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Abstract The maintenance of lysosomal integrity is essen-
tial for lysosome function and cell fate. Damaged lysosomes
are degraded by lysosomal autophagy, lysophagy. The
mechanism underlying lysophagy remains largely unknown;
this study aimed to contribute to the understanding of this
topic. A cell-based screening system was used to identify
novel lysophagy modulators. Triamterene (6-phenylpteri-
dine-2,4,7-triamine) was identified as one of the most potent
lysophagy inducers from the screening process. We found
that triamterene causes lysosomal rupture without affect-
ing other cellular organelles and increases autophagy flux
in HepG2 cells. Damaged lysosomes in triamterene-treated
cells were removed by autophagy-mediated pathway, which
was inhibited by depletion of the autophagy regulator, ATGS
or SQSTMI. In addition, treatment of triamterene decreased

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
$12272-021-01335-5.

P< Dong-Hyung Cho
dhcho@knu.ac.kr

1 School of Life Sciences, BK21 FOUR KNU Creative
BioResearch Group, Kyungpook National University, 80
Daehakro Bukgu, Daegu 41566, Republic of Korea

Brain Science and Engineering Institute, Kyungpook
National University, Daegu 41566, Republic of Korea

Department of Biology Education, Kyungpook National
University, Daegu 41566, Republic of Korea

School of Applied Biosciences, College of Agriculture
and Life Science, Kyungpook National University,
Daegu 41566, Republic of Korea

5 Stem Cell Institute, ENCell Co. Ltd, Seoul 06072,
Republic of Korea

School of Biological Sciences, Seoul National University,
Seoul 08826, Republic of Korea

the integrity of lysosome and cell viability, which were res-
cued by removing the triamterene treatment in HepG2 cells.
Hence, our data suggest that triamterene is a novel lysophagy
inducer through the disruption of lysosomal integrity.

Keywords Triamterene - Lysophagy - Lysosomal
integrity - Autophagy - LLOMe - HepG?2 cells

Introduction

Lysosomes, single membrane-bound organelles, are respon-
sible for various cellular functions, including the degrada-
tion of extra- or intracellular materials, nutrient sensing and
recycling, cholesterol homeostasis, and cell death (Settem-
bre et al. 2013). As the main organelles of degradation, lys-
osomes contain more than 60 degradative enzymes, such as
proteases, lipases, nucleases, and other hydrolases, which
are optimally activated in acidic pH conditions (Perera and
Zoncu 2016). According to this notion, disruption of the
lysosome results in increased cytosolic acidity, and leak-
age of these enzymes into the cytoplasm can trigger cell
death (Kroemer and J&itteld 2005; Papadopoulos and Meyer
2017). Therefore, the maintenance of lysosomal function and
integrity is essential for cellular homeostasis. Various lys-
osomotropic agents induce lysosomal membrane permeabili-
zation (LMP) under conditions of stress, releasing lysosomal
contents (Boya and Kroemer 2008), including monosodium
urate, pathogens, lipids, f-amyloid, and membrane-disturb-
ing agents, such as L-leucyl-L-leucine methyl ester (LLOMe)
(Papadopoulos and Meyer 2017).

Macroautophagy (Autophagy) is a lysosome-dependent
quality control mechanism that degrades cellular contents
in response to various cellular stresses (Dikic and Elazar
2018; Pun et al. 2020). Autophagy begins with the isolation
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membrane, phagophore, gradually elongates to form a
mature autophagosome (Mizushima and Komatsu 2011).
After maturation, the autophagosome fuses with the lyso-
some to degrade molecules (Mizushima and Komatsu 2011;
Dikic and Elazar 2018). The autophagic process is regu-
lated by a series of autophagy-related (ATG) proteins (Dikic
and Elazar 2018), and autophagy can selectively eliminate
specific components, referred to as selective autophagy. For
example, protein aggregates and parts of or entire organelles,
such as mitochondria (mitophagy), peroxisome (pexophagy),
ER (ER-phagy), and Golgi (Golgi-phagy), can be targeted
for selective autophagy (Jo and Cho 2019; Kirkin 2020).
Lysosomes are also degraded by selective autophagy, called
lysophagy, in an ubiquitin-dependent manner (Hung et al.
2013; Maejima et al. 2013).

In response to lysosomal damage, such as membrane rup-
ture, galectins and ubiquitin are recruited to lysosomes to
initiate ‘eat-me’ signals, followed by lysophagy (Maejima
et al. 2013). The lumen of a lysosome is maintained at a low
pH for normal function; the membrane is protected from this
environment through the generation of glycocalyx from the
glycosylated proteins on the membrane (Perera and Zoncu
2016). Galectins have a high affinity for p-galactosides.
Upon lysosomal membrane disruption, PB-galactose-
containing glycoconjugates in the lumen of lysosomes are
exposed and further recognized by galectins (Thurston et al.
2012; Maejima et al. 2013; Aits et al. 2015). According to
this notion, galectin-3 (Gal3) has been widely used as a
monitoring marker for damaged lysosomes (Maejima et al.
2013; Aits et al. 2015; Papadopoulos et al. 2017).

Ubiquitination is also involved in the regulation of
lysophagy. Damaged lysosomes labeled with Gal3 are
poly-ubiquitinated (Maejima et al. 2013). The E3 ligases,
tripartite motif 16 (TRIM16), and valosin containing pro-
tein (VCP) play a role in the ubiquitination of ruptured lys-
osomes (Bell et al. 2012; Chauhan et al. 2016; Papadopoulos
et al. 2017). In addition, ubiquitin conjugating enzyme E2 Q
family like 1 (UBE2QL1) also contributes to the ubiquitina-
tion of lysosomes in response to lysosomotropic agents. Loss
of UBE2QL1 decreases the ubiquitination of lysosomes,
formation of autophagosomes, and recruitment of VCP
(Koerver et al. 2019). This ubiquitination is followed by the
recruitment of autophagy receptors, such as SQSTM1/p62,
which bind to ubiquitinated targets and the LC3 protein,
leading to autophagic degradation (Anding and Baehrecke
2017). The SQSTM1 protein is recruited on ruptured lys-
osomes and functions as a receptor for lysophagy (Maejima
et al. 2013; Papadopoulos et al. 2017).

Although several regulators involved in lysophagy have
been identified, the molecular mechanisms underlying
lysophagy and its inducers are still poorly understood. This
study revealed that triamterene (6-phenylpteridine-2,4,7-
triamine/C;,H,;N) increased lysosomal damage and
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decreased lysosomal integrity in HepG2 cells. The inhibi-
tion of autophagy was also found to suppress the clearance
of damaged lysosomes in triamterene-treated cells. These
results indicated that triamterene is a novel lysophagy
regulator participating in the molecular mechanism of

lysophagy.

Materials and methods
Reagents

L-leucyl-L-leucine methyl ester (LLOMe), triamterene,
amiloride hydrochloride hydrate, aminopterin, peme-
trexed disodium heptahydrate, and bafilomycin A; were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Torinl was purchased from TOCRIS (Bristol, UK).
SBI-115 was purchased from Biovision (Milpitas, CA,
USA). Cell Counting Kit-8 (CCK-8) was purchased from
Dojindo (Rockville, MD, USA). The short interfering
RNA (siRNA) targeting for ATG5 (5'-CAGGUAAGUCAA
GCCUACAUU-3"), SOSTM1 (5'-GCAUUGAAGUUG
AUAUCGAUUU-3"), and negative scrambled siRNA (5'-
CCUACGCCACCAAUUUCGU-3’) were synthesized by
Genolution (Seoul, Korea).

Plasmids

The expression plasmids pEGFP-hGalectin-3 (GFP-Gal3)
and pmRFP-EGFP-Galectin-3 (ptf-Gal3) were purchased
from Addgene [deposited by Dr. Tamotsu Yoshimori
(Osaka University, Japan)]. The subcellular localization
vectors, pmTurquoise2-ER, pmTurquoise2-Golgi, and
pmTurquoise2-Peroxi, in which a cyan fluorescence protein
(Turquoise) was fused with ER, Golgi, or peroxisome tar-
geting sequences respectively, were obtained from Addgene
[deposited by Dr. Dorus Gadella (University of Amsterdam,
Netherlands)]. pPEGFP-TFEB was obtained from Addgene
[deposited by Dr. Shawn Ferguson (Yale Univeristy, USA)].
pLAMP1-GFP and pEGFP-LC3 were kindly provided by Dr.
Peter K. Kim (Toronto University, Canada) and Dr. Nob-
oru Mizhushima (Tokyo University, Japan), respectively.
pCMV-lyso-pHluorin (Lyso-pHluorin) was purchased from
Addgene [deposited by Dr. Christian Rosenmund (Neurosci-
ence Research Center, Germany)]. pEGFP-Ubiquitin (GFP-
Ub) and pLAMPI1-mCherry were purchased from Addgene
[deposited by Dr. Nico Dantuma (Karolinska Institutet,
Sweden) and Amy Pamer (University of Colorado, USA)],
respectively. Mitochondrial-YFP (pMito-YFP) plasmid was
kindly provided by Dr. Gyesoon Yoon (Ajou University,
Korea).
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Cell culture and establishment of stable cell lines

HepG?2 and HeLa cells were obtained from the Ameri-
can Type Culture Collection. The ATGS5-deficient HeLa
cells generated with the CRISPR/Cas9 system (HeLa/
ATGS5 KO) were kindly provided by Dr. Tomotake Kanki
(Niigata University, Japan). To generate stable cell lines,
HepG?2 cells were transfected with either GFP-Gal3 or
ptf-Gal3 using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s protocol. Stable
transfectants were selected using 1 mg/ml of G418 for 10
days (Invitrogen). After seeding the individual cells, the
stable clones were selected under a fluorescence micro-
scope (Olympus, Tokyo, Japan).

Cell-based fecal metabolites library screening

For the cell-based fecal metabolites library screening,
HepG2/GFP-Gal3 cells were seeded in a 96-well plate.
After 24 h, approximately 100-500 uM of MetaSci Fecal
Metabolites Library (MetaSci, Toronto, Canada), includ-
ing endogenous metabolites and various bioactive chem-
icals, was added to each well. GFP-Gal3 puncta in the
cells were monitored by fluorescence microscopy (Olym-
pus). The experiments were repeated 3 times at the same
condition.

Western blotting

For immunoblotting, cells were harvested using a cell
lysis buffer and prepared with 2x Laemmli sample buffer
(Bio-Rad, Hercules, CA, USA). Total protein quantity
was measured using Bradford solution (Bio-Rad) accord-
ing to the manufacturer’s instructions. Then, the samples
were separated by SDS-PAGE and transferred to a PVDF
membrane (Bio-Rad). After blocking with a 4% skim
milk (MBcell, Seoul, Korea) in TBST [25 mM Tris-base
(GenDEPOT, Katy, TX, USA), 140 mM NaCl (GenDE-
POT), and 0.05% Tween® 20 (Sigma)], the membrane
was probed with the following primary antibodies: anti-
LC3 and anti-ATGS5 antibodies, purchased from NOVUS
Biologicals (Centennial, CO, USA); anti-SQSTMI1 and
anti-p-TFEB antibodies, purchased from Cell Signaling
Technology (Danvers, MA, USA); anti-GFP, anti-LAMPI,
anti-P4HB, and anti-TOMM?20 antibodies purchased from
Santa Cruz (Dallas, TX, USA); anti-FTCD, and anti-
ABCD3 antibodies purchased from Abcam (Cambridge,
UK); anti-a-Actin (ACTA1) antibody, purchased from
Sigma. For protein detection, the membranes were incu-
bated with HRP-conjugated secondary antibodies (Cell
Signaling Technology).

Fluorescence microscopy

Cells were treated with triamterene and fixed with 4 %
paraformaldehyde for 10 min. Samples were then observed
using a fluorescence microscope (Olympus). The number of
Gal3 puncta was analyzed by Image J (NIH, Bethesda, MD,
USA). Analysis of graph data was performed with GraphPad
Prism 8 (GraphPad Software, San Diego, CA, USA).

Lysosomal acidification measurement

HepG2 cells were transiently transfected with lyso-pHluorin
using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol. Next, the cells were treated with
LLOMe or triamterene for 2 h. After 2 h, triamterene was
washed out and changed with normal cell culture media and
incubated for another 6 and 24 h. The fluorescent signals
resulting from each chemical were captured using a fluores-
cence microscope (Olympus). The intensity of fluorescence
was measured by Image J, and the analysis of graph data was
performed with GraphPad Prism 8.

Cell viability assay

HepG2 cells cultured in 96-well plates were incubated with
either LLOMe (750 uM) or 200 pM triamterene for 2 h then
washed with fresh medium and incubated for 6 and 24 h. In
addition, HeLLa and HeLa/ATGS5 KO cells were cultured in
96-well plates and incubated with either LLOMe or triam-
terene for 12 h. Using a CCK-8 following the manufacturer’s
protocol, the cell viability was calculated as follows: (chemi-
cal treated cells)/(untreated cells) x 100.

Statistical analysis

Data were obtained from at least 3 independent experiments,
and presented as means + S.E.M. Statistical evaluation of
the results was performed using one-way ANOVA. Data
were considered significant at with p values of *p <0.05,
**p<0.01, and ***p <0.001.

Results
Triamterene increases lysosomal rupture

Although lysophagy has emerged as a dedicated response
to changes in permeability and the integrity of lysosomes,
the precise regulatory mechanism is mostly unknown. To
identify new regulators of lysophagy, GFP-tagging hGa-
lectin-3 (GFP-Gal3) has been used as a lysosomal damage
monitoring system. Because Gal3 is widely used to monitor
lysosome damage (Paz et al. 2010; Maejima et al. 2013),
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we generated a stable HepG2 cell line expressing GFP-Gal3
(HepG2/GFP-Gal3) and screened a library containing ~ 550
metabolites and chemical drugs. From the screening, we
identified triamterene as well as several putative regula-
tors for lysophagy (Supplementary Fig. 1). To confirm the
screening results, HepG2/GFP-Gal3 cells were treated
with triamterene at different concentrations (100-500 uM)
(Fig. 1 A). LLOMe (750 uM) was used as a positive control
to disrupt the lysosomal membrane (Maejima et al. 2013).
Treatment had no influence to increase of Gal3-puncta in
lower concentration, while 100-200 uM triamterene effi-
ciently induced Gal3-puncta formation (Fig. 1A and B). As
higher dosage of triamterene (> 500 uM) showed cytotoxic-
ity in HepG?2 cells, we used 100-200 uM of triamterene in
further studies (Data not shown). The number of Gal3 puncta
per cell was also significantly increased in triamterene-
treated cells in a dose-dependent manner (Fig. 1B). To fur-
ther investigate whether triamterene treatment influences
other organelles, we observed cellular organelles, includ-
ing mitochondria, ER, Golgi apparatus, and peroxisome in
triamterene-treated cells. Cells expressing organelle marker
proteins, such as LAMP1-GFP (lysosome), turquoise2-ER
(ER), turquoise2-Golgi (Golgi), mito-YFP (mitochondria),
and turquoise2-Peroxi (peroxisome), were treated with tri-
amterene and monitored. The results showed that ER, Golgi,

mitochondria, and peroxisome were not notably changed
by treatment with triamterene in HepG2 cells, while some
swelling was observed in lysosomes (Fig. 1 C).

Triamterene decreases integrity of lysosomes

As a degradative organelle, lysosomal integrity is important
for cell homeostasis and function (Papadopoulos and Meyer
2017). To investigate the lysosomal pH level in triamterene-
treated cells, we employed a lyso-pHluorin system (Rost
et al. 2015). The pHluorin emits a green fluorescent signal at
neutral pH; it is easily quenched under the acidic conditions
within the lysosomal lumen (Miesenbock et al. 1998). Cells
expressing lyso-pHluorin were treated with triamterene or
LLOMe, and the fluorescent intensity was monitored. As
shown in Fig. 2A, the fluorescent signal of pHluorin dose-
dependently increased in triamterene-treated cells. The
transcription factor EB (TFEB) coordinates lysophagy by
driving the expression of autophagy and lysosomal genes
(Settembre et al. 2011). Thus, in response to autophagy
activation, TFEB is dephosphorylated, which promotes its
nucleus translocation to activate target genes (Napolitano
and Ballabio 2016). As TFEB is activated to recover lyso-
somal damage (Jia et al. 2018; Zhitomirsky et al. 2018), we
further examined the TFEB activation in triamterene-treated
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Fig. 1 Triamterene induces GFP-Galectin3 puncta in HepG2 cells. A, B HepG2 cells stably expressing GFP-Gal3 (HepG2/GFP-Gal3) were
treated with either LLOMe (750 uM) or 100, 200, 500 uM of triamterene (TRI) for 2 h. A Cells were imaged by fluorescence microscopy, B
and the number of Gal3 puncta per cell were counted (n= 100, Data are presented as the mean+ SEM (***p <0.001). C Transiently transfected
HepG2 cells with markers for cellular organelles, LAMP1-GFP (Lysosome), turquoise2-ER (ER), turquoise2-Golgi (Golgi), Mito-YFP (Mito-
chondria), and turquoise2-Peroxi (Peroxisome) were treated with triamterene (200 uM) for 2 h or not and imaged by fluorescence microscopy.

Scale bar: 10 pm
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Fig. 2 Triamterene decreases integrity of lysosome but increases translocation of TFEB in HepG2 cells. A HepG2 cells expressing Lyso-
pHluorin were treated with triamterene (TRI, 100, 200, 500 uM) for 2 h. The fluorescence intensity of pHluorin protein in the cells was imaged
and counted. Data are presented as the mean + SEM (n=20, ***p <(0.001). Scale bar: 10 pm. B Transiently transfected HepG2 cells with TFEB-
GFP were treated with triamterene (TRI, 100, 200 uM) or Torinl (1 uM) for 2 h. Localization was imaged by fluorescence microscope, and the
ratio (nucleus/cytosol, n=10) was counted. Data are presented as the mean + SEM (***p <0.001). Scale bar: 10 pm. C The cells were harvested

and phosphorylation status of TFEB was analyzed by western blotting

cells. Similar to Torinl1, a potent mTOR inhibitor, treatment
with triamterene efficiently induced the translocation of
TFEB to the nucleus from the cytosol (Fig. 2B). Further-
more, we found that treatment with triamterene induces
dephosphorylation of TFEB (Fig. 2C), suggesting triam-
terene activates TFEB in HepG?2 cells.

Triamterene activates lysophagy in HepG2 cells

We next examined the effect of triamterene in autophagy
activation. HepG2 cells expressing GFP-LC3, a marker for
autophagy activation, were treated with either triamterene
or LLOMe. As shown in Fig. 3A and B, both the formation
of punctate GFP-LC3 protein and the conversion of LC3-
IT from LC3-I were dramatically increased in triamterene-
treated and LLOMe-treated cells (Fig. 3A, B). To examine
autophagy flux by triamterene treatment, HepG2 cells were
treated with or without bafilomycin A, (Baf), an inhibitor of
autophagosome fusion to the lysosome. We found that the
protein level of LC3-II was higher in cells treated with triam-
terene and bafilomycin Al than cells treated with either of
these compounds alone (Fig. 3C). Since triamterene appears
to highly affect the lysosome rather than other organelles
(Fig. 1C), we next investigated the effect of triamterene on
lysophagy. To examine lysophagy induction, we developed a
lysophagy monitoring system with mRFP- and GFP-tandem-
tagged Gal3 (ptf-Gal3) in HepG?2 cells (HepG2/ptf-Gal3).

The outcome of this assay is based on the differences in
pH sensitivity between the green- and red fluorescent pro-
teins. The EGFP signal is easily quenched, while mRFP
is more stable in lysosomal acidic conditions (Zhou et al.
2012; Maejima et al. 2013). Using this system, we found that
most of the cells showed EGFP- and mRFP-double-positive-
Gal3 puncta with either LLOMe or triamterene treatment
(Fig. 4A-C). However, after removal of the chemicals, the
number of cells with double-positive-Gal3 puncta decreased
while mRFP-single-positive-Gal3 puncta cells increased, in
a time-dependent manner (Fig. 4B, C). Moreover, the reduc-
tion of EGFP- and mRFP-double-positive-Gal3 puncta was
efficiently blocked after treatment with Baf (Fig. 4B, C). It
has been demonstrated that ubiquitination mediates selective
autophagy for cellular organelles (Kirkin et al. 2009; Shaid
et al. 2013). During selective autophagy, the ubiquitinated
organelles are recognized by autophagy adaptor proteins,
such as SQSTM1/p62 (Shaid et al. 2013). Throughout the
literature, ubiquitin is recruited on damaged lysosomes to
carry out lysophagy (Maejima et al. 2013; Papadopoulos
et al. 2020). For these reasons, we investigated the role of
ubiquitin in triamterene-induced lysophagy. As shown in
Fig. 4D, ubiquitin was translocated and mainly colocalized
with lysosomal protein, LAMPI1, in triamterene-treated
cells in contrast to control cells (Fig. 4D). In addition, LC3-
labeled autophagosome also colocalized with lysosomes
in LLOMe- or triamterene-treated cells (Fig. 4E). Taken
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Fig. 3 Triamterene enhances autophagic flux in HepG2 cells. A, B HepG2 cells transiently expressing GFP-LC3 were treated with triamterene
(TRI, 100, 200 uM). A The cells were imaged by fluorescence microscopy, and the number of LC3 puncta per cell was counted. B The cells
were analyzed by western blotting with anti-LC3 antibody and LLOMe (750 uM) (positive control). C Triamterene (TRI)-treated HepG2 cells
incubated in the presence or absence of bafilomycin A, (Baf) were analyzed by western blotting for LC3 conversion. Data are presented as the

mean + SEM (n=50, ***¥p <0.001). Scale bar: 10 um

together, these results suggest that triamterene enhances
lysophagy in HepG2 cells.

Depletion of ATGS or SQSTM1 delays clearance
of damaged lysosome in triamterene-treated cells

Next, we investigated the effects of inhibition of autophagy
on triamterene-induced lysophagy. HepG2/GFP-Gal3
cells transfected with scrambled siRNA or ATGS5 siRNA
were pretreated with triamterene for 2 h, after which the
cells were washed and incubated in normal culture media
(Fig. 5A). As shown in Fig. 5A, the punctate structure of
GFP-Gal3 by triamterene was dramatically cleared in the
control cells in a time-dependent manner after washing. The
depletion of ATGS5 notably delayed the clearance of dam-
aged lysosomes in triamterene-treated HepG2/GFP-Gal3
cells (Fig. 5A and Supplementary Fig. 2). LLOMe was used
as a control. SQSTM1 plays a major role and is consistently
found on damaged lysosomes (Maejima et al. 2013), and the
downregulation of SQSTM1 impairs the clearance of dam-
aged lysosomes (Papadopoulos et al. 2017). Thus, we further
investigated the effect of triamterene in SQSTM1-depleted
cells. Consistent with the ATG5 knockdown results, deple-
tion of SQSTM1 significantly attenuates the clearance of
damaged lysosomes in triamterene-treated cells (Fig. 5B and
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Supplementary Fig. 2). Taken together, these results sug-
gested that triamterene induces lysophagy via the ATG5-and
SQSTM1-dependent canonical autophagy pathway.

Inhibition of lysophagy exacerbates cell death
in triamterene-treated HepG2 cells

Because the integrity of lysosome is important for lysosome
function, loss of lysosomal integrity affects cell viability
(Papadopoulos and Meyer 2017; Arhzaouy et al. 2019); we
investigated the effect of triamterene on lysosome integrity.
HepG2 cells expressing lyso-pHluorin were treated with
either LLOMe or triamterene. After 2 h, LLOMe and tri-
amterene was replaced, and the cells were incubated in nor-
mal culture conditions for 6 and 24 h. Then, the fluorescent
intensity of pHluorin was measured. The results showed
that treatment with triamterene strongly reduced lysosomal
integrity (Fig. 6A). The removal of triamterene significantly
recovered lysosome integrity in a time-dependent manner
(Fig. 6A). In addition, we examined whether the suppres-
sion of lysophagy affects cell death. Triamterene induced
disruption of lysosomal integrity but decreased cell viabil-
ity (Fig. 6B). However, the increase in cell death was com-
pletely blocked after triamterene was removed from the cells
(Fig. 6B). To further investigate the effect of lysophagy
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in triamterene-mediated cell death, wild type and ATGS5
knockout HeLa cells were treated with either LLOMe or
triamterene, and cell viability was examined. Notably, we
found that inhibition of lysophagy by depletion of ATG5
significantly exacerbated cell death in triamterene-treated
cells compared to wild type control cells (Fig. 6C). How-
ever, other organelles were not significantly influenced by
triamterene by in ATG5-deficient cells compared with that
of wild type cells (Supplementary Fig. 3). Taken together,
these results suggest that lysophagy contributes to cell sur-
vival after lysosome damage.

Discussion

Lysosomes play key roles in various cellular functions
including signaling, metabolism, and quality control of
cellular components (Lawrence and Zoncu 2019). Vari-
ous lysosomotropic agents promote the enlargement of the
lysosome and ultimate LMP, which triggers cellular stress
responses (Wang et al. 2018a, b). Although lysophagy

improves cell survival by eliminating impaired lysosomes,
there is little known about the underlying mechanisms. In
this study, we identified triamterene as a strong lysophagy
inducer using a cell-based screening method. We found that
triamterene triggers lysosomal rupture and lysophagy in
HepG?2 cells (Figs. 1 and 3) and other types of cells, includ-
ing HKC-8, HEK293, HCT116, RKO, and HeLa cells (data
not shown). Blockage of autophagy by depletion of ATGS
suppressed the clearance of damaged lysosomes in triam-
terene-treated cells (Fig. 5). These findings suggest that
triamterene induces autophagic degradation of lysosomes
with LMP.

As cellular degradative organelles, the lumen of the lyso-
some maintains acidic conditions, achieved by a vascular
ATPase (v-ATPase) in cooperation with ion channels (Zhao
et al. 2015). Lysosomal acidification, essential for activa-
tion of lysosomal enzymes, is disrupted by LMP (Jessop
et al. 2017). LMP results in the exposure of lysosomal con-
tents, such as cathepsins, to the cytosol and triggers caspase-
dependent cell death (Wang et al. 2018a). Thus, various lys-
osomotropic reagents such as LLOMe induce cell death by
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Fig. 5 Triamterene-induced lysophagy is suppressed by depletion of ATG5 or SQSTMI1. A HepG2/GFP-Gal3 cells were transfected with
scrambled siRNA (Sc) or ATG5-targeting siRNA (siATGS) for 72 h. Then, the cells were treated with either LLOMe (750 uM) or triamterene
(200 uM) for 2 h. After washout of LLOMe and triamterene, the Gal3-puncta was observed with a fluorescence microscope at the indicated time
points. Data are presented as the mean +SEM (n= 100, ***p <0.001). Scale bar: 10 pm. B HepG2/GFP-Gal3 cells were transfected with scram-
bled siRNA (Sc) or SOSTM I-targeting siRNA (siSQSTM1) for 72 h. The cells were then treated with either LLOMe (750 uM) or triamterene
200 puM for 2 h. After triamterene washout, cells were imaged and counted under a fluorescence microscope at the indicated time points. Data

are presented as the mean+SEM (n=100, **p <0.01, ***p <0.001). Scale bar: 10 pm

activating caspase (Wang et al. 2018a; Eriksson et al. 2020).
It was previously reported that the loss of lysophagy medi-
ating E3 ligases and E2 enzymes, such as VCP, TRIM 16,
and UBE2QL1, increased cytotoxicity (Chauhan et al. 2016;
Papadopoulos et al. 2017; Koerver et al. 2019). Consist-
ent with this notion, we also found that the inhibition of
lysophagy exacerbated cell death in triamterene-treated cells
(Fig. 6). As the role of lysophagy in cell survival is largely
unknown, further studies on the triamterene-mediated
lysophagy will provide insight into the role of lysophagy in
cell death and survival.

Triamterene has been prescribed to patients with hyper-
tension (Smetana 2016). It is a pteridine derivative and func-
tions as a diuretic agent, where it decreases the excretion of
potassium ions by inhibiting the epithelial sodium channel
(ENaC) on the luminal side of the collecting tubule in the kid-
ney (Smetana 2016). In addition, treatment with triamterene
and its metabolites leads to folate deficiency by inhibiting
dihydrofolate reductase in human leucocytes (Schalhorn et al.
1981). Therefore, triamterene induces the cytotoxicity in DNA
mismatch repair (MMR) deficient tumor cells selectively by
increasing reactive oxygen species through its antifolate activ-
ity (Guillotin et al. 2017). To investigate the effect of triam-
terene as a diuretic agent or antifolate molecule, we addressed
lysophagy with some specific inhibitors for ENaC and folate
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reductase, such as amiloride, aminopterin, and pemetrexed
(Anderson and Wright 2014; Sun and Sever 2020). However,
we could not find any lysophagy inducing activity with inhibi-
tors for ENaC and folate reductase (Supplementary Fig. 4). In
addition to these activities, it was recently reported that tri-
amterene has an antagonistic effect on G-protein-coupled bile
acid receptor 1 (TGRS). Because glucose uptake induced by
TGRS agonists is inhibited by triamterene treatment (Li et al.
2017), we further examined the effect of TGRS in lysophagy.
However, treatment with SBI-115, a specific TGRS antagonist
(Masyuk et al. 2017), did not affect lysophagy in HepG2 cells
(Supplementary Fig. 4). Though triamterene has been used
to treat edema and hypertension (Smetana 2016), it causes
nephrotoxin and acute kidney injury with several side effects,
such as crystalluria, hyperuricemia, hyperkalemia, and even
renal calculi (Nasr et al. 2014; Smetana 2016; Aghsaeifard and
Alizadeh 2020). We hypothesized that triamterene contrib-
utes to lysosomal rupture and lysophagy through one specific
action. Therefore, it is necessary to be cautious for clinical use
of triamterene for hypertension and edema patients. Further
investigation into the mechanism of signaling as well as its side
effect for triamterene is needed to characterize and elucidate
the underlying mechanisms regarding lysosome integrity and
lysophagy. In conclusion, we found that triamterene leads to
lysophagy by disruption of lysosomal integrity.
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Fig. 6 Inhibition of lysophagy potentiates cell death in triamterene-treated cells. A HepG2 cells expressing lyso-pHluorin were treated with
either LLOMe (750 uM) or triamterene (TRI, 200 uM). After 2 h, LLOMe and triamterene were washed out, and the cells were incubated in
normal cell culture conditions. The fluorescent of pHluorin in cells was imaged and measured at the indicated time points. Data are presented
as the mean+SEM (n=20, *p <0.05, ***p<0.001). B HepG2 cells were treated with either LLOMe (750 uM) or triamterene 200 uM for
2 h. After 2 h, LLOMe and triamterene were washed out, and the cells were maintained with the media in the presence or absence of triam-
terene ([—] without wash and [+] with wash, respectively). The cell viability was measured by the CCK-8 assay. Data are presented as the
mean+SEM (n=35, *p<0.05, ***p<0.001). C HeLa WT (WT) and HeLa/ATGS5 KO (ATGS5 KO) cells were treated with either LLOMe (750
uM) or triamterene (200 uM) for 12 h. Cell viability was measured by the CCK-8 assay. Data are presented as the mean + SEM (n=4, *p <0.05,

##%p < 0.001)

Acknowledgements This research was supported by the
National Research Foundation of Korea funded by the Ministry
of Science & ICT [2020R1A2C2003523, 2017M3A9G7073521,
and 2015K2A2A6002008] and the Ministry of Education
[2020R111A1A01073696].

Declarations

Conflict of interest Hong Bae Jeon is an employee of ENCell Co.
Ltd. Any other authors have no conflict of interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are

included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aghsaeifard Z, Alizadeh R (2020) Drug-induced interstitial nephritis
as a result of sodium valproate and triamterene. Urol Case Rep
33:101329. https://doi.org/10.1016/j.eucr.2020.101329

Aits S, Kricker J, Liu B, Ellegaard AM, Hamalisto S, Tvingsholm
S, Corcelle-Termeau E, Hggh S, Farkas T, Holm Jonassen A,
Gromova I, Mortensen M, Jdittelda M (2015) Sensitive detection
of lysosomal membrane permeabilization by lysosomal galectin

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.eucr.2020.101329

630

N. Y. Park et al.

puncta assay. Autophagy 11:1408-1424. https://doi.org/10.1080/
15548627.2015.1063871

Anderson AC, Wright DL (2014) Antifolate agents: a patent review
(2010-2013). Expert Opin Ther Pat 24:687-697. https://doi.org/
10.1517/13543776.2014.898062

Anding AL, Baehrecke EH (2017) Cleaning house: selective autophagy
of organelles. Dev Cell 41:10-22. https://doi.org/10.1016/j.devcel.
2017.02.016

Arhzaouy K, Papadopoulos C, Schulze N, Pittman SK, Meyer H, Weihl
CC (2019) VCP maintains lysosomal homeostasis and TFEB
activity in differentiated skeletal muscle. Autophagy 15:1082—
1099. https://doi.org/10.1080/15548627.2019.1569933

Bell JL, Malyukova A, Holien JK, Koach J, Parker MW, Kavallaris M,
Marshall GM, Cheung BB (2012) TRIM 16 acts as an E3 ubiquitin
ligase and can heterodimerize with other TRIM family members.
PLoS ONE 7:e37470. https://doi.org/10.1371/journal.pone.00374
70

Boya P, Kroemer G (2008) Lysosomal membrane permeabilization
in cell death. Oncogene 27:6434-6451. https://doi.org/10.1038/
onc.2008.310

Chauhan S, Kumar S, Jain A, Ponpuak M, Mudd MH, Kimura T,
Choi SW, Peters R, Mandell M, Bruun JA, Johansen T, Deretic
V (2016) TRIMs and galectins globally cooperate and TRIM16
and galectin-3 co-direct autophagy in endomembrane damage
homeostasis. Dev Cell 39:13-27. https://doi.org/10.1016/j.dev-
cel.2016.08.003

Dikic I, Elazar Z (2018) Mechanism and medical implications of mam-
malian autophagy. Nat Rev Mol Cell Biol 19:349-364. https://doi.
org/10.1038/s41580-018-0003-4

Eriksson I, Wister P, Ollinger K (2020) Restoration of lysosomal func-
tion after damage is accompanied by recycling of lysosomal mem-
brane proteins. Cell Death Dis 11:370. https://doi.org/10.1038/
$41419-020-2527-8

Guillotin D, Austin P, Begum R, Freitas MO, Merve A, Brend T,
Short S, Marino S, Martin SA (2017) Drug-repositioning screens
identify triamterene as a selective drug for the treatment of DNA
mismatch repair deficient cells. Clin Cancer Res 23:2880-2890.
https://doi.org/10.1158/1078-0432.Ccr-16-1216

Hung YH, Chen LM, Yang JY, Yang WY (2013) Spatiotemporally
controlled induction of autophagy-mediated lysosome turnover.
Nat Commun 4:2111. https://doi.org/10.1038/ncomms3111

Jessop F, Hamilton RF Jr, Rhoderick JF, Fletcher P, Holian A (2017)
Phagolysosome acidification is required for silica and engineered
nanoparticle-induced lysosome membrane permeabilization and
resultant NLRP3 inflammasome activity. Toxicol Appl Pharmacol
318:58-68. https://doi.org/10.1016/j.taap.2017.01.012

JiaJ, Abudu YP, Claude-Taupin A, Gu Y, Kumar S, Choi SW, Peters R,
Mudd MH, Allers L, Salemi M, Phinney B, Johansen T, Deretic
V (2018) Galectins control mTOR in response to endomembrane
damage. Mol Cell 70:120-135.e8. https://doi.org/10.1016/j.mol-
cel.2018.03.009

Jo DS, Cho DH (2019) Peroxisomal dysfunction in neurodegenerative
diseases. Arch Pharm Res 42:393-406. https://doi.org/10.1007/
$12272-019-01131-2

Kirkin V (2020) History of the selective autophagy research: how did it
begin and where does it stand today? J Mol Biol 432:3-27. https://
doi.org/10.1016/j.jmb.2019.05.010

Kirkin V, McEwan DG, Novak I, Dikic I (2009) A role for ubiquitin
in selective autophagy. Mol Cell 34:259-269. https://doi.org/10.
1016/j.molcel.2009.04.026

Koerver L, Papadopoulos C, Liu B, Kravic B, Rota G, Brecht L,
Veenendaal T, Polajnar M, Bluemke A, Ehrmann M, Klumper-
man J, Jaitteld M, Behrends C, Meyer H (2019) The ubiquitin-
conjugating enzyme UBE2QL1 coordinates lysophagy in response

@ Springer

to endolysosomal damage. EMBO Rep 20:e48014. https://doi.org/
10.15252/embr.201948014

Kroemer G, Jaitteld M (2005) Lysosomes and autophagy in cell death
control. Nat Rev Cancer 5:886—897. https://doi.org/10.1038/nrc17
38

Lawrence RE, Zoncu R (2019) The lysosome as a cellular centre for
signalling, metabolism and quality control. Nat Cell Biol 21:133—
142. https://doi.org/10.1038/s41556-018-0244-7

LiY, Cheng KC, Niu CS, Lo SH, Cheng JT, Niu HS (2017) Investiga-
tion of triamterene as an inhibitor of the TGRS receptor: identifi-
cation in cells and animals. Drug Des Devel Ther 11:1127-1134.
https://doi.org/10.2147/dddt.S131892

Maejima I, Takahashi A, Omori H, Kimura T, Takabatake Y, Saitoh T,
Yamamoto A, Hamasaki M, Noda T, Isaka Y, Yoshimori T (2013)
Autophagy sequesters damaged lysosomes to control lysosomal
biogenesis and kidney injury. Embo J 32:2336-2347. https://doi.
org/10.1038/emboj.2013.171

Masyuk TV, Masyuk Al, Lorenzo Pisarello M, Howard BN, Huang
BQ, Lee PY, Fung X, Sergienko E, Ardecky RJ, Chung TDY,
Pinkerton AB, LaRusso NF (2017) TGRS contributes to hepatic
cystogenesis in rodents with polycystic liver diseases through
cyclic adenosine monophosphate/Gas signaling. Hepatology
66:1197-1218. https://doi.org/10.1002/hep.29284

Miesenbdck G, De Angelis DA, Rothman JE (1998) Visualizing secre-
tion and synaptic transmission with pH-sensitive green fluorescent
proteins. Nature 394:192—195. https://doi.org/10.1038/28190

Mizushima N, Komatsu M (2011) Autophagy: renovation of cells and
tissues. Cell 147:728-741. https://doi.org/10.1016/j.cell.2011.10.
026

Napolitano G, Ballabio A (2016) TFEB at a glance. J Cell Sci
129:2475-2481. https://doi.org/10.1242/jcs.146365

Nasr SH, Milliner DS, Wooldridge TD, Sethi S (2014) Triamterene
crystalline nephropathy. Am J Kidney Dis 63:148—152. https://
doi.org/10.1053/j.ajkd.2013.06.023

Papadopoulos C, Meyer H (2017) Detection and clearance of dam-
aged lysosomes by the endo-lysosomal damage response and
lysophagy. Curr Biol 27:R1330-Rr1341. https://doi.org/10.1016/].
cub.2017.11.012

Papadopoulos C, Kirchner P, Bug M, Grum D, Koerver L, Schulze N,
Poehler R, Dressler A, Fengler S, Arhzaouy K, Lux V, Ehrmann
M, Weihl CC, Meyer H (2017) VCP/p97 cooperates with YODI,
UBXD1 and PLAA to drive clearance of ruptured lysosomes by
autophagy. Embo J 36:135-150. https://doi.org/10.15252/embj.
201695148

Papadopoulos C, Kravic B, Meyer H (2020) Repair or lysophagy: deal-
ing with damaged lysosomes. J Mol Biol 432:231-239. https://doi.
org/10.1016/j.jmb.2019.08.010

Paz I, Sachse M, Dupont N, Mounier J, Cederfur C, Enninga J, Leffler
H, Poirier F, Prevost MC, Lafont F, Sansonetti P (2010) Galec-
tin-3, a marker for vacuole lysis by invasive pathogens. Cell
Microbiol 12:530-544. https://doi.org/10.1111/j.1462-5822.2009.
01415.x

Perera RM, Zoncu R (2016) The lysosome as a regulatory hub. Annu
Rev Cell Dev Biol 32:223-253. https://doi.org/10.1146/annurev-
cellbio-111315-125125

Pun TN, Jang WJ, Jeong CH (2020) Role of autophagy in regulation
of cancer cell death/apoptosis during anti-cancer therapy: focus
on autophagy flux blockade. Arch Pharm Res 43:475-488. https://
doi.org/10.1007/s12272-020-01239-w

Rost BR, Schneider F, Grauel MK, Wozny C, Bentz C, Blessing A,
Rosenmund T, Jentsch TJ, Schmitz D, Hegemann P, Rosenmund
C (2015) Optogenetic acidification of synaptic vesicles and lys-
osomes. Nat Neurosci 18:1845-1852. https://doi.org/10.1038/nn.
4161


https://doi.org/10.1080/15548627.2015.1063871
https://doi.org/10.1080/15548627.2015.1063871
https://doi.org/10.1517/13543776.2014.898062
https://doi.org/10.1517/13543776.2014.898062
https://doi.org/10.1016/j.devcel.2017.02.016
https://doi.org/10.1016/j.devcel.2017.02.016
https://doi.org/10.1080/15548627.2019.1569933
https://doi.org/10.1371/journal.pone.0037470
https://doi.org/10.1371/journal.pone.0037470
https://doi.org/10.1038/onc.2008.310
https://doi.org/10.1038/onc.2008.310
https://doi.org/10.1016/j.devcel.2016.08.003
https://doi.org/10.1016/j.devcel.2016.08.003
https://doi.org/10.1038/s41580-018-0003-4
https://doi.org/10.1038/s41580-018-0003-4
https://doi.org/10.1038/s41419-020-2527-8
https://doi.org/10.1038/s41419-020-2527-8
https://doi.org/10.1158/1078-0432.Ccr-16-1216
https://doi.org/10.1038/ncomms3111
https://doi.org/10.1016/j.taap.2017.01.012
https://doi.org/10.1016/j.molcel.2018.03.009
https://doi.org/10.1016/j.molcel.2018.03.009
https://doi.org/10.1007/s12272-019-01131-2
https://doi.org/10.1007/s12272-019-01131-2
https://doi.org/10.1016/j.jmb.2019.05.010
https://doi.org/10.1016/j.jmb.2019.05.010
https://doi.org/10.1016/j.molcel.2009.04.026
https://doi.org/10.1016/j.molcel.2009.04.026
https://doi.org/10.15252/embr.201948014
https://doi.org/10.15252/embr.201948014
https://doi.org/10.1038/nrc1738
https://doi.org/10.1038/nrc1738
https://doi.org/10.1038/s41556-018-0244-7
https://doi.org/10.2147/dddt.S131892
https://doi.org/10.1038/emboj.2013.171
https://doi.org/10.1038/emboj.2013.171
https://doi.org/10.1002/hep.29284
https://doi.org/10.1038/28190
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1242/jcs.146365
https://doi.org/10.1053/j.ajkd.2013.06.023
https://doi.org/10.1053/j.ajkd.2013.06.023
https://doi.org/10.1016/j.cub.2017.11.012
https://doi.org/10.1016/j.cub.2017.11.012
https://doi.org/10.15252/embj.201695148
https://doi.org/10.15252/embj.201695148
https://doi.org/10.1016/j.jmb.2019.08.010
https://doi.org/10.1016/j.jmb.2019.08.010
https://doi.org/10.1111/j.1462-5822.2009.01415.x
https://doi.org/10.1111/j.1462-5822.2009.01415.x
https://doi.org/10.1146/annurev-cellbio-111315-125125
https://doi.org/10.1146/annurev-cellbio-111315-125125
https://doi.org/10.1007/s12272-020-01239-w
https://doi.org/10.1007/s12272-020-01239-w
https://doi.org/10.1038/nn.4161
https://doi.org/10.1038/nn.4161

Triamterene induces autophagic degradation of lysosome by exacerbating lysosomal integrity 631

Schalhorn A, Siegert W, Sauer HJ (1981) Antifolate effect of triam-
terene on human leucocytes and on a human lymphoma cell line.
Eur J Clin Pharmacol 20:219-224. https://doi.org/10.1007/bf005
44601

Settembre C, Di Malta C, Polito VA, Garcia Arencibia M, Vetrini F,
Erdin S, Erdin SU, Huynh T, Medina D, Colella P, Sardiello M,
Rubinsztein DC, Ballabio A (2011) TFEB links autophagy to
lysosomal biogenesis. Science 332:1429-1433. https://doi.org/
10.1126/science.1204592

Settembre C, Fraldi A, Medina DL, Ballabio A (2013) Signals from
the lysosome: a control centre for cellular clearance and energy
metabolism. Nat Rev Mol Cell Biol 14:283-296. https://doi.org/
10.1038/nrm3565

Shaid S, Brandts CH, Serve H, Dikic I (2013) Ubiquitination and selec-
tive autophagy. Cell Death Differ 20:21-30. https://doi.org/10.
1038/cdd.2012.72

Smetana GW (2016) Triamterene in the treatment of hypertension:
more than just potassium sparing? J Gen Intern Med 31:7-8.
https://doi.org/10.1007/s11606-015-3515-z

Sun Q, Sever P (2020) Amiloride: a review. J Renin Angiotensin Aldos-
terone Syst 21:1470320320975893. https://doi.org/10.1177/14703
20320975893

Thurston TL, Wandel MP, von Muhlinen N, Foeglein A, Randow
F (2012) Galectin 8 targets damaged vesicles for autophagy to
defend cells against bacterial invasion. Nature 482:414-418.
https://doi.org/10.1038/nature 10744

Wang F, Gémez-Sintes R, Boya P (2018a) Lysosomal membrane per-
meabilization and cell death. Traffic 19:918-931. https://doi.org/
10.1111/tra. 12613

Wang F, Salvati A, Boya P (2018b) Lysosome-dependent cell death and
deregulated autophagy induced by amine-modified polystyrene
nanoparticles. Open Biol. https://doi.org/10.1098/rsob.170271

Zhao J, Benlekbir S, Rubinstein JL. (2015) Electron cryomicroscopy
observation of rotational states in a eukaryotic V-ATPase. Nature
521:241-245. https://doi.org/10.1038/nature 14365

Zhitomirsky B, Yunaev A, Kreiserman R, Kaplan A, Stark M,
Assaraf YG (2018) Lysosomotropic drugs activate TFEB via
lysosomal membrane fluidization and consequent inhibition of
mTORCI activity. Cell Death Dis 9:1191. https://doi.org/10.1038/
s41419-018-1227-0

Zhou C, Zhong W, Zhou J, Sheng F, Fang Z, Wei Y, Chen Y, Deng X,
Xia B, Lin J (2012) Monitoring autophagic flux by an improved
tandem fluorescent-tagged LC3 (mTagRFP-mWasabi-LC3)
reveals that high-dose rapamycin impairs autophagic flux in can-
cer cells. Autophagy 8:1215-1226. https://doi.org/10.4161/auto.
20284

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/bf00544601
https://doi.org/10.1007/bf00544601
https://doi.org/10.1126/science.1204592
https://doi.org/10.1126/science.1204592
https://doi.org/10.1038/nrm3565
https://doi.org/10.1038/nrm3565
https://doi.org/10.1038/cdd.2012.72
https://doi.org/10.1038/cdd.2012.72
https://doi.org/10.1007/s11606-015-3515-z
https://doi.org/10.1177/1470320320975893
https://doi.org/10.1177/1470320320975893
https://doi.org/10.1038/nature10744
https://doi.org/10.1111/tra.12613
https://doi.org/10.1111/tra.12613
https://doi.org/10.1098/rsob.170271
https://doi.org/10.1038/nature14365
https://doi.org/10.1038/s41419-018-1227-0
https://doi.org/10.1038/s41419-018-1227-0
https://doi.org/10.4161/auto.20284
https://doi.org/10.4161/auto.20284

	Triamterene induces autophagic degradation of lysosome by exacerbating lysosomal integrity
	Abstract 
	Introduction
	Materials and methods
	Reagents
	Plasmids
	Cell culture and establishment of stable cell lines
	Cell-based fecal metabolites library screening
	Western blotting
	Fluorescence microscopy
	Lysosomal acidification measurement
	Cell viability assay
	Statistical analysis

	Results
	Triamterene increases lysosomal rupture
	Triamterene decreases integrity of lysosomes
	Triamterene activates lysophagy in HepG2 cells
	Depletion of ATG5 or SQSTM1 delays clearance of damaged lysosome in triamterene-treated cells
	Inhibition of lysophagy exacerbates cell death in triamterene-treated HepG2 cells

	Discussion
	Acknowledgements 
	References




