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enhanced the expression of autophagy-related genes which could be inhibited by intracellular calcium
chelator. Sustained exposure to LW-218 exhausted the lysosomal capacity so as to repress the normal
autophagy. LW-218-induced enlargement and damage of lysosomes were triggered by abnormal choles-
terol deposition on lysosome membrane which caused by interaction between LW-218 and NPC intracel-
lular cholesterol transporter 1. Moreover, LW-218 inhibited the leukemia cell growth in vivo. Thus, the
necessary impact of integral lysosomal function in cell rescue and death were illustrated.

© 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Lysosomes are ubiquitous organelles that constitute the primary
degradative compartments of the cell. They receive their substrates
through endocytosis, phagocytosis or autophagy. It is recognized
that lysosomes play an important role in cell death and the integrity
of lysosomes is of vital importance to survival of cells' . Tumor
cells rely more on hyperactive lysosomal function to proliferate,
metabolize, and adapt to stressful environments, as tumor pro-
gression is associated with apparent changes in lysosomal volume,
composition and cellular distribution®*. Lysosomes have become
potent targets for cancer therapy due to the devastating effects of
lysosomal dysfunction on tumor cells*”. The lysosomal membrane
permeabilization (LMP) has been an effective therapeutic strategy
as shown to initiate a cell death pathway, cancer cells usually
exhibit weaker lysosomal membranes compared to noncancerous
cells, they can be selectively sensitized to cell death® ®. The release
of lysosomal contents, such as cathepsins, into cytosol and trigger
cell death in a caspases-dependent or -independent pathway’. The
acidic environment in lysosomes (pH 4.5—5.0) is required for
lysosomal hydrolases activity and it is maintained by vacuolar-type
adenosine triphosphatases. Cysteine and aspartic cathepsins func-
tion are active and stable at an acidic environment, and participate
in LMP progression to a certain extent”"'*.

Many factors contribute to LMP, including reactive oxygen
species (ROS), lysosomal membrane lipid composition, proteases,
P53, and B cell lymphoma-2 family proteins'’. Among them,
lipids overloading has been reported to promote lysosomal
dysfunction and trigger cell death via LMP. LMP can be induced
by high-fat feeding and fatty acid exposure, leading to the release
and activation of the lysosomal protease''. Lipids include fatty
acids, sphingolipids, sterols and phospholipids, and their contents
and distribution undergo dynamic regulation. A prominent and
relatively well-studied example is cholesterol, an essential con-
stituent in mammalian cell membranes, which has unique bio-
physical properties to regulate membrane structure and property'~.
Lysosomes play as a regulator in maintaining cholesterol ho-
meostasis, and stability and function of lysosomes is controlled by
cholesterol'”'. Free cholesterol is highly insoluble and cannot
diffuse within the aqueous environment of the lysosomal lumen
and impairs lysosomal function''"'?. Previous researches have
provided ample proofs to link lysosomal cholesterol accumulation
with cell death, which is associated with lysosomal destabiliza-
tion, dysfunction, membrane permeabilization, autophagy
blockage, and even mitochondria damage'*™"”.

Cholesterol is enriched in the plasma membrane and membranes
of early endocytic organelles but not in the lysosome. Endocytic
system participates in sorting and delivery of cholesterol, and most
of the cholesterol normally leaves the endosome membrane in

endocytic pathway before entering lysosomes'™'®. Therefore, it
requires the concerted action of two proteins known as NPC intra-
cellular cholesterol transporter 1 (NPC1) and NPC2, which appear
to be crucial for moving cholesterol out of the late endosomes.
Intraluminal NPC2 binds cholesterol and delivers it to membrane
protein NPC1, which is then transferred to the endoplasmic retic-
ulum'®, The blockage of NPC1/2 promotes addition of cholesterol
to lysosomes, enlarges the lysosomes and triggers lysosomal failure.
Overexpression of NPC1 or NPC2 reduced cholesterol accumula-
tion'*'*?°. Abnormal lysosome cholesterol accumulation induces
leakage of lysosomal contents, leading to cell apoptosis®'.

Various studies have shown ways to eliminate leukemia cells
by interfering lysosomes, which due to sensitivity of leukemia
cells to lysosomal disruption®**?. Here, we discovered that LW-
218, a new derivative of wogonin, could interfere the cholesterol
trafficking and then induce lysosome damage in hematological
malignancy cells. The damaged lysosomes were cleared by
macroautophagy (lysophagy). We also found the expression of
autophagy-related and lysosomal biogenesis genes was associ-
ated with calcium—calcineurin (CaN)—transcription factor EB
(TFEB) axis. However, sustained lysosomal damage blocked the
autophagy flux eventually, and leakage of contents from
damaged lysosomes resulted in cell death. We illustrated the
necessary impact of integral lysosomal function in cell rescue
and death.

2. Materials and methods

2.1.  Cell culture and reagents

Human T-cell acute lymphoblastic leukemia cell lines (Jurkat and
MOLT-4), T cell lymphoma cell lines (HuT 102 and HuT 78), acute
myeloid leukemia cell line (THP-1), and human embryonic kidney
cells (293T) were purchased from Cell Bank of Shanghai Institute of
Biochemistry & Cell Biology (Shanghai, China). Primary leukemia
cells from newly diagnosed leukemia patients (the First Affiliated
Hospital of Nanjing Medical University, Nanjing, China) and pe-
ripheral blood mononuclear cells (PBMCs) from healthy donors
were collected using lymphocyte—monocyte separation medium
(Jingmei, Nanjing, China). A signed informed consent was obtained
from each patient and donors. The suspended cell lines and primary
leukemia cells were cultured in RPMI-1640 medium (GIBCO,
Carlsbad, CA, USA), and 293T cells were cultured in DMEM me-
dium (GIBCO). The mediums were supplemented with 10% fetal
bovine serum (FBS, GIBCO), 100 U/mL of benzylpenicillin
(Lukang, Jining, China) and 100 U/mL of streptomycin (Lukang) in
a humidified environment with 5% CO, at 37 °C. LW-218 was
synthesized and provided by Prof. Zhiyu Li in our laboratory.
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Bafilomycin Al (BAF Al; KGATGRO007) and Lysotracker RED
(KGMP006) were purchased from KeyGen Biotech (Nanjing,
China), ammonium chloride (NH4Cl) was purchased from HUSHI
(Shanghai, China), necrostatin-1 (HY-15760), acridine orange (AO;
HY-101879) and MG-132 (HY-13259) were purchased from Med-
ChemExpress (Monmouth Junction, NJ, USA), Z-VAD-fmk
(CSN15936), chloroquine (CSN11173), BAPTA-AM (CSN10377),
cyclosporine A (CsA; CSN19509), FK-506 (CSN15684),
2-aminoethoxydiphenyl borate (CSN23287), ML282 (CSN25306),
and rapamycin (CSN16385) were purchased from CSNpharm
(Chicago, USA), dexamethasone (Dex) sodium phosphate injection
was purchased from Cisen (Jining, China), lysosensor GREEN
(40767ES50) and Cell Counting Kit (CCK8, 40203ES60) was pur-
chased from YEASEN Biotech (Shanghai, China), antifade
mounting medium (P0126), antifade mounting medium with 4’,6-
diamidino-2-phenylindole, dihydrochloride (DAPI; P0131), 2,7-
dichlorodi-hydrofluorescein diacetate (DCFH-DA; S0033S) and
Flou3-AM (S1056) was purchased from Beyotime Biotechnology
(Nanjing, China), ethylene glycol-bis(2-aminoethyl ether)-
N,N,N',N'-tetraacetic acid (EGTA; 324626) was purchased from
Sigma—Aldrich (St. Louis, MO, USA). Antibodies: active caspase 3
(A11021), caspase 3 (A2156), caspase 9 (A0281), caspase 8
(A0215), B-actin (AC026), BH3-interacting domain death agonist
(BID; A0210), cathepsin B (CTSB; A19005), lysosomal-associated
membrane proteins 2 (LAMP2; A1961), microtubule-associated
protein 1 light chain 3 (LC3; A17424), lysine 48 (K48)-linkage
(A18163), lysine 63 (K63)-linkage (A18164), sequestosome 1 (P62/
SQSTM1; A19700), lamin A/C (A19524) and galectin-3 (A13506;
ABclonal Technology, Wuhan, China), lysosomal-associated
membrane proteins 1 (LAMPI; 15665, Cell Signaling Technology,
Danvers, MA, USA), cathepsin D (CTSD; ab75852) and TFEB
(ab267351; Abcam, UK), RAS-related protein RAB-7a (RAB7A;
55469-1-AP), ubiquitin (10201-2-AP) and LC3 (14600-1-AP; Pro-
teintech Group, Chicago, IL, USA), ubiquitin (sc-271289; Santa
Cruz Biotechnology, CA, USA). Alexa Fluor 488 (A-11008 and A-
11001) and Alexa Fluor 594 (R37117 and A-11032; ThermoFisher
Scientific, Waltham, MA, USA), Andy Fluor™ 405M goat anti-
mouse IgG (H + L) (L103A) antibody (ABP Biosciences, Wuhan,
China).

All experiments using human samples were approved by the
Review Board of China Pharmaceutical University and Affiliated
DrumTower Hospital of Nanjing University Medical School, and
all donors were provided informed consent. Ethics number of
animal experiments: 2020-09-010; ethics number of clinical pa-
tient cells: 2020-325-01.

2.2.  Cell apoptosis

The cells were collected and labeled with Annexin V and PI ac-
cording to the protocols of Annexin V/PI Cell Apoptosis Detec-
tion Kit (A211-02; Vazyme biotec, Nanjing, China)>’. The
fluorescence was detected by Becton—Dickinson FACS Calibur
flow cytometry (NJ, USA) and the data analysis was performed by
Flowjo software (Tree Star, Ashland, OR, USA).

2.3.  Mitochondrial membrane potential assay

The cells after treatment were harvested and processed with JC-1
(C2006; Beyotime Biotechnology) according to the manufac-
turer’s instruction””. Then, processed cells were analyzed by flow
cytometry.

2.4.  ROS levels detection

The cells after treatment were harvested and stained with DCFH-DA
(10 pmol/L, diluted in serum-free medium; S0033S, Beyotime
Biotechnology). The cells were incubated at 37 °C for 20 min. Then
cells were washed by phosphate-buffered saline (PBS) for 3 times.
Finally, the cells were resuspended in PBS and detected by flow

cytometry.
2.5. Western blot

Whole cell lysates were extracted from cells after treatment by
RIPA buffer (89901, ThermoFisher). For nuclear and cyto-
plasmic protein extraction, the proteins were extracted using
the extraction buffers (KGP150, KeyGen Biotech). The con-
centration of protein was determined by BCA Protein Assay
Kit (23227, ThermoFisher). Equal amounts of lysate protein
were resolved on SDS-PAGE gels and transferred to nitrocel-
lulose filter membrane followed by Western blot. Immunode-
tection was performed using an enhanced chemiluminescence
ECL system (36222ES60, YEASEN). The binding affinity of
LW-218 and drug targets was detected by Amersham Imager
600 (General Electric Company, Schenectady, NY, USA)24. The
blots are representative of multiple independent experiments.

2.6. CCKS8 assay

15 pL CCK8 solution (40203ES60, YEASEN) was added to each
well, and incubated for 4 h at 37 °C after PBMCs, leukemia cell
lines and primary cells seeded in 96-well plates were treated with
LW-218 for 24 h. Cells treated with equivalent amounts of
dimethyl sulfoxide (D2650, Sigma—Aldrich) were used as nega-
tive control. Absorbance was read at 450 nm with a SynergyTM
HT multi-mode reader (Bio-Tek, Winoosky, VT, USA). The
average value of the optical density (OD) of five wells was used to
determine cell viability according to Eq. (1):

Inhibition rates (%) = (1 — ODyreatment group /ODconlml gmup) x 100
(1)

50% inhibiting concentration values were taken as the con-
centration that caused 50% inhibition of cell viability and were
calculated by the logit method.

2.7.  Lysotracker RED and lysosensor GREEN staining

The cells stained with 0.5 pmol/L lysotracker RED (KGMP006,
KeyGen Biotech) for 45 min in cell culture medium at 37 °C were
analyzed the lysosomal mass. And for analyzing the lysosomal
acidic levels, the cells stained with 1 pmol/L lysosensor GREEN
(40767ES50, YEASEN) for 20 min in cell culture medium at 37 °C.
After washed by PBS, the processed cells were suspended and
analyzed by flow cytometry or detected by fluorescence microscope.

2.8.  Calcium levels detection

The cytoplasmic calcium levels were determined by fluorescence
probe Fluo3-AM. After treatment, the cells were incubated with
1 pmol/L Fluo-3-AM in PBS at 37 °C for 40 min, washed and sus-
pended by PBS. The cells were analyzed by flow cytometry at
488 nm.
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2.9.  Xenografts assay

For in vivo experiments, LW-218 was prepared as intraperitoneal
injection administration formulation by Dr. Xue Ke from College
of Pharmacy, China Pharmaceutical University, Nanjing, China.
Female NOD/SCID mice (5 weeks, 16—20 g, Slaccas Shanghai
Laboratory Animal Co., Shanghai, China) were sublethally irra-
diated (1.5 Gy). Jurkat cells were suspended in a 2:1 in serum-free
RPMI-1640 medium with a Matrigel basement membrane matrix
(Sigma—Aldrich, E1270). Cells (5 x 10° counts) were inoculated
in the right legs of mice. After tumor inoculation for 10 days, the
mice were assigned into four treatment groups (4 mice per group).
LW-218 (7.5 and 10 mg/kg, intraperitoneal injection for every
second day for three weeks), Dex (5 mg/kg, successive daily
intraperitoneal injection for 5 days/week for three weeks) was
administered, respectively. The tumor diameters were measured
and tumor volume (mm?) was calculated as Eq. (2):

Vrumor = (Shortest diameter)” x (Longest diameter) /2. (2)

Tumor tissues were sectioned and subjected to immunofluores-
cence to detect the distribution and expression of targeted proteins.

2.10.  Transfections and RNA interference

Transfections were achieved using LipoMAX (32011; SUDGEN
Biotech, Nanjing, China) according to the manufacturer’s pro-
tocols. Cells were transfected with 3 pL. LipoMAX and 3 pg
plasmids encoding galectin-3-mcherry (#85662), LC3-GFP
(#11546) and LC3-GFP-mcherry (#123235, Addgene, Cam-
bridge, MA, USA) in 500 pL serum-free medium. After 72 h
incubation, the transfection mixture was removed and replaced
with fresh complete medium. For RNA interference by lentiviral
vectors, autophagy related 7 (ATG7) short hairpin RNA (shRNA),
transient receptor potential mucolipin 1 (TRPMLI) shRNA, CTSD
shRNA, CTSB shRNA constructs and a negative control construct
created in the same vector system (pLKO.1) were purchased from
Corues Biotechnology. Before transfection, 293T cells were plated
in 12-well dishes. Cells were co-transfected with shRNA con-
structs (10 pg) together with Lentiviral Mix (10 pL) and HG
Transgene™ Reagent (60 pL) according to the manufacturer’s
instructions of Lentiviral Packaging Kit (YEASEN, 41102ES20)
for 48 h. Viral stocks were harvested from the culture medium and
filtered to remove non-adherent 293T cells. To select for the Jurkat
cells that were stably expressing shRNA constructs, cells were
incubated in RPMI-1640 medium with 10% FBS and 2 pg/mL of
puromycin for 48 h after lentivirus infection. After selection cells,
stably infected pooled clones were harvested for use.

2.11.  Real time quantitative PCR (RT-gPCR) analysis

For RNA isolation and RT-qPCR?’, total RNA was extracted using
RNA Isolater Total RNA Extraction Reagent (R401-01, Vazyme
biotec). One microgram of total RNA was used to transcribe the
first strand cDNA with HiScript II 1st Strand cDNA Synthesis Kit
(R312-01, Vazyme biotec), and RT-qPCR was performed using
SYBR Green PCR Master Mix (Q131-02, Vazyme biotec) and
specific PCR primers (5'—3’; GENEWIZ, Suzhou, China):

ATGS5 (F: TCAGCCACTGCAGAGGTGTTT; R: GGCTGC
AGATGGACAGTTGCA);

ATGI2 (F: CAGTTTACCATCACTGCCAAAA; R: ACAAA
GAAGTGGGCAGTAGAGC);

GAPDH (F: AGCCACATCGCTCAGACAC; R: GCCCAA
TACGACCAAATCCO);

ULKI (F: ACGACTTCCAGGAAATGGCTA; R: GGAAGA
GCCTGATGGTGTCCT);

LC3 (F: GAACGATACAAGGGTGAGAAGC; R: TACACCT
CTGAGATTGGTGTGG);

P62 (F: GAGAGTGTGGCAGCTGCCCT; R: GGCAGCT
TCCTTCAGCCCTG);

CTSB (F: TTAGCGCTCTCACTTCCACTACC; R: TGCTTGC
TACCTTCCTCTGGTTA);

CTSD (F: GCCAGGACCCTGTGTCG; R: GCACGTT
GTTGACGGAGATG);

TFEB (F: GCGGCAGAAGAAAGACAATC; R: CTGCATC
CTCCGGATGTAAT);

ATG7 (F: GGAGATTCAACCAGAGACC; R: GCACAAG
CCCAAGAGAGG);

TRPMLI (F: GCGCCTATGACACCATCAA; R: TATCCTG
GACTGCTCGAT);

Beclin-1 (F: TGTCACCATCCAGGAACTC; R: CTGTTGG
CACTTTCTGTGG).

2.12.  Immunofluorescence

Cells were collected and washed by PBS for 2 times and smeared
on the cover glass. Then the cells were fixed in ice-cold methanol
for 15 min and permeabilized in 0.15% Triton X-100 (X100-
500 ML, Sigma—Aldrich) for 20 min. After blocking with 3%
bovine serum albumin (A3858-100G, Sigma—Aldrich) for 1 h in
room temperature, the cells were incubated with primary antibody
overnight at 4 °C, followed by incubated with Alexa Fluor sec-
ondary antibody for 1 h and DAPI. The cells were observed with a
confocal laser scanning microscope (Fluoview FV1000, Olympus,
Tokyo, Japan).

2.13.  AO staining

After stained with 5 pmol/L AO solution in culture medium for
15 min before collecting, the cells were washed by PBS for 2
times and smeared on the cover glass, after which observed with a
confocal laser scanning microscope.

2.14.  Filipin staining

After treatment, the cells were collected and washed by PBS for 2
times and smear on the cover glass, and then fixed with 3%
paraformaldehyde for 20 min, washed by PBS and incubated with
1.5 mg/mL glycine for 10 min. The cells were rinsed with PBS
and incubated with 50 pg/mL Filipin III (B6034, APExBIO
Technology, TX, USA) containing 10% FBS for 2 h at room
temperature in the dark, followed by observed with a confocal
laser scanning microscope.

2.15. Indirect flow cytometry assay
After treated and washed by PBS for 2 times, the cells were fixed

by 75% ethanol at 4 °C for 2 h and permeabilized in 0.1% Triton
X-100 for 15 min. The cells were incubated with primary antibody
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Figure1 Bafilomycin Al (BAF Al) and ammonium chloride (NH4Cl) reverse LW-218-induced apoptosis in leukemia and lymphoma cells. (A)
Apoptosis cells (%) were determined in Jurkat and THP-1 cells treated with 8 pmol/L of LW-218 for different time periods. (B) Apoptosis cells
(%) were determined in Jurkat cells cotreated with LW-218 and BAF A1 (7.5 nmol/L) for 12 h. (C) Apoptosis cells (%) were determined in Jurkat
cotreated with LW-218 and NH4Cl (10 mmol/L) for 12 h. All of apoptosis cells (%) detection were detected by Annexin V/PI staining and flow
cytometry (apoptosis cells are positive for Annexin V). (D) The Jurkat cells were cotreated with LW-218 and BAF A1 (7.5 nmol/L) or NH,Cl
(10 mmol/L) for 12 h. The membrane potentials of mitochondria (A¥ ,) were determined by JC-1 assay and flow cytometry. (E) The Jurkat cells
were treated with LW-218 for 6 h and the reactive oxygen species (ROS) levels were determined by 2,7-dichloro-dihydrofluorescein diacetate
(DCFH-DA) and flow cytometry. (F)—(H) The Jurkat cells were treated with LW-218 and BAF A1l (7.5 nmol/L) for 12 h. The expression of
caspase 3, caspase 8, and caspase 9 were detected by Western blot. 8-Actin was used as loading control. (I) The Jurkat cells were cotreated with
LW-218 and Z-VAD-fmk (10 pumol/L; pre-treated for 1 h) for 12 h. The apoptosis cells (%) were determined by Annexin V/PI staining. (J) and (K)
Average tumor weight (J) and average tumor volume (K) in control mice, mice treated with LW-218 (7.5 and 10 mg/kg) or dexamethasone (Dex,
5 mg/kg). Data are mean £+ SEM for >3 independent experiments; P values are shown on the graph.

overnight at 4 °C, and then was labeled by the secondary antibody and the results were analyzed using AutoDock software (the
with fluorescent dye. The fluorescence was detected by Scripps Research Institute, USA).
Becton—Dickinson FACS Calibur flow cytometry.

2.17.  Statistical analysis

2.16. Docking analysis All data were expressed as mean =+ standard error of mean (SEM)

from at least three independent experiments performed in a par-
The structural model of NPC1 (PDB ID, 3GKI) and NPC2 (PDB allel manner. Statistical analysis of multiple group comparisons
ID, INEP) were used to determine the interactions with LW-218, was performed by one-way analysis of variance followed by the
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Bonferroni post-hoc test. Comparisons between two groups were
analyzed using two-tailed Student’s #-tests. A P value < 0.05 was
considered as significant.

3. Results

3.1.  Lysosome alkalizing agents attenuate LW-218-induced cell
apoptosis

The T-cell acute lymphoblastic leukemia cell lines (Jurkat and
MOLT-4), T cell lymphoma cell lines (HuT 102 and HuT 78) and
acute myeloid leukemia cell line (THP-1) were used to determine
the cytotoxicity of LW-218. Cell apoptosis was induced in Jurkat
and THP-1 cells in a time-dependent manner (Fig. 1A). BAF Al
and NH4CI are lysosome alkalizing agents that can cause the
lysosomal alkalinization®®, which reversed LW-218-induced
apoptosis (Fig. 1B and C and Supporting Information Fig. STA
and S1B) and LW-218-reduced mitochondria membrane poten-
tial (Fig. 1D). Furthermore, LW-218-induced apoptosis correlated
with increased ROS levels (Fig. 1E) and the activation of caspases,
including caspases 3, 9, and 8 (Fig. IF—H and Fig. SIC—SIF), as
well as the cleavage of BID (tBID, activation form of BID)
(Fig. S1G). Pan-caspase inhibitor (Z-VAD-fmk) led to about 20%
reduction in LW-218-induced apoptosis (Fig. 1I and Fig. S1H),
which was not affected by necroptosis inhibitor (Fig. S1I). To a
certain extent, it indicated that caspases-dependent pathway was
involved in LW-218-induced apoptosis, which relied on the
acidification of lysosome, and could be reversed by the alkalin-
ization of lysosome.

We also examined the in vivo effects of LW-218 on a NOD/
SCID mice xenograft model. The mice were inoculated subcuta-
neously with Jurkat cells and received LW-218 (7.5 and 10 mg/kg)
and Dex (5 mg/kg). Compared to untreated controls, LW-218 led
to a significant reduction in tumor growth with slight effect on
body weight (Fig. 1J and K and Supporting Information Fig. S2A).
LW-218 and Dex treatment caused a marked increase of active
caspase 3, indicative of apoptosis (Fig. S2B). Our in vitro findings
of apoptosis induction by LW-218 also were replicated in primary
cells (Fig. S2C). Compared with leukemia cells lines, there were a
discrepancy between primary leukemia cell samples in apoptosis
effects of LW-218. In addition, we confirmed that the cytotoxicity
of LW-218 was more apparently on hematological malignancies
cells (including cell lines and primary cells) than normal cells
(PBMCs, Fig. S2D and S2E), indicating selective cytotoxicity of
LW-218 on cancer cells. Collectively, these data suggest antitumor
effects of LW-218 in vitro and in vivo.

3.2.  LW-218 induces rapid lysosomes damage and LMP

Due to the reversion effects of lysosome alkalizing agents on LW-
218-induced apoptosis, we evaluated the effects of LW-218 on
lysosomes. First, lysotracker RED staining was used to detect the
alteration of lysosomal morphology after LW-218 treatment, and
the abnormal enlargement of lysosomes was observed at a short
time (0.5 h, Fig. 2A). Galectin-3, which distributed throughout the
cytoplasm and nuclei, is recruited to injured lysosomes and forms
galectin-3 puncta®’. The lysosomes were damaged in cells treated
with LW-218, as visualized by the formation of galectin-3 puncta
at 1 h (Fig. 2B), and this effect was proved in vivo (Supporting
Information Fig. S3A). We also observed the LW-218-induced
formation of galectin-3 puncta could be reversed by BAF Al

(Fig. 2B), indicating that LW-218-induced lysosomal damage
relied on the acidic environment of lysosomes.

Lysosomes are acidic organelles with a high intravesicular
calcium concentration and over fifty hydrolases, which release
from the lysosomal lumen when LMP occurs””*®. To assess
whether LW-218 treatment leads to LMP, we determined the
acidic levels of lysosomes, cytosolic calcium levels and cathepsins
redistribution. The reduction of acidification (Fig. 2C and
Fig. S3B), enhancement of cytoplasmic calcium levels (Fig. 2D
and Fig. S3C), and the cytosolic-localization of CTSB (Fig. 2E)
demonstrated that LW-218 treatment led to LMP. Besides, the
inhibition of BAF Al on leakage of CTSB (Fig. 2E) and cytosolic
calcium levels (12 h, Fig. 2F) indicated BAF A1 blocked LW-218-
induced LMP following lysosomal damage. However, BAF Al
was unable to suppress cytosolic calcium levels at 2 h (Fig. 2F),
suggesting that a potential mechanism of calcium releasing was
LMP, but not the only one. Therefore, in order to determine the
timing of LMP, the immunofluorescence assay of CTSB in
different periods was performed. As shown in Fig. 2G, LMP
occurred at 2 h after LW-218 treatment, and the same result was
also proved by AO staining (Fig. S3D). It illustrated that the slight
increase of calcium during 0—2 h wasn’t mediated by LMP, and
couldn’t be inhibited by BAF Al, suggesting the possibility of
channel-mediated calcium release.

Previous studies had confirmed the importance of leakage ca-
thepsins in lysosome-dependent cell death’, we determined
whether the cathepsins were involved in LW-218-induced
apoptosis through transfecting cells with CTSB or CTSD by
shRNA (Fig. S3E—S3F). Knockdown of CTSD by shRNA elimi-
nated LW-218-induced apoptosis (Fig. 2H), cells with damaged
lysosomes (Fig. 2I) and galectin-3 puncta counts significantly
(Fig. 2J), but not lysosomal enlargement (Fig. S3G). We also
found that BAF Al inhibited the expression of active form of
CTSD (Fig. S3H). These results suggested that CTSD, whose
function relied on acidic environment, was required in LW-218-
induced lysosomal damage and subsequent cell apoptosis.

3.3.  Clearance of damaged lysosomes is dependent on
autophagy

LMP is the consequence of the lysosomal membrane rupture and
affects cellular homeostasis’. Damaged lysosomes are shown to be
cleared by selective macroautophagy (herein referred to auto-
phagy), as a cytoplasmic quality control mechanism, which can
mediate the engulfment of injured lysosomes with autophago-
somes and fusion into intact lysosomes for degradation’’*.
Therefore, we suspected that injured lysosomes induced by LW-
218 could be eliminated to maintain the cellular stabilization.
The lysosome-associated membrane proteins (LAMPs) are the
essential composition of the lysosome membrane. LAMP1/2 ac-
counts for about 50% of all proteins in the lysosome membrane
and sustains its integrity’’. The reduction of LAMP?2 after treat-
ment with LW-218 reflects the decreasing amounts of lysosomes
indirectly (Fig. 3A and Supporting Information Fig. S4A). Key
elements of cellular degradation process involve the specific
sensing of the damage followed by extensive modification of the
lysosomes with ubiquitin to mark them for clearance’’'. As
shown in Fig. 3B and Fig. S4B, the co-localization of ubiquitin
and LAMP1/2 after LW-218 treatment indicated that lysosomes
were ubiquitinated. We had proven that BAF A1 blocked LW-218-
induced LMP. Although BAF A1 induced ubiquitin puncta slightly
due to its lysosomal degradation inhibition, BAF A1l was able to
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Figure 2  Cathepsins involve in LW-218-induced lysosomal damage and cell apoptosis. (A) The Jurkat cells treated with 8 pmol/L LW-218 for
0—8 h were labeled with lysotracker RED and determined by flow cytometry (right) and fluorescence microscope (left). The area ratio of ly-
sosomes/cells was analyzed. (B) The Jurkat and THP-1 cells were transfected with a plasmid encoding mCherry-galectin-3 and were treated with
LW-218 and BAF Al (7.5 nmol/L) for 1 h. The galectin-3 puncta determined by fluorescence microscopy, and galectin-3 puncta-positive cells
ratio was calculated (total cells in each group >100). (C) The Jurkat cells treated with 8 pmol/L. LW-218 for 0—8 h were stained with lysosensor
GREEN and determined by flow cytometry. (D) The Jurkat cells treated with 8 pmol/L. LW-218 for 0—8 h were stained with Fluo3-AM, the
cytosolic calcium levels were determined by flow cytometry. (E) The Jurkat cells were cotreated with LW-218 and BAF A1 (7.5 nmol/L) for 4 h.
The immunofluorescence analysis performed with anti-cathepsin B (CTSB) antibody (green), anti-lysosomal-associated membrane proteins 1
(LAMP1) antibody (red; lysosome). (F) The Jurkat cells cotreated with LW-218 and BAF A1 for 2 or 12 h, and the cytosolic calcium levels were
determined. (G) The Jurkat cells were treated with 8 umol/L LW-218 for 0—8 h. The immunofluorescence analysis performed with anti-CTSB
antibody (green), and the CTSB puncta-positive cells ratio was calculated (total cells in each group >100). (H) The Jurkat cells stably-transfected
with a CTSB or CTSD short hairpin RNA (shRNA) were treated with LW-218 for 8 h, and the apoptosis cells (%) were determined by Annexin V/
PI staining and flow cytometry. (I) and (J) The CTSB or cathepsin D (CTSD) shRNA-expressing and control cells (Jurkat) were transfected with a
plasmid encoding galectin-3-mcherry, and then treated with LW-218 for 0, 15, 45, and 100 min. The galectin-3 puncta determined by fluorescence
microscopy, and galectin-3 puncta-positive cells ratio (I) and galectin-3 puncta counts/per cell (J) was calculated (total cells in each group >100).
Data are mean + SEM for >3 independent experiments; P values are shown on the graph.
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inhibit LW-218-inducedlysosomal ubiquitylation significantly ubiquitylation (Fig. 3B). After LW-218 treatment, the cellular
(Fig. 3B), suggesting BAF Al decreased the lysosomal ubig- ubiquitylation levels was increased (Fig. S4F) and the degrada-
uitylation due to its ability to restrain lysosome damage, instead of tion of LAMP2 was inhibited (Fig. 3D), indicating that clearance
inhibiting the ability of lysosomal degradation. The results that of lysosomes could be inhibited by blocking autophagy degra-
BAF A1l could inhibit decrease of LAMP1/2 protein by LW-218 dation using ATG7 shRNA. Furthermore, immunofluorescence

treatment also suggested the protective effects of BAF Al in assay showed that LC3 was recruited to galectin-3 puncta
LW-218-induced lysosomal damage and LMP (Fig. 3C and Fig. (Fig. 3E), and the damaged lysosomes labeled with galectin-3
S4C and S4D). were ubiquitinated (Fig. 3F). It suggests that autophagy was

In order to investigate whether autophagy degradation selective to LW-218-induced lysosome damage. Moreover, the
pathway was involved in lysosome clearance, we inhibited drug withdrawal test was also performed to determine the dy-
autophagic vesicles formation by ATG7 shRNA transfection namics of autophagy-dependent elimination of damaged lyso-

(Fig. S4E). ATG7 shRNA had no effect on lysosomal somes. Cells were exposed to LW-218 for 1 h, and then cultured
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Figure 3 Damaged lysosomes are ubiquitinated and cleared via autophagy pathway. (A) The Jurkat cells were treated with LW-218 (8 pmol/L)
for 0—12 h and expression of LAMP2 were determined by Western blot. (B) Immunofluorescence analysis performed with anti-ubiquitin (red)
antibody and anti-LAMP1 antibody (blue) in Jurkat cells (N.C, autophagy related 7 (ATG7) shRNA, and BAF A1 group) after treatment with LW-
218 for 12 h. (C) The Jurkat and THP-1 cells were cotreated with LW-218 and BAF Al for 12 h. The expression levels of LAMP2 were
determined by Western blot. (D) The Jurkat cells stably-transfected with an ATG7 shRNA were treated with LW-218. The expression of LAMP2
was determined by Western blot, in which above (-actin was used as loading controls. (E) Immunofluorescence analysis performed with anti-
microtubule-associated protein 1 light chain 3B (LC3B) antibody (green) in Jurkat cells transfected with a plasmid encoding mCherry-
galectin-3 after treatment with LW-218, BAF A1l (7.5 nmol/L) and chloroquine (50 pmol/L) for 1 h or 6 h. (F) Immunofluorescence analysis
performed with anti-LAMP1 antibody (blue) and anti-ubiquitin antibody (green) in Jurkat cells transfected with a plasmid encoding mCherry-
galectin-3 after treatment with LW-218 for 6 h. (G) The Jurkat cells transfected with a plasmid encoding mCherry-galectin-3 were treated
with LW-218 (6 pmol/L) for 1 h. After LW-218 washout (withdrawal group) or sustained action (sustain group), the positive for galectin-3 puncta
cells ratio were calculated (total cells in each group >100). (H) The Jurkat cells stably-transfected with an ATG7 shRNA were transfected with a
plasmid encoding mCherry-galectin-3. The N.C. cells and ATG7 shRNA cells were treated with LW-218 for 2 h and then washout. The positive
for galectin-3 puncta were determined by fluorescence microscopy at 12 h after washed, and galectin-3 puncta-positive cells ratio was calculated
(total cells in each group >100). Data are mean & SEM for >3 independent experiments; P values are shown on the graph.
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Figure 4 LW-218 promotes autophagy-related gene expression via calcium—CaN—TFEB axis. (A) The Jurkat and THP-1 cells were cotreated
with LW-218 and BAF A1 (7.5 nmol/L) for 12 h and the expression of LC3 and sequestosome 1 (P62/SQSTM1) were determined by Western blot.
B-Actin was used as loading control. (B) The Jurkat cells were cotreated with LW-218 (8 umol/L) and BAF Al (7.5 nmol/L) or BAPTA-AM
(10 pmol/L) for 6 h or 12 h. The inhibitors were pre-treated for 1 h. The total RNAs were extracted and messenger RNA levels were detec-
ted by real time quantitative PCR. Data are mean £+ SEM for >3 independent experiments; P values are shown on the graph. (C) The Jurkat cells
were cotreated with LW-218 and BAPTA-AM (5 or 10 pmol/L) for 12 h, and the expression of P62, LC3 and LAMP2 were determined by Western
blot. -Actin was used as loading control. (D) The Jurkat cells were treated with LW-218 for 12 h. The levels of transcription factor EB (TFEB) in
cytoplasm/membrane and nuclei fractions were determined by Western blot. $-Actin and lamin A/C were used as cytoplasm/membrane and nuclei
loading control, respectively. (E) Immunofluorescence analysis performed with anti-TFEB antibody (green) and 4',6-diamidino-2-phenylindole,
dihydrochloride (DAPI, blue) in Jurkat cells. The cells were cotreated with LW-218 and BAF A1 (7.5 nmol/L) or BAPTA-AM (10 pmol/L) for
12 h. The inhibitors were pre-treated for 1 h. (F) The Jurkat cells were cotreated with LW-218 and BAPTA-AM (10 pmol/L) or cotreated with LW-
218 and CaN inhibitors for 12 h. The apoptosis cells were determined by Annexin V/PI staining and flow cytometry (apoptosis cells are positive
for Annexin V). Data are mean + SEM for >3 independent experiments; P values are shown on the graph.

in the absence of LW-218 for an additional 24 h. 2 h after possibility of EndoLysosomal Damage Response complex was

removing LW-218, compared with sustain group, the galectin-3
puncta positive cell counts in withdrawal group were decreased
significantly (Fig. 3G). However, in the cells transfected with
ATG7 shRNA, the clearance of damaged lysosomes was inhibited
after removing LW-218 (Fig. 3H and Fig. S4G). The above re-
sults indicate that the clearance of damaged lysosomes depended
on autophagy pathway.

Besides, we detected different types of ubiquitin chains on
damaged lysosomes. K63-linked chains recruit autophagy re-
ceptors, whereas the K48-linked chains are commonly associated
with proteasome degradation®'. Except for K63-linked chains, we
observed LW-218-induced K48-ubiquitinated substrates of lyso-
somes (Fig. S4H—S4J). The phenomenon would not rule out the

involved in LW-218-induced lysophagy, and the K48-linked
chains might mediate the proteasome degradation of lysosomal
substrates®’.

3.4. Calcium mediated autophagy-related genes expression
during lysophagy

We explored the molecular mechanism in LW-218-mediated
autophagy. LW-218 treatment led to accumulation of LC3II
(Supporting Information Fig. S5A) and increase transcription of
autophagy-related genes (Fig. S5B). LW-218-induced autophagy
could be inhibited by BAF Al (Fig. 4A and B and Fig. S5C).
Previous studies have shown that calcium plays a crucial role in
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Figure 5

Lysosomal damage blocks the autophagy flux. (A) The Jurkat cells transfected with a plasmid encoding LC3-GFP-mCherry were

treated with 8 pmol/L LW-218 for different time periods. The cells also treated with BAF Al (7.5 nmol/L) and rapamycin (250 nmol/L). The
colocalization of LC3-GFP and LC3-mCherry were detected by immunofluorescence. (B) The Jurkat and THP-1 cells were treated with 8 pmol/L
of LW-218 for 0—12 h. The expressions of LC3 and P62 were determined by Western blot. (C) The Jurkat cells were cotreated with 8 pmol/L LW-
218 and MG-132 (15 pmol/L, pre-treated for 1 h) for different time periods and the expression of ubiquitin were determined by Western blot. §-
Actin was used as loading control. (D) Immunofluorescence analysis performed with anti-LC3B antibody (red) and galectin-3 (green) in Jurkat

cells. The cells were with LW-218 for 12 h.

the regulation of transcription factors and regulates auto-
phagy®>*?, and LW-218 promoted the increase of cytosolic cal-
cium levels (Fig. 2D). Thus, we assessed whether released of
calcium from lysosomes can mediated the initiation of LW-218-
induced autophagy. As shown in Fig. 4B, C and Fig. S5D, the
transcription of autophagy-related genes, LC3Il accumulation,
P62 expression and LAMP2 degradation could be inhibited by
intracellular calcium chelator BAPTA-AM, suggesting that cal-
cium controlled the LW-218-induced autophagy. Besides, the use
of 2-aminoethoxydiphenyl borate (endoplasmic reticulum cal-
cium channel IP3R1 inhibitor) and EGTA (extracellular calcium
chelator) excluded the effect of endoplasmic reticulum and
extracellular calcium (Fig. S5E). It has been reported that
TRPML1-mediated lysosomal calcium signaling regulates auto-
phagy via CaN and TFEB****, We first demonstrated the nuclear
translocation of TFEB after LW-218 treatment, which could be
inhibited by BAF A1, BAPTA-AM and CaN inhibitors (CsA and
FK-506, Fig. 4D, E and Fig. SSF—S5G). Consistent with a role
of TRPMLI1 in lysosomal calcium release, the silencing of
TRPMLI reduced the cytoplasmic calcium levels at 2 h
(Fig. S5H), when calcium release without LMP (Fig. 2F). These
results indicate that LW-218-induced autophagy-related genes
expression might be mediated by calcium—CaN—TFEB
signaling.

Clearance of damaged organelles by autophagy protects cells
survival®'. LW-218-induced lysophagy protected the cells from
damage of dysfunctional lysosomes. Therefore, apoptosis was
accelerated when lysophagy was inhibited by BAPTA-AM or CaN
inhibitors (Fig. 4F). It further illustrated that CaN and calcium
were involved in autophagy regulation and the clearance of
damaged lysosomes through autophagy was transient self-salvage
of cells.

3.5.  Persistent lysosomal damage inhibited the autophagy flux

Lysosomal degradation is the late-stage of autophagy®®. We
further confirmed that LW-218-induced lysosomal damage
inhibited autophagic flux. As shown in Fig. 5A, in the cells
transfected with LC3-GFP-mCherry, LW-218 increased the LC3-
mcherry puncta during 45 min—2 h. LW-218 decreased the
expression of P62 during 0—4 h in Jurkat cells and 0—2 h in THP-
1 cells, respectively (Fig. 5B and Supporting Information
Fig. S6A). These results indicate the normal degradation of
autophagy. However, after treatment with LW-218 for 6 h in Jurkat
cells, or for 4 h in THP-1 cells, the expression of P62, LC3I started
to increase, and the pronounced LC3II accumulation indicated the
cellular retention of autophagic vesicles (Fig. 5B and Fig. S6A).
Exposing to LW-218, LC3 puncta displayed yellow overlay
increased in a time-dependently manner (0—8 h, Fig. 5A). It
suggests that persistent LW-218 treatment inhibited autophagy
flux. Ubiquitinated proteins also showed a trend of decreasing and
then increasing, proving the degradative substrates accumulation
(Fig. 5C and Fig. S6B). And the autophagosomes-lysosomes
fusion blockage occurred over time (Fig. S6C—S6E). We
observed non-colocalization of LC3 and galectin-3 at timepoint of
12 h, also indicating large amount of autophagosomes accumu-
lation due to lysosomal damage and degradative capacity failure
(Fig. 5D). The autophagy inhibition was proved in tumor tissue.
Accumulation of LC3 puncta and colocalization of LC3 and P62
were detected in LW-218-treated group, while it was not observed
in Dex-treated group (Fig. SOF). It can be concluded that the
degradation of substrates linked with P62 and LC3 was inhibited
after LW-218 treatment. In addition, in the presence of BAF Al,
LW-218-induced apoptosis still increased during 24—72 h, with
the marked LC3II expression (Fig. S6G and S6H). These results
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Figure 6

LW-218 induces lysosomal cholesterol accumulation. (A) and (B) The Jurkat cells were cotreated with LW-218 (8 umol/L) and BAF

Al (7.5 nmol/L, pre-treated for 1 h) or atorvastatin (10 pmol/L, pre-treated for 6 h) for 0—12 h, and labeled with lysotracker RED. The fluo-
rescence intensity was determined by flow cytometry. (C) Immunofluorescence analysis performed with filipin (blue) and LAMP1 (red) in Jurkat
cells treated with LW-218 for 6 h. (D) The Jurkat cells were stained with lysotracker RED and determined by flow cytometry after cotreated with
LW-218 and ML282 (5 pmol/L, pre-treated for 2 h) for 2 and 12 h. (E) and (F) The Jurkat cells transfected with a plasmid encoding galectin-3-
mCherry were cotreated with LW-218 (8 umol/L) and atorvastatin (10 pmol/L, pre-treated for 6 h) or ML282 (5 pmol/L). The cells were
determined by fluorescence microscopy. The galectin-3 puncta-positive cells ratio (E) and galectin-3 puncta counts/per cell (F) were calculated
(total cells in each group >100). Data are mean & SEM for >3 independent experiments; P values are shown on the graph.

show that LW-218-induced damaged lysosomes underwent auto-
phagy degradation until autophagy inhibition occurred due to
exhausted lysosomal degradative capacity.

3.6. LW-218 induces lysosomal cholesterol accumulation
via interacting with NPC1 proteins

BAF Al can inhibit LW-218-induced lysosomal damage and
apoptosis. However, LW-218 induced lysosomal enlargement
regardless of the presence or absence of BAF Al (Fig. 6A, ar-
rows). Previous studies have confirmed that lysosomal cholesterol
accumulation can enlarge the volume of organelles, and lysosomal
cholesterol contents may play an important role in the mainte-
nance of lysosomal membrane stability and cell death'®'*',
Sensitivity to lysosome-dependent cell death is directly regulated
by lysosomal cholesterol content”. Atorvastatin, an inhibitor of 3-
hydroxy-3-methyl glutaryl coenzyme A reductase inhibits the
synthesis of cholesterol, could delay the enlargement of lysosomes

induced by LW-218 (Fig. 6B). Filipin staining also demonstrated
the lysosomal cholesterol accumulation (Fig. 6C and Supporting
Information Fig. S7A).

And then, we inhibited the fusion of late endosomes and ly-
sosomes by using ML282, an inhibitor of RAB7A, which reduced
the enlargement of lysosomes (Fig. 6D). However, atorvastatin
and ML282 couldn’t reverse LW-218-induced apoptosis (Fig. S7B
and S7C), only delayed the lysosomal damage temporarily
(Fig. 6E), as well as the damage degree (Fig. 6F). We hypothe-
sized that the lysosomal damage occurred only when lysosomal
cholesterol accumulation exceeded the threshold of membrane
stabilization. Reducing cholesterol synthesis or transport could
delay, but not prevent, cholesterol accumulation to this threshold.

According to the cellular thermal shift assay results that NPC1
was more stable than NPC2 after LW-218 treatment (Fig. 7A), and
binding of LW-218 and NPC1 (Fig. 7B—E) shown by molecular
docking examination, we confirmed that LW-218-induced
cholesterol accumulation on lysosomal membrane might result
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The interaction between LW-218 and NPC intracellular cholesterol transporter 1 (NPC1) protein. (A) The Jurkat cells were treatment

with dimethyl sulfoxide or 8 pmol/L LW-218 for 6 h, and the cells were collected and divided equally into 9 tubes, respectively. After incubated in
different temperature in a gradient style, the cells underwent freezing and thawing cycles in liquid nitrogen for three times. After protein
denaturation, NPC1 and NPC2 were determined by Western blot. 3-Actin was used as loading control, and protein qualification were analyzed by
gray scale. Data are mean £+ SEM for >3 independent experiments; P values are shown on the graph. (B)—(E) Molecule docking examination of
LW-218 and NPC1 (PDB ID: 3GKI) or NPC2 (PDB ID INEP) protein. NPC1 binding mode (B) and 2D interaction map of LW-218 (C). NPC2

binding mode (D) and 2D interaction map of LW-218 (E).

from the inhibition of NPC1, instead of NPC2. The binding scores
of NPC1 and NPC2 were 73.329 and 41.384, respectively. And the
binding free energy of LW-218 with NPC1 or NPC2 were —8.429
and —3.698 kcal/mol. Molecular docking also indicated that LW-
218 forms an electrostatic bond with Tyr192 residue, which lo-
cates in N-terminal domain (NTD), a domain accepts the handoff
of cholesterol from the soluble protein NPC2**. These results
above indicate that LW-218-induced lysosomal cholesterol accu-
mulation was mediated by NPC1 inhibition.

4. Discussion

Therapeutic targeting to lysosomes as a novel anticancer strategy.
It has been under extensive investigation due to the reliance of

cancer cells on lysosomes. Tumor cells rely more on over-active
lysosomal function™ 7, present modifications on lysosomes, and
exhibit weaker lysosomal membranes as compared to noncan-
cerous cells, making them more vulnerable to lysosomal dysre-
gulation®®**, Lysosome-dependent cell death (LCD) is a cell
death pathway characterized by lysosomal destabilization, and
LMP is an effective therapeutic strategy, as LMP have shown that
this form of cell death is not just a “suicide bags”. LMP is an
effective way to kill many different cancer cell types™. Targeting
lysosomes therefore has great therapeutic potential in cancer,
because it not only triggers apoptotic and lysosomal cell death
pathways but also inhibits cytoprotective autophagy®. The lyso-
some also has been found to contribute to chemotherapy resistance
in cancer*™*'. Lysosomes play an important role in cancer drug
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resistance by sequestering cancer drugs in their acidic environ-
ment, resulting in a bluntness of the drugs’ effects™. Therefore,
the lysosome could be considered an Achilles’ heel of cancer
cells. Development of a new agent of targeting lysosomes for the
treatment of cancer has an important clinical significance. Various
agents targeting lysosomes, either alone or in combination with
other chemotherapy agents have shown significant anti-tumor ef-
fects. For example, in leukemia, lysosomal dysfunction has been
an effective strategy to against leukemia and leukemia stem cells
without significant toxicity in normal cells***. Lysosomotropic
agent siramesine eliminates chronic lymphocytic leukemia cells
selectively by altering metabolism of sphingolipid**. Mefloquine
has the cytotoxicity effects on chronic myelocytic leukemia cells
via lysosomal-lipid damage®.

In this study, we demonstrated LW-218, a new flavonoid
compound, targeted lysosomes and induced LCD for eliminating
hematological malignancy cells (Fig. 8). In vitro experiments, LW-
218 induced cell apoptosis significantly in cell lines and primary
cells. In vivo study, LW-218 inhibited tumor growth in a Jurkat
mouse xenografts model. For mechanisms, LW-218 suppressed
the endocytic cholesterol trafficking by inhibiting the NPC1, and
then induced undischarged cholesterol deposited on lysosomal
membrane. The lipotoxicity elicited CTSD-mediated lysosomal-
associated reaction, including lysosomal damage, subsequent
LMP and LCD. These effects could be inhibited by BAF A1 due to
the dependency of CTSD on acidic environment of lysosomes’.
However, the inhibition of BAF A1 on LW-218-induced apoptosis
was also temporary. LW-218-induced apoptosis could be still
detected during 24—72 h in the presence of BAF A1 (Fig. S6G and
S6H). We speculated that the apoptosis resulted from cholesterol
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The proposed mechanism of LW-218-induced lysosomal damage, lysophagy and apoptosis.

deposition, or the overload accumulation of autophagic vesicles.
In the process of LW-218 treatment, lysophagy was triggered to
maintain the cellular homeostasis by dysfunctional lysosomes
clearance. TRPMLI1-released calcium might mediate TFEB nu-
clear translocation and expression of autophagy- and lysosome
biogenesis-related genes. Previous studies have indicated that
sphingomyelins, a class of membrane lipids, inhibit TRPML1 and
block release of calcium™®. The cholesterol/sphingomyelins traf-
ficking defects induce lipid accumulation and Niemann-Pick type
C (NPC) disease™*°. However, in this diseases, cholesterol
accumulation is believed to appear first, as a result of defective
function of the NPC1 or NPC2 proteins, and the cholesterol/
sphingomyelin ratio is much higher*’. We hypothesized that rapid
cholesterol accumulation interferes with the sphingomyelin’s
normal function of inhibiting TRPML1, and resulted in TRPML1
channel activation.

NPC1 is required for cholesterol export in endocytic system
and lysosomes. Its mutation is always associated with choles-
terol accumulation disease®. Previous studies have confirmed
the overexpression of NPC1 has a positive significance on NPC
disease treatment®’. However, consistent with our findings, we
provided new insight into the anti-cancer effects of cholesterol
mediated by inhibiting NPCI1, which might be a novel target
for cancer therapy. This is facilitated by the characteristic of
poor cholesterol in lysosomal membrane, leading to sensitivity
to abnormal cholesterol accumulation'’. Based on the reliance
of cancer cells on lysosomes, it is possible to target lysosomes
by inhibiting NPC1 for tumor treatment. Although there are
several NPC1 inhibitors, such as UI8666A, itraconazole and
leelamine, research of anticancer effects of these inhibitors on
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hematological malignancies are rare*®. Thus, the results of LW-
218 made it possible for NPC1 inhibitors as novel anticancer
drugs.

It is promising to find new agent candidates that can specif-
ically target tumor cell lysosomes in a safe, effective and anti-
resistant manner*’, and LW-218 showed low-toxicity effects on
normal cells. However, the damage of drugs targeting the lyso-
somes to normal cells cannot be ruled out, and it is also cytotoxic
to normal cells by these agents with improper concentration.
Therefore, it is necessary to select the appropriate concentration
for killing tumor cells without damaging normal cells. Of course,
it is not enough to kill cancer cells by just relying on the
destructive effects on lysosomes of LW-218. By interfering with
lysosomes to block protective autophagy, chemotherapeutic
resistance can be reduced. Therefore, combination of LW-218
with chemotherapy may be a safe and effective strategy for can-
cer treatment.

5. Conclusions

We demonstrated the dynamics and mechanism of LW-218-
induced lysosomal damage, clearance and LCD, as well as inhi-
bition of NPC1 as a novel strategy for cancer treatment. Based on
the research above of LW-218, we also emphasized the necessary
impact of integral lysosomal function in cell rescue and death.
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