Only a small portion of TFEB translocates into the nucleus to
promote the transcription of autophagosomal and lysosomal genes. Under CPZ treatment, a large portion of TFEB translocates into the nucleus to
promote autophagosomal and lysosomal gene transcription due to the decreased activities of Rag GTPases and reduced lysosomal localization of
mTORCL. In addition, CPZ treatment also blocks the autophagosome-lysosome fusion, which results in the striking accumulation of immature

autophagosomes and lysosomes in the cell.

autophagy may contribute to the clinical adverse drug reaction of CPZ,
and the strategy to reduce autophagosome biogenesis or enhance the
fusion between autophagosomes and lysosomes, in this case, will be
worth exploring.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be directed
to the corresponding authors.

Author contributions

NL: data curation, formal analysis, investigation, methodology,
visualization, writing-original draft, conceptualization, funding
LR and XZ:
writing-review and editing. JS: writing-review and editing,

acquisition, and software. investigation, and
investigation, and validation. DS, GM, SS, and QM: writing-review
and editing, and investigation. LZ and CD: resources, writing-review
and editing, and investigation. KT and JP: writing-review and editing,
supervision. HW:

writing-review and editing, and resources. ZY: funding acquisition,

and funding  acquisition,  supervision,

supervision, writing-review and editing, project administration,
conceptualization, and resources.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article. This

Frontiers in Cell and Developmental Biology

10

work was supported by the National Natural Science Foundation of
China (Nos 82022022 and 82071274), the Project Funded by the
Jiangsu Key Laboratory of Neuropsychiatric Diseases (BM2013003),
the Project Funded by the Priority Academic Program Development
of the Jiangsu Higher Education Institutes (PAPD), the Key Project
of the Natural Science Foundation of Jiangsu Provincial Higher
Education Institutions (21KJA180003), and the Postgraduate
Research & Practice Innovation Program of Jiangsu Province.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors, and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcell.2023.1266198/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcell.2023.1266198/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2023.1266198/full#supplementary-material
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1266198

Li et al.

References

Bar-Peled, L., Schweitzer, L. D., Zoncu, R., and Sabatini, D. M. (2012). Ragulator is a
GEF for the rag GTPases that signal amino acid levels to mTORCI. Cell. 150 (6),
1196-1208. doi:10.1016/j.ce11.2012.07.032

Chen, Y., Xu, S., Wang, N, Ma, Q., Peng, P., Yu, Y., et al. (2019). Dynasore suppresses
mTORCI activity and induces autophagy to regulate the clearance of protein aggregates
in neurodegenerative diseases. Neurotox. Res. 36 (1), 108-116. doi:10.1007/s12640-019-
00027-9

Dikic, I., and Elazar, Z. (2018). Mechanism and medical implications of
mammalian autophagy. Nat. Rev. Mol. Cell. Biol. 19 (6), 349-364. doi:10.1038/
541580-018-0003-4

Doherty, J., and Baehrecke, E. H. (2018). Life, death and autophagy. Nat. Cell. Biol. 20
(10), 1110-1117. doi:10.1038/s41556-018-0201-5

Durcan, T. M., and Fon, E. A. (2015). The three "P’s of mitophagy: PARKIN, PINK1,
and post-translational modifications. Genes. Dev. 29 (10), 989-999. doi:10.1101/gad.
262758.115

Fang, L. M,, Li, B, Guan, J. ], Xu, H. D,, Shen, G. H,, Gao, Q. G,, et al. (2017).
Transcription factor EB is involved in autophagy-mediated chemoresistance to
doxorubicin in human cancer cells. Acta Pharmacol. Sin. 38 (9), 1305-1316. doi:10.
1038/aps.2017.25

Fedele, A. O., and Proud, C. G. (2020). Chloroquine and bafilomycin A mimic
lysosomal storage disorders and impair mTORCI signalling. Biosci. Rep. 40 (4),
BSR20200905. doi:10.1042/bsr20200905

Jhou, A. J.,, Chang, H. C,, Hung, C. C,, Lin, H. C,, Lee, Y. C, Liu, W. T,, et al.
(2021). Chlorpromazine, an antipsychotic agent, induces G2/M phase arrest and
apoptosis via regulation of the PI3K/AKT/mTOR-mediated autophagy pathways
in human oral cancer. Biochem. Pharmacol. 184, 114403. doi:10.1016/j.bcp.2020.
114403

Kane, L. A,, Lazarou, M., Fogel, A. I, Li, Y., Yamano, K., Sarraf, S. A, et al. (2014).
PINK1 phosphorylates ubiquitin to activate Parkin E3 ubiquitin ligase activity. J. Cell.
Biol. 205 (2), 143-153. doi:10.1083/jcb.201402104

Katayama, H., Kogure, T., Mizushima, N., Yoshimori, T., and Miyawaki, A. (2011).
A sensitive and quantitative technique for detecting autophagic events based on
lysosomal delivery. Chem. Biol. 18 (8), 1042-1052. doi:10.1016/j.chembiol.2011.
05.013

Kriegenburg, F., Ungermann, C. and Reggiori, F. (2018). Coordination of
autophagosome-lysosome fusion by Atg8 family members. Curr. Biol. 28 (8),
R512-R518. doi:10.1016/j.cub.2018.02.034

Kuma, A., Komatsu, M., and Mizushima, N. (2017). Autophagy-monitoring and
autophagy-deficient mice. Autophagy 13 (10), 1619-1628. doi:10.1080/15548627.2017.
1343770

Li, Y., Mcgreal, S., Zhao, J., Huang, R,, Zhou, Y., Zhong, H., et al. (2016). A cell-based
quantitative high-throughput image screening identified novel autophagy modulators.
Pharmacol. Res. 110, 35-49. doi:10.1016/j.phrs.2016.05.004

Lérincz, P., and Juhdsz, G. (2020). Autophagosome-lysosome fusion. J. Mol. Biol. 432
(8), 2462-2482. doi:10.1016/j.jmb.2019.10.028

Ma, X, Fei, E., Fu, C,, Ren, H., and Wang, G. (2011). Dysbindin-1, a schizophrenia-
related protein, facilitates neurite outgrowth by promoting the transcriptional activity of
p53. Mol. Psychiatry 16 (11), 1105-1116. doi:10.1038/mp.2011.43

Mao, J., Xia, Q., Liu, C,, Ying, Z., Wang, H., and Wang, G. (2017). A critical role of
Hrd1 in the regulation of optineurin degradation and aggresome formation. Hum. Mol.
Genet. 26 (10), 1877-1889. doi:10.1093/hmg/ddx096

Martina, J. A., and Puertollano, R. (2013). Rag GTPases mediate amino acid-
dependent recruitment of TFEB and MITF to lysosomes. J. Cell. Biol. 200 (4),
475-491. doi:10.1083/jcb.201209135

Martina, J. A., Chen, Y., Gucek, M., and Puertollano, R. (2012). MTORCI functions as
a transcriptional regulator of autophagy by preventing nuclear transport of TFEB.
Autophagy 8 (6), 903-914. doi:10.4161/aut0.19653

Matteoni, S., Matarrese, P., Ascione, B., Ricci-Vitiani, L., Pallini, R., Villani, V., et al.
(2021). Chlorpromazine induces cytotoxic autophagy in glioblastoma cells via
endoplasmic reticulum stress and unfolded protein response. J. Exp. Clin. Cancer
Res. 40 (1), 347. doi:10.1186/s13046-021-02144-w

Merenlender-Wagner, A., Malishkevich, A., Shemer, Z., Udawela, M., Gibbons, A.,
Scarr, E., et al. (2013). Autophagy has a key role in the pathophysiology of
schizophrenia. Mol. Psychiatry 20 (1), 126-132. doi:10.1038/mp.2013.174

Moore, A. S., and Holzbaur, E. L. (2016). Dynamic recruitment and activation of
ALS-associated TBK1 with its target optineurin are required for efficient
mitophagy. Proc. Natl. Acad. Sci. U. S. A. 113 (24), E3349-E3358. d0i:10.1073/
pnas.1523810113

Morais, G. P., De Sousa Neto, I. V., Marafon, B. B., Ropelle, E. R,, Cintra, D. E., Pauli,
J. R, et al. (2023). The dual and emerging role of physical exercise-induced TFEB
activation in the protection against Alzheimer’s disease. J. Cell. Physiol. 238 (5),
954-965. doi:10.1002/jcp.31005

Frontiers in Cell and Developmental Biology

11

10.3389/fcell.2023.1266198

Narendra, D. P., and Youle, R. J. (2011). Targeting mitochondrial dysfunction: role for
PINK1 and parkin in mitochondrial quality control. Antioxid. Redox Signal 14 (10),
1929-1938. doi:10.1089/ars.2010.3799

Nguyen, T. N., Padman, B. S, Usher, J., Oorschot, V., Ramm, G., and Lazarou, M.
(2016). Atg8 family LC3/GABARAP proteins are crucial for autophagosome-lysosome
fusion but not autophagosome formation during PINKI1/Parkin mitophagy and
starvation. J. Cell. Biol. 215 (6), 857-874. doi:10.1083/jcb.201607039

Pickrell, A. M., and Youle, R. . (2015). The roles of PINK1, parkin, and mitochondrial
fidelity in Parkinson’s disease. Neuron 85 (2), 257-273. doi:10.1016/j.neuron.2014.
12.007

Ren, Z. X, Zhao, Y. F,, Cao, T., and Zhen, X. C. (2016). Dihydromyricetin protects
neurons in an MPTP-induced model of Parkinson’s disease by suppressing glycogen
synthase kinase-3 beta activity. Acta Pharmacol. Sin. 37 (10), 1315-1324. doi:10.1038/
aps.2016.42

Roczniak-Ferguson, A., Petit, C. S., Froehlich, F., Qian, S., Ky, J., Angarola, B., et al.
(2012). The transcription factor TFEB links mTORCI signaling to transcriptional
control of lysosome homeostasis. Sci. Signal 5 (228), ra42. doi:10.1126/scisignal. 2002790

Rodolfo, Carlo, Campello, Silvia, and Cecconi, Francesco (2018). Mitophagy in
neurodegenerative diseases. Neurochem. Int. 117, 156-166. doi:10.1016/j.neuint.2017.
08.004

Ryan, T. A., and Tumbarello, D. A. (2018). Optineurin: A coordinator of membrane-
associated cargo trafficking and autophagy. Front. Immunol. 9, 1024. doi:10.3389/
fimmu.2018.01024

Sancak, Y., Peterson, T. R,, Shaul, Y. D, Lindquist, R. A, Thoreen, C. C., Bar-Peled, L.,
et al. (2008). The Rag GTPases bind raptor and mediate amino acid signaling to
mTORCI. Science 320 (5882), 1496-1501. doi:10.1126/science.1157535

Sancak, Y., Bar-Peled, L., Zoncu, R., Markhard, A. L., Nada, S., and Sabatini, D. M.
(2010). Ragulator-Rag complex targets mTORCI to the lysosomal surface and is
necessary for its activation by amino acids. Cell. 141 (2), 290-303. doi:10.1016/j.cell.
2010.02.024

Saucedo, L. J., Gao, X,, Chiarelli, D. A,, Li, L., Pan, D., and Edgar, B. A. (2003). Rheb
promotes cell growth as a component of the insulin/TOR signalling network. Nat. Cell.
Biol. 5 (6), 566-571. doi:10.1038/ncb996

Schneider, J. L., Miller, A. M., and Woesner, M. E. (2016). Autophagy and
schizophrenia: A closer look at how dysregulation of neuronal cell homeostasis
influences the pathogenesis of schizophrenia. Einstein ]. Biol. Med. 31 (1-2), 34-39.
doi:10.23861/ejbm201631752

Shin, S. Y., Lee, K. S., Choi, Y-K., Lim, H. J., Lee, H. G., Lim, Y., et al. (2013). The
antipsychotic agent chlorpromazine induces autophagic cell death by inhibiting the
Akt/mTOR pathway in human U-87MG glioma cells. Carcinogenesis 34 (9), 2080-2089.
doi:10.1093/carcin/bgt169

Stolz, A, Ernst, A., and Dikic, I. (2014). Cargo recognition and trafficking in selective
autophagy. Nat. Cell. Biol. 16 (6), 495-501. doi:10.1038/ncb2979

Takahara, T., Amemiya, Y., Sugiyama, R., Maki, M., and Shibata, H. (2020). Amino
acid-dependent control of mTORC1 signaling: A variety of regulatory modes. J. Biomed.
Sci. 27 (1), 87. doi:10.1186/s12929-020-00679-2

Tao, Z., Wang, H,, Xia, Q,, Li, K,, Li, K,, Jiang, X., et al. (2015). Nucleolar stress and
impaired stress granule formation contribute to C9orf72 RAN translation-induced
cytotoxicity. Hum. Mol. Genet. 24 (9), 2426-2441. doi:10.1093/hmg/ddv005

Vargas, J. N. S., Hamasaki, M., Kawabata, T., Youle, R. J., and Yoshimori, T. (2023).
The mechanisms and roles of selective autophagy in mammals. Nat. Rev. Mol. Cell. Biol.
24 (3), 167-185. doi:10.1038/s41580-022-00542-2

Wang, H., Ying, Z., and Wang, G. (2012). Ataxin-3 regulates aggresome formation of
copper-zinc superoxide dismutase (SOD1) by editing K63-linked polyubiquitin chains.
J. Biol. Chem. 287 (34), 28576-28585. doi:10.1074/jbc.M111.299990

Wang, H., Wang, N, Xu, D, Ma, Q., Chen, Y,, Xu, S,, et al. (2020). Oxidation of
multiple MiT/TFE transcription factors links oxidative stress to transcriptional control
of autophagy and lysosome biogenesis. Autophagy 16 (9), 1683-1696. doi:10.1080/
15548627.2019.1704104

Wu, J. C, Qi, L., Wang, Y., Kegel, K. B,, Yoder, J., Difiglia, M., et al. (2012). The

regulation of N-terminal huntingtin (Htt552) accumulation by Beclinl. Acta
Pharmacol. Sin. 33 (6), 743-751. doi:10.1038/aps.2012.14

Xia, Q., Wang, H., Zhang, Y., Ying, Z., and Wang, G. (2015). Loss of TDP-43 inhibits
amyotrophic lateral sclerosis-linked mutant SOD1 aggresome formation in an HDAC6-
dependent manner. J. Alzheimers Dis. 45 (2), 373-386. doi:10.3233/JAD-150150

Xia, Q., Wang, H., Hao, Z,, Fu, C, Hu, Q,, Gao, F,, et al. (2016). TDP-43 loss of
function increases TFEB activity and blocks autophagosome-lysosome fusion. EMBO J.
35 (2), 121-142. doi:10.15252/embj.201591998

Xu, F, Xi, H., Liao, M., Zhang, Y., Ma, H,, Wu, M,, et al. (2022). Repurposed
antipsychotic chlorpromazine inhibits colorectal cancer and pulmonary metastasis by

inducing G2/M cell cycle arrest, apoptosis, and autophagy. Cancer Chemother.
Pharmacol. 89 (3), 331-346. d0i:10.1007/s00280-021-04386-z

frontiersin.org


https://doi.org/10.1016/j.cell.2012.07.032
https://doi.org/10.1007/s12640-019-00027-9
https://doi.org/10.1007/s12640-019-00027-9
https://doi.org/10.1038/s41580-018-0003-4
https://doi.org/10.1038/s41580-018-0003-4
https://doi.org/10.1038/s41556-018-0201-5
https://doi.org/10.1101/gad.262758.115
https://doi.org/10.1101/gad.262758.115
https://doi.org/10.1038/aps.2017.25
https://doi.org/10.1038/aps.2017.25
https://doi.org/10.1042/bsr20200905
https://doi.org/10.1016/j.bcp.2020.114403
https://doi.org/10.1016/j.bcp.2020.114403
https://doi.org/10.1083/jcb.201402104
https://doi.org/10.1016/j.chembiol.2011.05.013
https://doi.org/10.1016/j.chembiol.2011.05.013
https://doi.org/10.1016/j.cub.2018.02.034
https://doi.org/10.1080/15548627.2017.1343770
https://doi.org/10.1080/15548627.2017.1343770
https://doi.org/10.1016/j.phrs.2016.05.004
https://doi.org/10.1016/j.jmb.2019.10.028
https://doi.org/10.1038/mp.2011.43
https://doi.org/10.1093/hmg/ddx096
https://doi.org/10.1083/jcb.201209135
https://doi.org/10.4161/auto.19653
https://doi.org/10.1186/s13046-021-02144-w
https://doi.org/10.1038/mp.2013.174
https://doi.org/10.1073/pnas.1523810113
https://doi.org/10.1073/pnas.1523810113
https://doi.org/10.1002/jcp.31005
https://doi.org/10.1089/ars.2010.3799
https://doi.org/10.1083/jcb.201607039
https://doi.org/10.1016/j.neuron.2014.12.007
https://doi.org/10.1016/j.neuron.2014.12.007
https://doi.org/10.1038/aps.2016.42
https://doi.org/10.1038/aps.2016.42
https://doi.org/10.1126/scisignal.2002790
https://doi.org/10.1016/j.neuint.2017.08.004
https://doi.org/10.1016/j.neuint.2017.08.004
https://doi.org/10.3389/fimmu.2018.01024
https://doi.org/10.3389/fimmu.2018.01024
https://doi.org/10.1126/science.1157535
https://doi.org/10.1016/j.cell.2010.02.024
https://doi.org/10.1016/j.cell.2010.02.024
https://doi.org/10.1038/ncb996
https://doi.org/10.23861/ejbm201631752
https://doi.org/10.1093/carcin/bgt169
https://doi.org/10.1038/ncb2979
https://doi.org/10.1186/s12929-020-00679-2
https://doi.org/10.1093/hmg/ddv005
https://doi.org/10.1038/s41580-022-00542-2
https://doi.org/10.1074/jbc.M111.299990
https://doi.org/10.1080/15548627.2019.1704104
https://doi.org/10.1080/15548627.2019.1704104
https://doi.org/10.1038/aps.2012.14
https://doi.org/10.3233/JAD-150150
https://doi.org/10.15252/embj.201591998
https://doi.org/10.1007/s00280-021-04386-z
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1266198

Li et al.

Yang, J., Zhang, W., Zhang, S., Iyaswamy, A., Sun, J., Wang, J., et al. (2023).
Novel insight into functions of transcription factor EB (TFEB) in alzheimer’s
disease and Parkinson’s disease. Aging Dis. 14 (3), 652-669. doi:10.14336/AD.
2022.0927

Ying, Z., Wang, H., Fan, H., Zhu, X, Zhou, J,, Fei, E,, et al. (2009). Gp78, an ER
associated E3, promotes SOD1 and ataxin-3 degradation. Hum. Mol. Genet. 18 (22),
4268-4281. doi:10.1093/hmg/ddp380

Ying, Z., Wang, H,, Fan, H,, and Wang, G. (2011). The endoplasmic reticulum (ER)-
associated degradation system regulates aggregation and degradation of mutant
neuroserpin. J. Biol. Chem. 286 (23), 20835-20844. doi:10.1074/jbc.M110.200808

Frontiers in Cell and Developmental Biology

12

10.3389/fcell.2023.1266198

Ying, Z., Xia, Q., Hao, Z., Xu, D., Wang, M., Wang, H,, et al. (2016). TARDBP/TDP-
43 regulates autophagy in both MTORCI-dependent and MTORCI-independent
manners. Autophagy 12 (4), 707-708. doi:10.1080/15548627.2016.1151596

Zhang, Z. L., Wang, N. N., Ma, Q. L., Chen, Y., Yao, L., Zhang, L., et al. (2020).
Somatic and germline mutations in the tumor suppressor gene PARK2 impair PINK1/
Parkin-mediated mitophagy in lung cancer cells. Acta Pharmacol. Sin. 41 (1), 93-100.
doi:10.1038/541401-019-0260-6

Zoncu, R, Bar-Peled, L., Efeyan, A., Wang, S., Sancak, Y., and Sabatini, D. M. (2011).
mTORCI senses lysosomal amino acids through an inside-out mechanism that requires
the vacuolar H(+)-ATPase. Science 334 (6056), 678-683. doi:10.1126/science.1207056

frontiersin.org


https://doi.org/10.14336/AD.2022.0927
https://doi.org/10.14336/AD.2022.0927
https://doi.org/10.1093/hmg/ddp380
https://doi.org/10.1074/jbc.M110.200808
https://doi.org/10.1080/15548627.2016.1151596
https://doi.org/10.1038/s41401-019-0260-6
https://doi.org/10.1126/science.1207056
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1266198

	Chlorpromazine affects autophagy in association with altered Rag GTPase–mTORC1–TFEB signaling
	Introduction
	Materials and methods
	Plasmid construction
	Cell culture, transfection, and chemicals
	Immunoblot
	Immunofluorescence and live cell imaging
	Statistical analysis

	Results
	CPZ treatment results in the accumulation of autophagosomes in cells
	CPZ has no effect on PINK1/Parkin-mediated mitophagy, a selective form of autophagy
	CPZ induces TFEB nuclear translocation
	CPZ affects TFEB nuclear translocation and mTORC1 activity through Rag GTPases
	Active Rag GTPases reduce the CPZ-induced accumulation of autophagosomes

	Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


