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Abstract
Lysosomes function as the digestive system of a cell and are involved in macromolecu-
lar recycling, vesicle trafficking, metabolic reprogramming, and progrowth signaling. 
Although quality control of lysosome biogenesis is thought to be a potential target 
for cancer therapy, practical strategies have not been established. Here, we show 
that lysosomal membrane integrity supported by lysophagy, a selective autophagy 
for damaged lysosomes, is a promising therapeutic target for glioblastoma (GBM). 
In this study, we found that ifenprodil, an FDA- approved drug with neuromodula-
tory activities, efficiently inhibited spheroid formation of patient- derived GBM cells 
in a combination with autophagy inhibition. Ifenprodil increased intracellular Ca2+ 
level, resulting in mitochondrial reactive oxygen species– mediated cytotoxicity. The 
ifenprodil- induced Ca2+ elevation was due to Ca2+ release from lysosomes, but not 
endoplasmic reticulum, associated with galectin- 3 punctation as an indicator of lyso-
somal membrane damage. As the Ca2+ release was enhanced by ATG5 deficiency, 
autophagy protected against lysosomal membrane damage. By comparative analy-
sis of 765 FDA- approved compounds, we identified another clinically available drug 
for central nervous system (CNS) diseases, amoxapine, in addition to ifenprodil. Both 
compounds promoted degradation of lysosomal membrane proteins, indicating a criti-
cal role of lysophagy in quality control of lysosomal membrane integrity. Importantly, 
a synergistic inhibitory effect of ifenprodil and chloroquine, a clinically available au-
tophagy inhibitor, on spheroid formation was remarkable in GBM cells, but not in 
nontransformed neural progenitor cells. Finally, chloroquine dramatically enhanced 
effects of the compounds inducing lysosomal membrane damage in a patient- derived 
xenograft model. These data demonstrate a therapeutic advantage of targeting lyso-
somal membrane integrity in GBM.
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1  |  INTRODUC TION

Autophagy is a conserved catabolic system that degrades cellular 
components and contributes to the maintenance of cellular func-
tions.1 Autophagy is induced at a high level in response to insults 
such as oxidative stress, infection, and starvation.2 Therefore, 
it is a survival mechanism that maintains cellular homeostasis.1 
Accumulating evidence has revealed that autophagy is involved in 
various pathophysiological phenomena such as tumorigenesis and 
malignant progression.3 Autophagy plays roles in quality control of 
cellular functions in a nonselective or selective process.4 During 
starvation, cellular components are degraded to maintain nutrients 
in a nonselective manner, whereas selective autophagy is required 
to maintain the number and integrity of cellular organelles.5

A lysosome is an acidic membrane- bound organelle with more 
than 50 hydrolytic enzymes and serves as a cellular digestive cen-
ter in which intra-  and extracellular components are degraded by 
fusing with autophagosomes or endosomes for quality control of 
cellular components and to supply recycling materials.6 Degradation 
of damaged lysosomes is named lysophagy, a selective autophagy.7 
Furthermore, a recent study has revealed a novel mechanism of 
lysophagy, in which lipidation of the autophagy protein LC3 on ly-
sosomal membranes directly leads to the formation of intraluminal 
vesicles without autophagosomal formation.7 This study demon-
strated that ATG5- dependent lysosomal membrane turnover, which 
is classified as microautophagy, is induced by metabolic stress or 
osmotic stress in lysosomes. Thus, lysophagy plays a critical role in 
the maintenance of healthy lysosomes as both macro-  and microau-
tophagy systems. However, the role of lysophagy in cancer therapy 
has not been elucidated.

Glioblastoma (GBM) is the most common central nervous system 
(CNS) tumor, which is a very aggressive, invasive, and destructive 
brain tumor characterized by high- grade astrocytic tumors.8 Despite 
recent trials using multimodality therapeutic approaches, the 5- year 
survival rate has remained extremely low.9 Therefore, development 
of innovative therapeutic approaches to overcome these challenges 
is needed. Because autophagy is reportedly required for gliomagen-
esis,10 chloroquine (CQ), an autophagy inhibitor, has been tested as 
a treatment for high- grade brain tumors. However, the results of 
clinical trials have not been encouraging.11 Consistently, we have 
previously reported that ATG5 disruption does not change the phe-
notypes of GBM cells in vitro or in vivo and does not enhance the 
efficacy of temozolomide.12 Instead, autophagy inhibition sensitizes 
GBM cells to the effects of chemical compounds, such as nigericin 
and salinomycin, which induce Ca2+ mobilization.12 Therefore, we 
hypothesized that a novel therapeutic strategy in which calcium- 
mobilizing compounds are combined with autophagy inhibitors 
would be able to treat GBM patients. However, because there is no 

information on blood- brain barrier (BBB) penetration by nigericin 
and salinomycin, which are not FDA- approved drugs, these com-
pounds are not practical for clinical application. Therefore, further 
analyses are needed to pursue a more practical methodology.

In this study, we investigated the effects of FDA- approved drugs 
for treatment of CNS diseases to determine whether practical che-
motherapy can be established. This drug- repurposing strategy is 
expected to reduce overall development costs and shorten devel-
opment timelines. As a result, we identified ifenprodil and amoxa-
pine, as compounds that efficiently suppress spheroid formation of 
patient- derived GBM cells with autophagy inhibition. Detailed anal-
ysis of the mechanism of these compounds revealed that lysosomal 
membrane integrity supported by lysophagy is a potent therapeutic 
target.

2  |  MATERIAL S AND METHODS

2.1  |  Compounds

The following chemical compounds were used: ifenprodil (Selleck), 
MRT68921 (Selleck), bafilomycin A1 (Sigma Aldrich), thapsigargin 
(Sigma Aldrich), N- acetyl- L- cysteine (NAC, Sigma Aldrich), CQ (Sigma 
Aldrich), amoxapine (Wako), BAPTA (Dojindo), and L- leucyl- L- leucine 
methyl ester (LLOMe, Funakoshi).

2.2  |  Cell lines and culture

Patient- derived GBM cell lines (TGS04, KGS03, KGS04, and KGS22) 
were used in this study.12 Collection of human materials and related 
experimental protocols were approved by the Ethics Committees of 
Kanazawa University and The University of Tokyo. ATG5- knockout 
GBM cells were previously generated by the CRISPR- Cas9 system.12 
Human neural stem/progenitor cells (NSPCs) were purchased from 
Lonza. GBM and NSPCs were cultured in NSPC medium at 37°C in 
a humidified atmosphere with 5% CO2 and 5% oxygen.12 HEK 293 T 
cells and 293GP cells were cultured in high- glucose DMEM (Thermo 
Fisher Scientific) with 10% FBS and penicillin/streptomycin at 37°C 
and 5% CO2 in a humidified incubator.

2.3  |  Constructs

pLAMP1- mGFP (Plasmid #34831),13 mCherry- Lysosome20 (Plasmid 
#55073), and pEGFP- hGal3 (Plasmid #73080)14 were purchased 
from Addgene. A DNA fragment of EGFP- hGal3 was amplified from 
the pEGFP- hGal3 by PCR and inserted into the pLJM1 lentivirus 
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vector digested with restriction enzymes EcoRV and SalI to con-
struct pLJM1- EGFP- hGal3. A fragment was amplified from the pGP- 
CMV- GCaMP6s (Plasmid #40753, Addgene)15 by PCR and inserted 
into the pLJM1 digested with restriction enzymes AgeI and EcoRI 
to construct pLJM1- GCaMP6s. A fragment of GFP- LC3 was ampli-
fied from the pMRX- IP- GFP- LC3- RFP- LC3ΔG16 by PCR and inserted 
into the pLJM1 digested with restriction enzymes NheI and EcoRV to 
construct pLJM1- GFP- LC3.

2.4  |  Drug screening

The Screen- Well® FDA- approved drug library V2 (BML- 2843J 
Version 1.3) was used for drug screening. A total of 10,000 TGS04 
cells were seeded into a 96- well black- wall and clear- bottom plate 
(Corning) and stained with 60 nM LysoTracker™ Red DND- 99 
(Thermo Fisher Scientific) at 37°C for 30 minutes. Fluorescence 
intensity was detected before and after treatment with library 
compounds (0.25, 1.25, and 5 μM) by an X810A (Keyence). The com-
pound efficacy was evaluated by the relative fluorescence intensity.

2.5  |  Virus infection and transfection

For lentivirus production, HEK293T cells were cotransfected with 
a lentiviral vector and packaging vectors (PAX2 and VSVG) at a 
1:1:0.5 ratio by X- tremeGENE™ HP (Sigma- Aldrich). For retrovirus 
production, 293GP cells were cotransfected with a retroviral vector 
and VSVG at a 1:2.5 ratio by X- tremeGENE™ HP. The medium was 
changed to NSPC medium at 24 hours post transfection. Supernatant 
was collected after 48 hours and passed through a 0.45- μm filter. 
For transduction, GBM cell lines were infected with the lentivirus 
or retrovirus with 1 μg/ml polybrene (Sigma- Aldrich). TGS04 cells 
were transfected with 4 μg pLAMP1- mGFP plasmid using an Amaxa 
mouse neural stem nucleofector kit (Lonza). HEK293T cells were 
transfected with 0.5 μg pLAMP1- mCherry and 0.5 μg pLC3- mGFP 
by using X- tremeGENE™ HP.

2.6  |  Sphere- formation assay

Glioblastoma spheroids were dissociated with accutase (STEMCELL 
Technologies) and washed with NSPC medium. Then, 500 GBM 
cells or 1000 neural progenitor cells were seeded in NSPC medium 
containing 1% methylcellulose (Wako) with indicated compounds. 
GBM spheroids were counted after 10- 14 days under a BZ- 9000 
(Keyence).

2.7  |  Immunoblotting

Glioblastoma cells were lysed in RIPA buffer. Equal amounts of 
proteins were separated by SDS- PAGE and transferred to a PVDF 

membrane (Millipore). The membrane was blocked with 5% dry 
skimmed milk (BD Biosciences) in Tris Buffered Saline with Tween 
20 (TBST) and incubated with a primary antibody diluted in Can Get 
Signal Solution (TOYOBO). Proteins were detected with second-
ary horseradish peroxidase– conjugated antibodies and ECL prime 
Western blotting detection reagent (GE Healthcare). Primary anti-
bodies recognizing the following proteins were used: mTOR (catalog 
no. 2983), phospho- mTOR (S2448) (catalog no. 2971), S6 (catalog no. 
2217s), phospho- S6 (Ser235/236) (catalog no. 2211L) (all from Cell 
Signaling Technologies; 1:1000), LC3 (NanoTools; clone 5F10, 0231; 
1:500), SQSTM1 (p62) (Abnova, H00008878- M01; 1:1000), and β- 
actin (Sigma- Aldrich, A5441; 1:2000).

2.8  |  Autophagic flux measurement

The pMRX- IP- GFP- LC3- RFP- LC3ΔG probe was stably expressed in 
TGS04 cells by retrovirus infection. The cells were treated with 5 μM 
ifenprodil for 24 hours and then dissociated with accutase. GFP and 
RFP fluorescence intensities were detected by flow cytometry.

2.9  |  Galectin puncta assay

EGFP- hGal3 was stably expressed in GBM cells by lentivirus infec-
tion. Then, a 96- well glass bottom microplate (Corning) was coated 
with 0.1 mg/ml laminin at 37°C for 3 hours and washed with PBS (−) 
three times. Next, 10,000 GBM cells were seeded onto the plate 
and incubated at 37°C for 16- 24 hours. The cells were treated with 
DMSO or drugs for 15 minutes and stained with 5 μg/ml Hoechst 
33342 (Thermo Fisher Scientific) at 37°C for 15 minutes. Galectin- 
3– positive puncta were imaged under a × 40 objective water immer-
sion lens by confocal microscopy (Leica).

2.10  |  Mitochondrial reactive oxygen species (ROS)

Glioblastoma cells (1 × 105) were treated with DMSO or 5 μM ifen-
prodil for 6 hours, dissociated with accutase, and washed in PBS 
(−). Samples were stained with 2.5 μM MitoSox- Red (Thermo 
Fisher Scientific) for 15 minutes at 37°C, washed in 3% FBS/PBS (−) 
twice, and then their fluorescence intensity was measured by flow 
cytometry.

2.11  |  Apoptosis

Glioblastoma cells (1 × 105) were treated with DMSO or 5 μM ifen-
prodil for 6 hours, dissociated, and washed in 3%FBS/PBS (−). The 
cells were incubated in Annexin V binding buffer (BD Biosciences) 
containing 5 μl annexin V- FITC (BD Biosciences) and 7- AAD (BD 
Biosciences) for 15 minutes at room temperature. Fluorescence in-
tensity was measured by flow cytometry.
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2.12  |  Fluo- 4 Ca2+ imaging

Thirty thousand GBM cells were seeded on the laminin- coated 48- 
well plate. After culture for 16- 24 hours, the cells were stained with 
Fluo- 4 (Thermo Fisher Scientific) at 37°C for 1 hour. The cells were 
washed in NSPC medium. KRB calcium- free buffer (Millipore) was 
used for intracellular calcium detection. Fluorescence intensity was 
measured every 5 seconds over 10 minutes after drug treatments 
and analyzed by the BZ- 9000.

2.13  |  GCaMP imaging

GCaMP6s- cytoplasm was stably expressed in GBM cells by lenti-
virus infection. 30,000 GBM cells were seeded onto the laminin- 
coated 48- well microplate and incubated at 37°C for 3 hours. The 
cells were pretreated with 1 mM LLOMe or 10 μM thapsigargin at 
37°C for 3 hours. GFP fluorescence intensity was measured after 
treatment with 2 μM ifenprodil. Images were obtained every 5 sec-
onds over 10 minutes and analyzed by the BZ- 9000.

2.14  |  Patient- derived xenograft (PDX) model

TGS04 cells (1 × 106) were mixed with NSPC medium and Matrigel 
(Corning) (1:1 ratio) and subcutaneously transplanted into each of the 
two flanks of anesthetized female Balb/c nu/nu mice. Transplanted 
mice were randomly divided into five groups (three mice/group) 
for drug treatments. Ifenprodil (0.2 and 0.5 mg/kg, daily) was dis-
solved in DMSO and mixed with corn oil at a 1:4 ratio. CQ (25 mg/kg, 
daily) was dissolved in PBS (−). All drugs were intraperitoneally (ip) 
injected into mice for 2 weeks starting on day 1 after transplanta-
tion. The width (W) and length (L) of tumors were measured using 
calipers. The tumor volumes were calculated using the formula: vol-
ume = (W2 × L)/2. For orthotopic PDX, intracranial transplantation 
was performed on anesthetized 4- week- old female Balb/c nu/nu 
mice using human patient- derived GBM cells (1 × 105/mouse). Mice 
were randomly divided into four groups (five mice/group) for drug 
treatments: control (DMSO), ifenprodil (5 mg/kg), CQ (50 mg/kg), 
combination of ifenprodil (5 mg/kg), and CQ (50 mg/kg). Ifenprodil 
and DMSO were mixed with corn oil at a 1:4 ratio. CQ was dissolved 
in PBS (−). All drugs were intraperitoneally injected into mice for four 
cycles (for one cycle, 5 days of injection followed by 2 days of rest) 
starting on day 1 after transplantation.

2.15  |  Statistics

Student's t test was used to compare two groups. One- way analysis 
of variance followed by Tukey's test was used to compare more than 
two groups. Differences in the survival rate were analyzed by the 
log- rank test. Significance was calculated using Prism 8 software; 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

3  |  RESULTS

3.1  |  Identification of clinically available 
compounds to sensitize GBM cells to autophagy 
inhibition

In previous studies, our screening revealed several compounds that 
were highly effective to inhibit the growth of ATG5- deficient cells that 
showed suppression of autophagic activity compared with controls. 
To identify compounds for clinical application, we focused on FDA- 
approved compounds, especially those for CNS diseases. It has been 
reported that dopamine receptor D4 antagonists (PNU 96415E and 
L- 741,742) have an advantage in GBM therapy mediated by modifica-
tion of autophagy.17 In the study, ifenprodil was also selected at the 
final step of screening as a candidate that was effective to suppress 
the proliferation of GBM cells, but not neural stem cells; however, it 
has not been well characterized. Ifenprodil is an FDA- approved antago-
nist of N- methyl- D- aspartate receptors, which is considered to have 
neuromodulatory activities in psychiatric conditions; therefore, we se-
lected it as a candidate. We found that ifenprodil efficiently inhibited 
spheroid formation of ATG5- deficient cells (Figure 1A). To examine the 
therapeutic efficacy of ifenprodil in multiple GBM cell lines, we per-
formed a sphere- formation assay using four different patient- derived 
GBM cell lines under the same culture conditions. Because the inhibi-
tory effect of ifenprodil was commonly found in several GBM patient 
samples with high efficacy (IC50: 0.03- 1.74 μM) (Figure 1B), we focused 
on this compound to understand its mechanism. Synergistic effects of 
ifenprodil with autophagy inhibition were confirmed by pharmacologi-
cal autophagy inhibitors MRT68921 (ULK inhibitor) and bafilomycin A1 
(inhibitor of the vacuolar- type H+ - ATPase) in multiple GBM cell lines 
(Figure 1C,D, Figure S1A– D). Although there were variations in the ef-
fect of ifenprodil on sphere formation, it was consistently observed 
that ifenprodil exerted a synergistic effect by inhibition of autophagy 
under any condition. Treatment with ifenprodil remarkably suppressed 
the mechanistic target of the rapamycin complex 1 (mTORC1) signal-
ing pathway and increased LC3II/LC3I ratios (Figure 1E), suggesting 
enhancement of autophagic activity. To confirm these results, we used 
fluorescent probe GFP- LC3- RFP- LC3ΔG to precisely detect autophagic 
flux16 and found that autophagic flux was significantly enhanced by 
ifenprodil (Figure 1F). Thus, ifenprodil affected mTOR- autophagy path-
ways and exerted a remarkable synergistic effect on the inhibition of 
spheroid formation in combination with autophagy inhibition.

3.2  |  Cytoxicity mediated by elevation of 
intracellular Ca2+ level with ifenprodil

Next, we investigated how ifenprodil inhibited spheroid formation of 
GBM cells. We found that treatment of ifenprodil clearly induced ap-
optosis in GBM cells (Figure 2A). Because our previous study showed 
that compounds that induce calcium mobilization synergized with 
autophagy inhibition to achieve efficient therapy of GBM,12 we in-
vestigated whether ifenprodil affected the intracellular Ca2+ level. 
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Ifenprodil remarkably increased the intracellular Ca2+ level measured 
by the calcium indicator Fluo- 4 in GBM cells (Figure 2B). This find-
ing was confirmed by GCaMP, a genetically encoded calcium indica-
tor (Figure 2C, Figure S2A– C). Ca2+ chelator BAPTA- AM partially but 
significantly restored suppression of spheroid formation (Figure 2D), 
indicating that Ca2+ elevation induced by ifenprodil caused cytotoxic-
ity. While mitochondrial ROS were induced by ifenprodil (Figure 2E), 
treatment with antioxidative reagent, NAC, suppressed this effect 
(Figure 2F). Thus, ifenprodil increased the intracellular Ca2+ level, re-
sulting in cytotoxicity mediated by mitochondrial oxidative stress.

3.3  |  A critical role of autophagy in protection 
against lysosomal membrane damage induced 
by ifenprodil

Elevation of the intracellular Ca2+ level by ifenprodil was found 
when cells were treated in media without Ca2+, and therefore 

Ca2+ was released from organelles that stored calcium and not 
from extracellular fluid. Because the ER and lysosomes are major 
organelles for calcium storage, we treated cells with thapsigargin 
to deplete calcium storage in the ER by blocking the ability of the 
cell to pump calcium into the ER, followed by treatment with ifen-
prodil. We compared the effects of ifenprodil in the presence and 
absence of thapsigargin pretreatment. There was no difference in 
the levels of the initial peak between them, indicating that the main 
response of Ca2+ release induced by ifenprodil was not affected by 
Ca2+ storage in the ER (Figure 3A). It was also noted that a rapid 
reduction of Ca2+ levels after ifenprodil stimulation occurred with 
thapsigargin pretreatment compared with no pretreatment, sug-
gesting that Ca2+ storage in the ER affects Ca2+ release to a lesser 
extent because the ER is the main source of Ca2+ in lysosomes. 
In contrast to thapsigargin, ifenprodil- driven calcium elevation 
was blocked by pretreatment with L- leucyl- L- leucine methyl ester 
(Figure 3B). Thus, ifenprodil promoted calcium mobilization mainly 
from lysosomes rather than other organelles. Next, we investigated 

F I G U R E  1  Ifenprodil, a clinically available drug, to sensitize glioblastoma (GBM) cells to autophagy inhibition. A, Relative number (left) 
and representative images of spheroids (right) formed by TGS04 WT and ATG5- KO cells treated with ifenprodil. Data are the mean ± SD 
(n = 3). Scale bars, 200 μm. B, Relative number of spheroids formed by TGS04, KGS03, KGS04, and KGS22 cell lines treated with ifenprodil. 
Data are the mean ± SD (n = 3). The IC50 of ifenprodil in each cell line is indicated. C, Relative number of spheroids formed by TGS04 cells 
treated with ifenprodil in combination with 0.25 μM MRT68921. Data are the mean ± SD (n = 3). D, Relative number of spheroids formed by 
TGS04 cells treated with ifenprodil in combination with 10 nM bafilomycin A1. Data are the mean ± SD (n = 3). E, Western blotting of the 
indicated proteins in TGS04 cells after treatment with 2 μM ifenprodil for 15, 30, and 60 min. F, Autophagic flux was detected in TGS04 cells 
expressing the GFP- LC3- RFP- LC3ΔG probe after treatment with ifenprodil (black line) or DMSO (dashed black line) for 24 h. Fluorescence 
intensity of GFP was measured by flow cytometry
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whether autophagy affected Ca2+ release from lysosomes induced 
by ifenprodil. While autophagy inhibition itself did not affect the 
Ca2+ level, it remarkably enhanced the effect of ifenprodil on Ca2+ 
release (Figure 3C). These data suggested that autophagy inhibi-
tion enhanced the effects of ifenprodil mediated by modification 
of lysosomal quality control.

Next, we investigated how ifenprodil induced Ca2+ release 
from lysosomes. Because Ca2+ release by ifenprodil occurred 
rapidly after treatment within several minutes, we assumed that 
ifenprodil may induce lysosomal membrane rupture because of 
its chemical properties, like the lysosomotropic agent, LLOMe. 
To analyze lysosomal membrane damage, we evaluated galectin- 3 
localization because galectin- 3 rapidly translocates to the inner 
membrane of lysosomes to contribute to clearance or repair of 
the lysosomal membrane.18 While galectin- 3 localized in cyto-
plasm without stimulation, ifenprodil treatment induced remark-
able puncta formation of galectin- 3 after 15 minutes in multiple 
GBM cell lines, which was similar to LLOMe treatment (Figure 3D, 
Figure S3B). The result clearly indicated that lysosomal membrane 
damage was induced by ifenprodil at a much lower concentration 
(0.5 μM as the minimum dose) than LLOMe (500 μM), indicating 
that ifenprodil was a potent pharmacological agent that induced 
lysosomal membrane damage (Figure S3A). While a lower dose 

of ifenprodil induced galectin- 3 punctation at the minimum level, 
autophagy inhibition showed remarkable punctation similar to 
treatment at a higher dose (Figure 3E). These data demonstrated 
that autophagy protected against lysosomal membrane damage 
induced by ifenprodil.

3.4  |  Screening of compounds that induce 
lysosomal membrane damage for clinical application

Previous studies have reported the several compounds with the 
lysosomotropic characteristics, such as LLOMe, CQ, ammonium 
chloride, methylamine, and siramesine.19 We hypothesized that 
FDA- approved drugs may include many compounds that induce 
lysosomal dysfunction. Therefore, to compare the effectiveness 
of ifenprodil with that of 765 FDA- approved compounds for in-
duction of lysosome dysfunction, we performed lysotracker stain-
ing to determine whether these compounds induced lysosomal 
dysfunction at various doses (0.25, 1.25, and 5 μM). LLOMe was 
evaluated as a control at 1 mM. We found that ifenprodil was one 
of the top 10 compounds at the lower concentrations of 0.25 
and 1.25 μM (Figure 4A). Ifenprodil was not the top candidate at 
the higher concentration, because the higher concentration of 

F I G U R E  2  Cytotoxicity induced by elevation of intracellular Ca2+ level with ifenprodil. A, Flow cytometric analysis of apoptosis by 
annexin V- FITC staining of TGS04 cells after treatment with 5 μM ifenprodil for 6 h. Gray solid line, unstained control; black dashed line, 
DMSO control; black solid line, ifenprodil. B, Cytoplasmic calcium dynamics were measured by time lapse imaging in TGS04 cells during 
treatment with 1 μM ifenprodil by Fluo- 4. C, Cytoplasmic calcium dynamics of TGS04 were measured by time lapse imaging in Krebs- Ringer 
Bicarbonate buffer with or without Ca2+ by a GCaMP cytoplasm probe. D, Relative number of spheroids formed by TGS04 cells pretreated 
with or without 0.75 μM BAPTA for 1 h at 37°C before treatment with ifenprodil. E, Mitochondrial reactive oxygen species (ROS) levels were 
detected in TGS04 cells for 8 h after treatment with 5 μM ifenprodil by flow cytometry. Gray solid line, unstained control; black dashed line, 
DMSO control; black solid line, ifenprodil. F, Quantification of the number of spheroids formed by TGS04 cells pretreated with 900 μM N- 
acetyl- L- cysteine (NAC) for 1 h at 37°C before treatment with ifenprodil
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ifenprodil induced cell death (Figure 2A). These results clearly 
demonstrated an advantage of ifenprodil for clinical application 
in terms of drug repurposing for lysosomal membrane targeting. 
Additionally, we found another candidate, amoxapine, for appli-
cation to GBM patients because it is a tricyclic antidepressant 
that has been clinically used. In our previous study, we found 
that amoxapine is a unique compound that exerts remarkable ef-
fects on suppression of glioma cells with malignant phenotypes.20 
Therefore, we focused on amoxapine among other candidate 
drugs. We found that amoxapine efficiently induced galectin- 3 
punctation, enhanced autophagic flux and Ca2+ upregulation, and 
remarkably inhibited spheroid formation of ATG5- deficient cells 
(Figure 4B– E), suggesting that our strategy was efficient to suc-
cessfully identify therapeutic reagents that sensitize GBM cells to 
autophagy inhibitors.

3.5  |  Lysosomal membrane turnover driven 
by compounds

A recent study has demonstrated a selective mechanism of lysoso-
mal membrane degradation that involves lipidation of the autophagy 
protein LC3 on lysosomal membranes and the formation of intralu-
minal vesicles through lysophagy as microautophagy,7 and therefore 
we investigated whether lysosomal membrane turnover was stimu-
lated by the compounds. To measure lysosome membrane turnover, 
cells were treated with ifenprodil after transfection of GFP- tagged 
lysosomal transmembrane protein LAMP- 1 (LAMP1- mGFP). 
Ifenprodil clearly induced accumulation of untagged GFP protein, as 
well as LLOMe (Figure 5A), indicating that ifenprodil promoted deg-
radation of lysosomal membrane proteins by cathepsin- mediated 
digestion in lysosomes. We found that these compounds induced 

F I G U R E  3  Effects of autophagy on lysosomal membrane damage induced by ifenprodil. A, B, Cytoplasmic calcium dynamics were 
measured by time lapse imaging in TGS04 cells pretreated with 10 μM thapsigargin or 1 mM L- leucyl- L- leucine methyl ester (LLOMe) for 
3 h at 37°C before treatment with ifenprodil. C, Cytoplasmic calcium dynamics were measured in TGS04 WT and ATG5- KO cells during 
treatment with 0.2 μM ifenprodil. D, TGS04 cells expressing GFP- galectin- 3 were treated with 1 mM LLOMe or 1 and 2 μM ifenprodil for 
15 min. Galectin- 3 punctation was observed by microscopy. Scale bars, 10 μm. E, TGS04 cells expressing GFP- galectin- 3 were pretreated 
with 0.25 μM MRT68921 for 16- 24 h. Galectn- 3 punctation was observed after 15 min of ifenprodil treatment by microscopy. Scale bars, 
10 μm



    |  2723Jing et al.

F I G U R E  4  Identification of clinically available drugs that induce lysosomal membrane damage for glioblastoma (GBM) therapy. A, 
Relative fluorescence intensity of lysotracker- red was measured in TGS04 cells treated with 765 library compounds (0.25, 1.25, and 5 μM). 
L- leucyl- L- leucine methyl ester (LLOMe) (1 mM) was evaluated as a control. B, Galectin- 3 punctation was detected in TGS04 cells expressing 
GFP- galectin- 3 after treatment with 10 μM amoxapine for 15 min. C, Autophagic flux was detected in TGS04 cells expressing the GFP- LC3- 
RFP- LC3ΔG probe after treatment with 2.5 μM amoxapine (black solid line) or DMSO (black dashed line) for 24 h. D, Cytoplasmic calcium 
dynamics were measured by time lapse imaging in TGS04 cells during treatment with 2.5 μM amoxapine. E, Relative number of spheroids 
formed by TGS04 WT and ATG5- KO cells treated with amoxapine

F I G U R E  5  Lysosomal membrane 
turnover induced by compounds. A, 
Indicated proteins were detected in 
TGS04 after treatment with 1 mM L- 
leucyl- L- leucine methyl ester (LLOMe) or 
0.5, 2, and 5 μM ifenprodil for 8 h. B, C, 
Colocalization of LAMP1- mCherry and 
GFP- LC3 was detected after treatment 
with 2 μM ifenprodil or 10 μM amoxapine 
for 2 h in 293 T cells (B) and TGS04 
cells (C)
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LC3 lipidation on the lysosomal membrane (Figure 5B,C). Combined 
with data of increased lysosomal membrane damage by autophagy 
inhibition (Figure 3C,E), these data supported an idea that loss of 
lysophagy contributed to sensitization of GBM cells to compounds 
that induced lysosomal membrane damage.

3.6  |  Therapeutic advantage of triggering 
lysosomal membrane permeabilization for 
GBM treatment

Finally, we evaluated whether the compounds were applicable to 
GBM therapy. Importantly, although ifenprodil was more effective 
to inhibit spheroid formation when combined with CQ in patient- 
derived GBM cells (Figure 6A,B), the treatment was not effective in 
noncancerous, neural progenitor cells derived from human embryos 
(Figure 6C). We also evaluated the effectiveness of the combination 
of ifenprodil and CQ in vivo. To this end, we first subcutaneously 

transplanted GBM cells into immunocompromised mice and treated 
them with ifenprodil (0.2 mg/kg) in combination with CQ (25 mg/kg). 
We found that combinational treatment exhibited a strong inhibi-
tory effect on tumor growth (Figure 6D). No obvious adverse effects 
due to administration of CQ and ifenprodil were observed during the 
monitoring period (data not shown). The combinational treatment of 
amoxapine and CQ also suppressed the tumor growth significantly 
(Figure S4). Finally, we performed orthotopic PDX by transplantation 
of GBM cells into the mouse brain. Because preliminary experiments 
had indicated that the effects of these drugs were not remarkable in 
orthotopic PDX, unlike subcutaneous PDX, we administrated higher 
doses (5 mg/kg) of ifenprodil and CQ (50 mg/kg) in this setting. 
While we did not observe a significant effect of ifenprodil or CQ 
alone, mouse survival was significantly extended by combinational 
treatment with CQ and ifenprodil (Figure 6E), suggesting a therapeu-
tic advantage of the combination of these drugs in a clinical setting. 
These data clearly indicated that targeting lysosomal membrane in-
tegrity is a promising target for cancer therapies.

F I G U R E  6  Therapeutic advantage of triggering lysosomal membrane permeabilization for glioblastoma (GBM) treatment. A, B, Relative 
number of spheroids formed by TGS04 cells that were treated with ifenprodil or amoxapine in combination with 5 μM chloroquine (CQ). 
Data are the mean ± SD (n = 3). C, Relative number of spheroids formed by neural progenitor cells treated with ifenprodil in combination 
with 5 μM CQ. D, Quantitation of the size (left) and volume (center) of tumors in mice subcutaneously injected with TGS04 cells and 
treated with DMSO, CQ (ip daily injection of 25 mg/kg), ifenprodil only (ip daily injection of 0.2 mg/kg), or ifenprodil plus CQ. Data are the 
mean ± SD. Images of tumors at the experiment endpoint are shown (right) (n = 6/group). E, Kaplan- Meier analysis of survival of recipient 
mice inoculated in the brain with 1 × 105 TGS04 cells (n = 5 mice/group). Mice were treated with DMSO, CQ (i.p. daily injection of 50 mg/kg), 
ifenprodil only (i.p. daily injection of 5 mg/kg), or ifenprodil plus CQ
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4  |  DISCUSSION

In this study, by identification of a clinically available drug that in-
duces lysosomal membrane damage, we revealed that quality control 
of lysosomes by autophagy is a critical therapeutic target. There are 
two possible mechanisms how the compounds induce autophagy. 
One is direct stimulation to induce lysosomal membrane turnover 
as microautophagy (Figure 5A,B). The other one is the induction of 
macroautophagy by downregulation of mTORC1, presumably due to 
loss of intact lysosomal membrane (Figure 1E,F). It is assumed that 
loss of two different autophagy increases sensitivity to compounds 
targeting lysosomal membrane integrity (Figure 7). We propose a 
novel concept of a therapeutic advantage by the combination of 
lysophagy inhibition and pharmacological induction of lysosomal 
membrane damage for GBM treatment.

The inhibitory effects of CQ and ifenprodil on spheroid forma-
tion were remarkable in GBM cells but not in nontransformed neural 
progenitor cells. These findings indicate that lysosomal activity or 
functions may be different between normal and malignant cells, and 
that cancer development and its malignant progression may be highly 
dependent on lysosomal activity.21 For example, lysosomal activity 
is required to acquire energy essential for cancer cell proliferation.22 
Uptake of extracellular materials mediated by phagocytosis, endo-
cytosis, and micropinocytosis is needed to supply carbohydrates, 
lipids, and amino acids, which support cancer cell proliferation.23,24 
Thus, the lysosome is a crucial organelle for supplying nutrients.25 
When nutrients are rich, mTORC1 is activated on the surface of ly-
sosomes. mTORC1 is one of the most potent promotive factors of 
cancer cell proliferation, metastasis, and migration.26 Therefore, the 
lysosome may play a critical role in cancer malignancy. Conversely, 
when nutrients are lacking, MiT/TFE family transcription factors are 

dephosphorylated by inactivation of mTORC1.27 Dephosphorylation 
of the transcription factors promotes lysosomal functions to supply 
nutrients.28 Lysosomal calcium also affects cancer cell proliferation 
and apoptosis.28 Autophagy is involved in the invasion and metas-
tasis of cancer cells. One study has reported that epithelial cell– 
derived molecules, such as E- cadherin, are degraded by lysosomes, 
which induces epithelial- mesenchymal transition.29 Modification of 
the extracellular matrix that controls invasion and metastasis is also 
regulated by lysosomal degradation.30 Additionally, lysosome activ-
ity is involved in angiogenesis and immunity,31 which characterize 
cancer- specific cell behaviors. Thus, it is assumed that the cancer- 
specific lysosomal regulation manner leads to cell death induced by 
targeting lysosomal membrane integrity.

While there is no information on the efficiency of penetration 
across the BBB regarding bafilomycin and MRT68921, CQ is clini-
cally available and data on CQ have been reported in several studies. 
A study reported that CQ crosses the BBB easily and potentially ac-
cumulates in the brain,32 whereas another study indicated that the 
ability of CQ to cross the BBB is quite limited.33 Therefore, this issue 
is controversial. Several clinical trials of CQ have been conducted for 
various cancers, but the results have not been encouraging.11,34 For 
example, a phase I/II trial that used CQ in combination with chemo-
therapy and radiation therapy found no significant improvement in 
the survival of GBM patients.11 The reason for the poor results may 
be insufficient inhibition of autophagy due to dose- limiting toxici-
ties such as myelosuppression. Thus, it is likely that therapy with CQ 
appears to be insufficient for lysosomal dysfunction in cancer ther-
apy.35 Therefore, our proposal to combine lysosomal targeting drugs 
with autophagy inhibitors may be a reasonable solution. As a result, 
we found that the combination therapy significantly prolonged sur-
vival. It is unclear whether CQ and/or ifenprodil cross the BBB be-
cause there is the possibility that the effectiveness of CQ may be 
due to disruption of the BBB by brain tumors. However, in any case, 
our data support that the combination of these drugs may lead to a 
favorable outcome in a clinical setting. Further characterization of 
compounds that target lysosome biogenesis may lead to successful 
cancer therapy in the future.
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