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ABSTRACT
Macroautophagy/autophagy is elevated to ensure the high demand for nutrients for the growth of 
cancer cells. Here we demonstrated that MCOLN1/TRPML1 is a pharmaceutical target of oncogenic 
autophagy in cancers such as pancreatic cancer, breast cancer, gastric cancer, malignant melanoma, 
and glioma. First, we showed that activating MCOLN1, by increasing expression of the channel or using 
the MCOLN1 agonists, ML-SA5 or MK6-83, arrests autophagic flux by perturbing fusion between auto-
phagosomes and lysosomes. Second, we demonstrated that MCOLN1 regulates autophagy by mediating 
the release of zinc from the lysosome to the cytosol. Third, we uncovered that zinc influx through 
MCOLN1 blocks the interaction between STX17 (syntaxin 17) in the autophagosome and VAMP8 in the 
lysosome and thereby disrupting the fusion process that is determined by the two SNARE proteins. 
Furthermore, we demonstrated that zinc influx originating from the extracellular fluid arrests autophagy 
by the same mechanism as lysosomal zinc, confirming the fundamental function of zinc as a participant in 
membrane trafficking. Last, we revealed that activating MCOLN1 with the agonists, ML-SA5 or MK6-83, 
triggers cell death of a number of cancer cells by evoking autophagic arrest and subsequent apoptotic 
response and cell cycle arrest, with little or no effect observed on normal cells. Consistent with the in vitro 
results, administration of ML-SA5 in Patu 8988 t xenograft mice profoundly suppresses tumor growth and 
improves survival. These results establish that a lysosomal cation channel, MCOLN1, finely controls 
oncogenic autophagy in cancer by mediating zinc influx into the cytosol.
Abbreviation: Abbreviations: 3-MA: 3-methyladenine; AA: amino acid; ATG12: autophagy related 12; 
Baf-A1: bafilomycin A1; BAPTA-am: 1,2-bis(2-aminophenoxy)ethane-N, N,N’,N’-tetraacetic acid tetra-
kis-acetoxymethyl ester; co-IP: coimmunoprecipitaion; CQ: chloroquine; DMEM: Dulbecco’s Modified 
Eagle Medium; FBS: fetal bovine serum; GAPDH: glyceraldehyde- 3-phosphate dehydrogenase; HCQ: 
hydroxychloroquine; HEK: human embryonic kidney; LAMP1: lysosomal associated membrane protein 
1; MAP1LC3/LC3: microtubule associated protein 1 light chain 3; MCOLN1/TRPML1: mucolipin TRP 
cation channel 1; MTORC1: mechanistic target of rapamycin kinase complex 1; NC: negative control; 
NRK: normal rat kidney epithelial cells; PBS: phosphate-buffered saline; PtdIns3K: phosphatidylinositol 
3-kinase; RPS6KB/S6K: ribosomal protein S6 kinase B; shRNA: short hairpin RNA; siRNA: short inter-
fering RNA; SNARE: soluble N-ethylmaleimide-sensitive factor (NSF) attachment protein receptor; 
SQSTM1/p62: sequestosome 1; STX17: syntaxin 17; TPEN: N,N,N’,N’-tetrakis(2-pyridylmethyl)ethylene-
diamine; TTM: tetrathiomolybdate; ULK1: unc-51 like autophagy activating kinase 1; VAMP8: vesicle 
associated membrane protein 8; Zn2+: zinc.
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Introduction

MCOLN1/TRPML1 is a nonselective cation channel specifi-
cally localized in the lysosome [1] and plays a critical role in 
regulating a variety of intracellular processes including endo-
cytosis, exocytosis, lysosomal adaptation and autophagy [2–5]. 
To date, the established functions of MCOLN1 are attributed 
to its ability to regulate Ca2+ influx into the cytosol from the 

lysosome, which is an important second messenger and favors 
vesicular fusion/fission [6–8].

MCOLN1 has been proposed as a regulator of autophagy. 
Macroautophagy/autophagy is an evolutionarily conserved 
degradation process that helps to remove unwanted proteins 
and damaged organelles and provides the necessary nutrients 
for cell survival, especially under various stress conditions 

CONTACT Wuyang Wang wuyangwang80@gmail.com Jiangsu Province Key Laboratory of Anesthesiology, Xuzhou Medical University, 209 Tongshan Rd, 
Xuzhou, Jiangsu 221004, China; Feng Guo blueforest611@hotmail.com 

#These authors contribute equally.
Supplemental data for this article can be accessed here

AUTOPHAGY                                                                                                                                                         
2021, VOL. 17, NO. 12, 4401–4422
https://doi.org/10.1080/15548627.2021.1917132

© 2021 Informa UK Limited, trading as Taylor & Francis Group

http://orcid.org/0000-0003-1875-5463
https://doi.org/10.1080/15548627.2021.1917132
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15548627.2021.1917132&domain=pdf&date_stamp=2021-12-18


[9,10]. Fibroblasts from patients with mucolipidosis type IV 
(MLIV), a disorder caused by mutations in MCOLN1, exhibit 
impaired autophagic flux showing increased levels of both 
lipidated MAP1LC3/LC3 (LC3-II) and SQSTM1/p62 (seques-
tosome 1) [11]. Considering the function of MCOLN1 on 
regulating Ca2+, the notion that impairment in autophagy in 
MLIV patients may have resulted from a reduction in lysoso-
mal Ca2+ release due to diminished MCOLN1 activities has 
been speculated. Supporting this idea, a potential molecular 
mechanism has been recently suggested for MCOLN1 in the 
regulation of autophagy, where Ca2+ release from lysosomes 
through MCOLN1 activates PPP3/calcineurin, which in turn 
dephosphorylates TFEB (transcription factor EB) [12,13]. 
TFEB dephosphorylation is thought to promote lysosomal 
biogenesis and autophagy, thus the activation of MCOLN1 
theoretically promotes autophagy by regulating Ca2+ release. 
This Ca2+-dependent mechanism could, to some extent, 
explain the impaired autophagic flux with severe autophago-
some accumulation exhibited in MLIV fibroblasts.

However, these results connecting MCOLN1 and autopha-
gy are suggestive of an indirect role of MCOLN1 in autopha-
gy. In order to directly investigate the effect of MCOLN1 on 
autophagy, we boosted MCOLN1’s activity by either using 
specific MCOLN1 agonists or by increasing its protein expres-
sion levels. The agonists and antagonists of MCOLN1 used in 
the study include ML-SA1 [14], ML-SA5 [15], MK6-83 [16], 
ML-SI1 [5], and ML-SI3 [5]. Although well characterized, the 
effects of these agonists and antagonists on modulating 
MCOLN1 activity were confirmed in our hands by utilizing 
lysosomal MCOLN1 patch clamp recordings and Ca2+ ima-
ging, respectively (Figure S1A-E [5,17];). Unexpectedly, we 
found that the activation of MCOLN1 indeed arrests autopha-
gic flux in conjunction with blocked fusion of autophagoso-
mes and lysosomes. Moreover, other than Ca2+, lysosomal 
zinc influx mediated by MCOLN1 does arrest autophagy by 
disrupting the interaction between STX17 (syntaxin 17) in the 
autophagosome and VAMP8 (vesicle associated membrane 
protein 8) in the lysosome [18,19]. Most importantly, the 
autophagic arrest induced by stimulating MCOLN1 selectively 
triggers cell death of a broad range of cancer cells without 
affecting non-cancer cells, establishing MCOLN1 as a new 
potential target to combat cancer with minimal side effects 
on normal cells.

Results

The activation of MCOLN1 arrests autophagic flux by 
disrupting fusion between autophagosomes and 
lysosomes

To determine the role of MCOLN1 in autophagy, we system-
atically monitored changes in autophagy [20] after directly 
activating MCOLN1 channels in HeLa cells. We firstly con-
firmed that two synthetic MCOLN1 agonists [15,21,22], ML- 
SA5 and ML-SA1, not only efficiently stimulated endogenous 
MCOLN1 channels in HeLa, Patu 8988 t (a human pancreatic 
cancer cell line) [23] and MCF-7 (a human breast cancer cell 
line) [24] cells (Figure S1A-C), but also the overexpressed 
MCOLN1 channels in HEK 293 T cells (Figure. S1D-E), as 

determined by whole-endolysosome patch-clamp recordings 
and Ca2+ imaging experiments. Stimulating MCOLN1 with 
ML-SA5 caused an increase in LC3-II levels at both 1 and 12 h 
following application (Figure 1A). Notably, the increase in 
LC3-II levels by 1 μM ML-SA5 for 1 h was comparable to 
the one by 1 μM bafilomycin A1 (Baf-A1) (Figure 1A), an 
inhibitor of the vacuolar-type H+ ATPase (V-ATPase) known 
to block fusion between autophagosomes and lysosomes [25]. 
The effect of ML-SA5 on LC3-II levels was rapid, showing 
robust increases within 1 h following application of ML-SA5 
(left panel in Figure 1A). The increases in LC3-II levels were 
also dependent on ML-SA5 concentrations and treatment 
periods (Figure S1F). Lower doses of ML-SA5 treatments at 
0.05 or 0.1 μM also significantly increased LC3-II levels fol-
lowing both 1 h and 4 h of agonist application in HeLa cells 
(Figure S1G). Furthermore, supporting the involvement of 
MCOLN1 in autophagy, the ML-SA5-induced increases in 
LC3-II were completely inhibited by co-application of either 
ML-SI1 (20 μM) or ML-SI3 (20 μM) (Figure 1B), two 
MCOLN1 antagonists (Figure S1A, S1B-D) [5]. In sharp con-
trast, the Baf-A1-evoked increases in LC3-II were unaffected 
by ML-SI3 (20 μM; Figure 1B), suggesting that ML-SA5 
regulates LC3-II levels through stimulating MCOLN1 channel 
activity.

ML-SA5 also led to a marked increase in LC3-II levels in 
wild type (WT) HAP1 cells, but the effects were abolished by 
the knockout (KO) of MCOLN1 in HAP1 cells (Figure 1C). 
To further confirm that the ML-SA5 treatment regulates 
autophagy through mediating MCOLN1 channels, we utilized 
two less potent MCOLN1 agonists, ML-SA1 [26] and MK6-83 
[16]. Similarly, either application of MK6-83 (5 μM) or ML- 
SA1 (20 μM) led to an increase in LC3-II levels in HeLa cells 
(Figure 1D). Consistent with our findings using ML-SA5, the 
increase in LC3-II levels by MK6-83 or ML-SA5 was comple-
tely inhibited in MCOLN1 KO HAP1 cells (Figure S1H). 
Moreover, when reducing expressions of MCOLN2/TRPML2 
or MCOLN3/TRPML3 channels that belong to the same 
family of TRPML with MCOLN1 (Figure S1I), the effects of 
ML-SA5 on increasing LC3-II levels were not affected (Figure 
S1J). Collectively, these results demonstrate that ML-SA5 reg-
ulates autophagy by specifically stimulating MCOLN1 chan-
nels, but not other channels including MCOLN2 and 
MCOLN3, thus establishing a specific role of MCOLN1 in 
regulating autophagy.

To further exclude possible off-target effects of ML-SA5, 
we employed WT normal rat kidney epithelial (NRK) cells 
and the corresponding atg12 KO NRK cells, in which auto-
phagy is not able to be initiated [27]. In WT NRK cells, ML- 
SA5 (1 μM) induced robust increase in LC3-II levels, which 
contrasted sharply to atg12 KO cells where ML-SA5 (1 μM) 
failed to trigger any detectable LC3-II (Figure S1K). Similarly, 
the autophagy inhibitor, 3-methyladenine (3-MA) application 
(10 mM; pretreatment for 2 h), also completely inhibited the 
effect of ML-SA5 on increasing LC3-II levels in HeLa cells 
(Figure S1L) and LC3 puncta structures in GFP-LC3 stably 
expressed HEK 293 T cells (S-GFP-LC3) (Figure S1M). 
Collectively, these results demonstrate that stimulating 
MCOLN1 channels generally regulates autophagy in various 
types of cells, including HeLa, HAP1 and NRK cells.
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Figure 1. The activation of MCOLN1 specifically regulates autophagy. (A) Both 1 h (left) and 12 h (right) application of ML-SA5 (1 μM) led to an increase in LC3-II 
levels in HeLa cells, indicated by the normalized LC3-II levels to GAPDH. GAPDH served as a loading control. Starvation (AA-and FBS-free) and Baf-A1 (1 μM) were 
positive controls for autophagy assessments. Quantification of normalized LC3-II levels under conditions indicated were displayed. (B) The antagonists of MCOLN1, 
ML-SI1 (20 μM) or ML-SI3 (20 μM), completely inhibited the increases in LC3-II levels triggered by ML-SA5 (1 μM) in HeLa cells, but not ones by Baf-A1 (1 μM). (C) In 
contrast to WT HAP1 cells, application of ML-SA5 did not lead to an increase in LC3-II levels in MCOLN1 KO HAP1 cells. Deletion of MCOLN1 was confirmed by 
genotyping (data not shown). (D) Another two MCOLN1 agonists, MK6-83 (5 μM) and ML-SA1 (20 μM), also led to significant increases in LC3-II levels in HeLa cells, 
respectively. Baf-A1 (1 μM) application did not further facilitate LC3-II increases caused by either MK6-83 or ML-SA1 treatments. All treatments were for 4 h. (E) 
Four hour treatments of 0.1 μM ML-SA5, 1 μM ML-SA5, 5 μM MK6-83 or 20 μM ML-SA1 caused increased abundance of LC3 puncta in GFP-LC3 stably expressing HEK
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In consistence with the effects on LC3-II protein levels, 
following stimulating MCOLN1 channels with ML-SA5, 
MK6-83, or ML-SA1, GFP-LC3 stably expressed HEK 293 T 
(S-GFP-LC3) cells displayed overt puncta structure pattern 
that is indicative of autophagosome accumulation (Figure 
1E; representative images from 4 h treatment), which other-
wise showed diffused cytosolic distribution under control 
conditions (Figure 1E). Application of ML-SI3 (20 μM) 
remarkably rescued LC3 puncta structures induced by ML- 
SA5 (1 μM; Figure S1M). Likewise, reducing MCOLN1 
expressions, by utilizing a lentiviral-MCOLN1 shRNA (LV- 
MCOLN1 shRNA [28];), profoundly compromised the 
increases in LC3 puncta structures induced by the treatment 
of ML-SA5 (1 μM) in GFP-LC3 transiently expressed HeLa 
cells (Figure 1F). These results again confirmed that the effect 
of ML-SA5 on LC3 is specifically through modulating 
MCOLN1 channel activity.

In addition to stimulating MCOLN1 activity with the ago-
nists, increasing MCOLN1 expression levels by transiently 
overexpressing GFP-MCOLN1 significantly elevated both 
basal LC3-II and SQSTM1 levels in HeLa cells as compared 
to control cells transfected with GFP tag alone (Figure 1G) as 
well as LC3 and SQSTM1 puncta structures in mCherry-LC3 
or mCherry-SQSTM1 transiently expressing HeLa cells 
(Figure 1H). Furthermore, overexpressing a dominant- 
negative mutant of MCOLN1 [29], MCOLN1[DDKK], did 
not induce overt LC3 and SQSTM1 puncta structures 
(Figure 1H), indicating that functional MCOLN1 is required 
to regulate autophagy. Lastly, transmission electron micro-
scopy (TEM) displayed abundant accumulation of autophago-
somes in HeLa cells treated with ML-SA5 (1 μM for 12 h; 
Figure S1I). Collectively, in agreement with previous studies 
[11,21], these results provide further evidence indicating that 
activation of MCOLN1 regulates autophagy.

An increase in LC3-II levels could represent either pro-
moted autophagy induction (autophagy initiation and auto-
phagosome synthesis) or suppressed autophagosome 
degradation (either suppression of autophagosome-lysosome 
fusion or impairment of lysosomal degradation, or both). To 
distinguish between these two possibilities, we combined Baf- 
A1 with ML-SA5 to block the latter step of autophagy. Baf-A1 
did not further facilitate LC3-II levels increased by ML-SA5 
alone regardless of the concentration and the duration of the 
treatments (Figure 1A and S1G). Similarly, Baf-A1 did not 
further increase LC3-II levels increased by MK6-83 or ML- 
SA1 (Figure 1D) as well. In contrast, Baf-A1 further facilitated 
LC3-II levels increased by starvation (amino acid [AA]- and 
fetal bovine serum [FBS]-free) (Figure 1A). These results 
demonstrate that MCOLN1 activation mainly exerts an 

inhibitory effect on autophagosome degradation, which is 
not further exacerbated by Baf-A1. Consistently, chloroquine 
(CQ) [30], another commonly used compound that blocks 
autophagosome degradation, did not further increase LC3-II 
levels than ML-SA5 alone for both 4 h and 12 h (Figure 2A 
and S2A), whereas CQ application (10 μM) significantly facili-
tated the increase in LC3-II levels caused by starvation or 
rapamycin (50 μM) (Figure S2B). Likewise, ML-SA5 treat-
ments (1 μM) further enhanced LC3-II increases caused by 
starvation, suggestive of an inhibitory effect of ML-SA5 on 
autophagy in the same way as CQ (Figure S2C). Furthermore, 
we examined the levels of SQSTM1, which is degraded effi-
ciently by autophagy per se and therefore a marker of auto-
phagic flux. Consistent with previous reports, both starvation 
(AA- and FBS-free medium) and treatment with rapamycin 
resulted in a profound reduction in SQSTM1 levels (Figure 
2A). This indicates the active induction of autophagy and 
complete autophagic flux. In sharp contrast, either ML-SA5 
(1 μM) or CQ (10 μM) alone or in combination markedly 
increased SQSTM1 levels, indicating that MCOLN1 activation 
arrested autophagic flux. Consistently with our results when 
utilizing ML-SA5 to stimulate MCOLN1 (Figure 2A), both 
SQSTM1 protein levels and puncta structures were signifi-
cantly increased by overexpressing MCOLN1 (Figure 1G,H), 
suggesting that stimulating MCOLN1 by both the agonists 
and overexpressing the channel all leads to inhibited autopha-
gy. Moreover, we assessed GFP turnover in cells stably expres-
sing GFP-LC3 (S-GFP-LC3), which is another assay to 
monitor autophagic flux [31]. We found compromised GFP 
turnover following application of ML-SA5 (1 μM; Figure S2D) 
as CQ. Altogether, these results suggest that the activation of 
MCOLN1 blocks autophagic flux.

To confirm that autophagy initiation is not affected by ML- 
SA5, we measured levels of autophagy initiation in presence of 
ML-SA5 for 12 h, by assessing MTOR (mechanistic target of 
rapamycin kinase) complex 1 (MTORC1) activity. MTOR1 
activity was not inhibited, since we observed even stronger 
phosphorylation on its substrate RPS6KB/S6K (ribosomal pro-
tein S6 kinase B) at T389 (p-RPS6KB1) [32] and on EIF4EBP1 
(p-EIF4EBP1) at T37/46 residue [33] (Figure 2B). Moreover, 
phosphorylation of ULK1 (unc-51 like autophagy activating 
kinase 1) at S757 residue [34] was not altered by ML-SA5 
(1 μM for 12 h) treatment, but significantly reduced following 
the treatment of torin-1 [35] (1 μM; Figure 2B), confirming that 
autophagosome formation is not affected by the activation of 
MCOLN1.

Next, we assessed the effects of ML-SA5 on TFEB, another 
downstream target of MTORC1. TFEB activity was not altered 
following ML-SA5 (1 μM), or ML-SA1 (20 μM), or MK6-83 

293 T (S-GFP-LC3) cell lines, respectively. Baf-A1 (1 μM) was a positive control for inducing LC3 puncta structures. LC3 puncta per cell under the control, ML-SA5 
treatments (0.1 μM and 1 μM), MK6-83 (5 μM), ML-SA1 (20 μM) and Baf-A1 (1 μM) were quantified from 4–11 independent experiments (typically 10–40 cells). Scale 
bar: 10 μm. (F) The LC3 puncta structures induced by the ML-SA5 treatment (1 μM) were profoundly inhibited by reducing MCOLN1 expression with LV-MCOLN1 
shRNA in GFP-LC3 transiently expressed HeLa cells. LC3 puncta per cell were quantified from 9–11 cells from at least three independent experiments. Scale bar: 
10 μm. (G) GFP-MCOLN1-expressing HeLa cells yielded higher basal LC3-II levels and SQSTM1 levels than GFP-expressing cells, measured by western blot 
experiments. Transfection efficiency was confirmed by fluorescence microscopy. (H) Overexpressing MCOLN1 significantly induced LC3 or SQSTM1 puncta structures, 
whereas a channel-dead pore mutant MCOLN1[DDKK] did not induce overt LC3 or SQSTM1 puncta structures in mCherry-LC3 or mCherry-SQSTM1 transiently 
expressed HeLa cells. LC3 or SQSTM1 puncta per cell were quantified from 7–12 cells from three independent experiments. Scale bar: 10 μm. Means ± SEMs are 
shown in panels A-H. Significant differences were evaluated using one-way ANOVA followed by Tukey’s test. *P < 0.05; **P < 0.01; ***P < 0.001.
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and at T389 for RPS6KB1 were investigated, respectively. All treatments were for 12 h. (C) TFEB activity was measured along conditions indicated by employing 
a TFEB-luciferase assay (see methods). The TFEB activities in HeLa cells under ML-SA5 (1 μM), ML-SA1 (20 μM), MK6-83 (5 μM), torin-1 (1 μM) and starvation (AA- and
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(5 μM) treatments at 30 min, 90 min, 4 h and 12 h, as assessed 
by a TFEB-luciferase assay. On the other hand, starvation 
(AA- and FBS-free) or torin-1 treatments (1 μM) significantly 
increased TFEB activity, which validated the TFEB-luciferase 
assay (Figure 2C). Further, in comparison to nuclear localiza-
tion triggered by torin-1 (1 μM; representative images from 
90 min treatments), TFEB remained mostly in the cytosol 
under the ML-SA5 treatment, measured by both immunos-
taining (Figure S2E) and western blot analysis of subcellular 
fractionated experiments (Figure S2F). Moreover, we assessed 
changes in transcription levels of several TFEB downstream 
targets including SQSTM1, LAMP1 and CTSD (cathepsin D) 
following ML-SA5 treatments. We found that in contrast to 
starvation, ML-SA5 treatments (1 μM) did not alter the tran-
scription of these TFEB’s common downstream targets 
(Figure S2G), implying that TFEB activity is not altered by 
ML-SA5 treatment. Finally, when reducing TFEB expression 
levels in HeLa cells by utilizing a TFEB siRNA, the effects of 
ML-SA5 on increasing LC3-II levels were not affected (Figure 
S2H), confirming that stimulating MCOLN1 inhibits auto-
phagy independent of TFEB activity. In addition to this, levels 
of the ATG12–ATG5 complex, which could represent auto-
phagy initiation levels, were not affected by ML-SA5 treat-
ment (1 μM; Figure S2I). Taken together, all these results 
indicate that the activation of MCOLN1 arrests autophagy.

To further explore how the activation of MCOLN1 arrests 
autophagy, we used tandem RFP-GFP-LC3 transiently 
expressed HeLa cells to track autophagosomes and autoly-
sosomes. The fluorescent tags GFP and RFP together emit 
yellow signals in pH-neutral autophagosomes; however, fol-
lowing fusion of autophagosomes and lysosomes, the GFP 
signal is quenched by the acidic environment of lysosomes, 
which results in “red signals only.” Therefore, if autophagic 
flux goes smoothly following ML-SA5 treatments, we expect 
to see an increase in the abundance of red puncta and less 
green puncta as acidic lysosomes quench green fluorescence. 
As expected, we found that starvation (AA- and FBS-free for 
4 h; bottom panels) greatly increased red puncta (arrowheads) 
and less green puncta, which indicates activated autophagic 
flux (Figure 2D). In contrast to starvation, Baf-A1 (1 μM) or 
ML-SA5 (1 μM) treatments increased yellow puncta due to 
increase of both red and green puncta (arrows), which sug-
gests blockage in the late step of autophagy (Figure 2D). This 
phenomenon could be interpreted as either ML-SA5 blocks 
fusion of autophagosomes and lysosomes or impairs lysoso-
mal degradation capability. Therefore, we further examined 
the co-localization of LC3 puncta with lysosome markers by 
using transiently expressing GFP-LC3 HeLa cells. In compar-
ison with rapamycin treatments, most of LC3 puncta (> 90%; 

arrowheads) induced by ML-SA5 treatment were LysoTracker 
(which specifically stains lysosomes)-negative (Figure 2E), 
thereby indicating that the fusion between autophagosomes 
and lysosomes is significantly impaired by application of ML- 
SA5. Similar results were observed in cells transiently over-
expressing GFP-LC3 and mCherry-LAMP1 (lysosomal- 
associated membrane protein 1). Most of increased GFP- 
LC3 puncta following treatment of ML-SA5 (1 μM) did not 
co-localize with mCherry-LAMP1 (arrowheads; Figure S2J). 
These observations indicate that the activation of MCOLN1 
significantly disrupts fusion between autophagosomes and 
lysosomes.

To investigate the possibility that reduced lysosomal degra-
dation by ML-SA5 may cause the autophagic arrest, we used 
a DQ-BSA assay to assess the lysosomal degradation capability 
[5]. We found that in contrast to Baf-A1 treatments (1 μM), 
a lower dose of ML-SA5 (0.1 μM) did not affect lysosomal 
degradation capability, while slightly higher doses (1 and 
5 μM) increased lysosomal degradation capability (Figure 
2F). The results of DQ-BSA experiments excluded the possi-
bility that ML-SA5 blocks autophagy by affecting lysosomal 
degradation capability. Because lysosomal acidic pH is crucial 
for lysosomal degradation, we also evaluated lysosomal pH in 
HeLa cells following ML-SA5 (1 μM for 12 h) treatments. 
Lysosomal pH appeared not to be altered by ML-SA5 applica-
tion, assessed by LysoTracker staining (Figure S2K).

Altogether, these findings suggest that activating MCOLN1 
unexpectedly arrests autophagy by disrupting fusion between 
autophagosomes and lysosomes.

Zinc is the downstream effector of MCOLN1 perturbing 
the fusion between autophagosomes and lysosomes

In the next series of experiments, we sought to identify the 
downstream effector(s) of MCOLN1 that is responsible for 
disrupting the fusion between autophagosomes and lyso-
somes. Because activation of MCOLN1 resulted in autopha-
gosome accumulation within 1 h (Figure 1A), we 
hypothesized that the activation of MCOLN1 regulates auto-
phagy by mediating the release of divalent cations to the 
cytosol from the lysosome, where Ca2+, zinc and Fe2+ accu-
mulate [36]. Thus, we aimed to define the cationic effector of 
MCOLN1 by employing a variety of metal chelators. We 
found that TPEN, a membrane-permeable zinc chelator 
[37,38], completely reversed the ML-SA5 (1 μM)-induced 
increase in LC3-II levels following after 4 h, 12 h and 24 h 
of treatments (Figure 3A,B and S3A). Notably, in the assay, we 
used rather low concentration of TPEN (10 μM), which has 

FBS-free) were normalized to control, respectively. n = 4. (D) Abundance of LC3 puncta as reflected by GFP and RFP fluorescence in transiently transfected tandem 
GFP-RFP-LC3 HeLa cells under different conditions indicated. The arrowheads indicate red puncta only, while the arrows illustrate yellow puncta (merged from red 
and green puncta). All treatments were for 4 h. Scale bar: 10 μm. The numbers of total (autophagosomes) and red only puncta (autolysosomes) and ratio of 
autolysosomes to autophagosomes were quantified from three independent experiments (typically n = 4–10 cells). Starvation was used as a positive control for 
inducing autophagy and Baf-A1 (1 μM) was used as a negative control for inhibiting autophagy. (E) Representative confocal images of co-localizations of 
autophagosomes (GFP-LC3 puncta) and lysosomes (LysoTracker) in HeLa cells under control, Baf-A1 (1 μM), rapamycin (50 μM) and ML-SA5 treatments (1 μM), 
respectively. The arrowheads indicate that green puncta and red puncta are adjacent to each other, but not fused. All treatments were for 4 h. Scale bar: 10 μm. (F) 
Representative confocal images of Cos-1 cells stained by DQ-red-BSA under treatments of control, starvation (AA- and FBS-free), ML-SA5 (1 μM), and Baf-A1 (1 μM), 
respectively. All treatments were for 4 h. Scale bar: 10 μm. Proteolytic index for different conditions were quantified from five to twenty images. Means ± SEMs are 
shown in panels A, C, D and F. Significant differences were evaluated using one-way ANOVA followed by Tukey’s test. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 3. Zinc is the downstream effector of the activation of MCOLN1 that disrupts fusion of autophagosomes and lysosomes. (A, B) Increased LC3-II levels induced 
by 1 μM ML-SA5 for 4 h (A) or 12 h (B) in HeLa cells were profoundly inhibited by co-application of 1 or 10 μM TPEN, but not by 10 μM BAPTA-am. GAPDH served as 
a loading control. (C) TPEN (10 μM) and 1,10 phenanthroline (500 μM), but neither TTM (20 μM) nor DFX (20 μM), attenuated the effects of ML-SA5 (1 μM) on 
increasing LC3-II levels in HeLa cells. All treatments were for 4 h. (D) Application of tachpyr (20 μM) failed to rescue increased LC3-II levels by ML-SA5 (1 μM) in HeLa 
cells. (E) LC3-II levels were normalized under the control, ML-SA5 (1 μM), ML-SA5+ TPEN (10 μM), ML-SA5 + 1,10 Phe (500 μM), ML-SA5+ TTM (20 μM), ML-SA5+ DFX 
(20 μM) and ML-SA5+ tachpyr (20 μM). (F) Application of TPEN (10 μM) or 1,10 Phe (500 μM), but not BAPTA-AM (10 μM), completely rescued increased LC3-II levels 
caused by either MK6-83 (5 μM) or ML-SA1 (20 μM) treatments in HeLa cells. (G) Increased abundance of LC3 puncta by ML-SA5 (1 μM) was completely reduced to
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much higher affinity to zinc over Ca2+ and Mg2+ (Kd Zn = 0.7 
fM vs Kd Ca = 67 μM vs Kd Mg = 20 mM) [37]. Furthermore, 
1,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid 
tetrakis-acetoxymethyl ester (BAPTA)-AM (10 μM), which is 
a specific Ca2+ chelator [5,39], had little effect on increased 
LC3-II levels by ML-SA5, even after pre-treatment with 
BAPTA-AM (10 μM) (Figure 3A, S3A,B). These results sug-
gest that zinc, but evidently not Ca2+ or Mg2+, might play 
a role in regulating autophagy by MCOLN1. Moreover, the 
effect of TPEN on abrogating regulation on autophagy by 
ML-SA5 is specific, as it was not able to reverse autophagic 
arrest induced either by Baf-A1 (1 μM) or by CQ (10 μM) 
(Figure 3A,B and S3C). The lower dose of TPEN at 1 μM also 
significantly inhibited the increases in LC3-II levels in HeLa 
cells (Figure S3D). However, it has been known that TPEN 
has high affinity with other metals as well such as Fe2+ 

(KdFe2+ = 2.4 fM) and Cu2+ (KdCu2+ = 17 zM). Therefore, to 
further confirm the role of zinc and to rule out involvement of 
Fe2+ and Cu2+ in terms of regulating autophagy, we moved on 
testing other membrane-permeable cation chelators including 
1,10 phenanthroline (1,10 Phe), deferoxamine (DFX), N,N’, 
N’-tris(2-pyridylmethyl)-l,3,5-cis,cis-triaminocyclohexane 
(tachpyr), and tetrathiomolybdate (TTM). 1,10 Phe has simi-
lar affinity to zinc and Cu2+ over other divalent cations at 
neutral pH within cells [40]. We observed that application of 
1,10 Phe (500 μM) significantly reversed the increase of LC3- 
II by ML-SA5 (1 μM) (Figure 3C-E), thus being able to 
confirm the role of zinc (or Cu2+) in MCOLN1-induced 
autophagy inhibition. Moreover, application of TTM 
(20 μM), a specific Cu2+ chelator [41,42], failed to abolish 
the effects of ML-SA5 on LC3-II levels (Figure 3C-E), thereby 
excluding the involvement of Cu2+ in regulating autophagy by 
MCOLN1. On the other hand, two iron chelators, DFX [43] 
(20 μM) and tachpyr [44] (20 μM) did not attenuate the 
effects of ML-SA5 on increasing LC3-II levels (Figure 3C-E). 
Since tachpyr has much higher affinity to Fe2+ over zinc [45], 
these results could exclude the possibility that Fe2+ involves in 
the process of regulating autophagy mediated by MCOLN1.

Likewise, in contrast to BAPTA-AM (10 μM), application 
of TPEN (1 and 10 μM) or 1,10 Phe (500 μM) profoundly 
reduced the increases in LC3-II levels induced by ML-SA5 
treatments in the cancer cell line, Patu 8988 t cells (Figure 
S3D), which is consistent with the observations in HeLa cells. 
Moreover, the increases in LC3-II levels induced by the treat-
ment of MK6-83 (5 μM) and ML-SA1 (20 μM) were also 
completely inhibited by the application of TPEN (10 μM) or 
1,10 Phe (500 μM) (Figure 3F). These results together 

confirmed that zinc, but not Ca2+, is the effector of MCOLN1- 
induced autophagy inhibition.

Furthermore, in consistence with changes in LC3-II pro-
tein levels, TPEN completely reduced puncta structures trig-
gered by ML-SA5 (1 μM), but not by CQ (10 μM), in GFP- 
LC3 stably expressing HEK 293 T cells (S-GFP-LC3; Figure 
3G). Likewise, the application of TPEN also profoundly 
reduced the increases in LC3 puncta structures induced by 
overexpressing MCOLN1 in mCherry-LC3 transiently 
expressed HeLa cells (Figure S3E). In addition to this, LC3 
puncta structures triggered by ML-SA5 in S-GFP-LC3 cells 
were not affected by BAPTA-AM application (10 μM) (Figure 
3G and S3F). Overall, these results indicate that zinc, but not 
Ca2+ or other cations, is the downstream effector engaged in 
MCOLN1-induced autophagic arrest.

MCOLN1 is emerging as an important player engaged in 
cellular zinc homeostasis, while zinc could potentially be a co- 
factor regulating MCOLN1 gating in the same way as zinc 
regulates P2X receptor [46]. In particular, previous studies 
have suggested that MCOLN1 is involved in zinc homeostasis 
by releasing lysosomal zinc to the cytosol [1,47–49]. We 
initially confirmed the effects of MCOLN1 on mediating 
zinc influx from the lysosome by visualizing zinc using 
a membrane-permeable zinc probe, FluoZin-3 AM (Figure 
S3G,H). Following ML-SA5 stimulation (1 μM), overloaded 
zinc (100 μM ZnCl2 loaded for 12 h) moved out of lysosomes 
and resulted in extremely reduced green fluorescence merged 
with lysosomes stained by LysoTracker (Figure S3G). 
Furthermore, cytosolic zinc concentrations were elevated 
within seconds following ML-SA5 stimulation (1 μM), as 
verified by zinc images (Figure S3H). These zinc staining 
and imaging experiments confirmed the involvement of 
MCOLN1 in mediating lysosomal zinc influx to the cytosol, 
which is consistent with a recent report suggesting that 
MCOLN1 mediates lysosomal zinc influx by using a new 
probe, GZnP3 [49]. Notably, the effect of ML-SA5 on releas-
ing lysosomal zinc is much stronger than ML-SA1 in hippo-
campal neurons. This is supported by the results that ML- 
SA5, but not ML-SA1, was able to trigger lysosomal zinc 
release through endogenous MCOLN1, as detected by the 
GZnP3 probe. This could explain why the effect of ML-SA5 
was greatly stronger than ML-SA1 on increasing LC3-II levels 
(Figure S1H).

We next tackled the puzzle as to how lysosomal zinc influx 
disrupts fusion of autophagosomes and lysosomes. Two solu-
ble NSF (N-ethylmaleimide-sensitive factor) attachment pro-
tein) receptor (SNARE) proteins, STX17 (syntaxin 17) and 

control levels by co-application of TPEN (10 μM), whereas increased puncta triggered by CQ (20 μM) were not affected by TPEN application (10 μM), as measured by 
GFP-LC3 puncta in GFP-LC3 stably expressing HEK 293 T (S-GFP-LC3) cells. All treatments were for 4 h. Statistical analysis of LC3 puncta per cell under different 
conditions indicated was quantified from typically 50–100 cells from at least three independent experiments. Scale bar: 10 μm. (H) HeLa cells transfected with GFP- 
STX17 were treated with different chemicals indicated for 8 h before probed with anti-GFP and anti-VAMP8 antibodies and subjected to PLA (red). The effective 
interaction between STX17 and VAMP8 was illustrated as red dots. Starvation (AA- and FBS-free) significantly increased red dots numbers whereas either ML-SA5 
(1 μM), or MK6-83 (5 μM) or ML-SA1 (20 μM) treatments (Figure S3I) remarkably reduced red dots than control. Application of TPEN (10 μM) largely liberated reduced 
red dots caused by ML-SA5, but not affecting ones increased by starvation. Average numbers of PLA-positive dots were quantified from 69–152 cells from 4–5 
independent experiments. Nuclei were indicated by DAPI staining. Scale bar: 20 μm. (I) Co-IP assays showing that interaction between STX17 and VAMP8 was 
significantly reduced by ML-SA5 (1 μM for 12 h) compared to the control in GFP-STX17-overexpressed HEK 293 T cells, while starvation (AA-and FBS-free for 12 h) 
increased the interaction. Application of TPEN (10 μM) or 1,10 Phe (500 μM) significantly reversed reduced interaction between Sxt17 and VAMP8 by ML-SA5, but not 
BAPTA-am (10 μM). GFP-STX17 was immunoprecipitated by GFP antibody, and thus endogenous VAMP8 were co-IPed with STX17. VAMP8 was then normalized to 
total GFP-STX17 and displayed in the bar graph. Means ± SEMs are shown in panels A, B, E, F, G, H and I. Significant differences were evaluated using one-way 
ANOVA followed by Tukey’s test. *P < 0.05; **P < 0.01; ***P < 0.001.
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VAMP8, have been reported to determine the fusion status of 
autophagosomes and lysosomes during the autophagy process 
[18]. Accordingly, we investigated whether zinc influx affects 
the interaction between these two SNARE proteins following 
ML-SA5 treatment. Here we used a proximity ligation assay 
(PLA) to detect the direct interaction between STX17 and 
VAMP8 under ML-SA5 treatments (see methods). In the 
PLA assay, we found that starvation (AA- and FBS-free) 
significantly increased interaction between STX17 and 
VAMP8, displaying as much more red dots than control, 
which validated the assay accurately assessing the interaction 
between STX17 and VAMP8 (Figure 3H). With the validated 
PLA assay, we found that application of either ML-SA5 
(1 μM), ML-SA1 (20 μM), or MK6-83 (5 μM) significantly 
reduced red dots compared to control, indicating that the 
interaction between STX17 and VAMP8 is significantly dis-
rupted by stimulating MCOLN1 channels (Figure 3H and 
S3I). Moreover, application of TPEN significantly reversed 
the reduction in red dots caused by ML-SA5, but not affecting 
ones increased by starvation (Figure 3H and S3I). These 
experimental data demonstrate that MCOLN1-mediated zinc 
influx disrupts the interaction between STX17 and VAMP8, 
thus impairing the fusion of autophagosomes and lysosomes 
and ultimately the autophagy process.

The physical interaction between STX17 and VAMP8 was 
further investigated using co-immunoprecipitation (co-IP) 
assays. Following methods described in details in (Figure 
S3J), ML-SA5 (1 μM) significantly inhibited the interaction 
between STX17 and VAMP8, while starvation (AA- and FBS- 
free) facilitates the interaction [18] (Figure 3I), which vali-
dated the co-IP assay. To further investigate whether zinc 
regulation on the interaction between STX17 and VAMP8 is 
direct, we added TPEN (10 μM), BAPTA-am (10 μM), and 
1,10 Phe (500 μM) after the lysates have been collected, 
respectively. We found that application of TPEN or 1,10 Phe 
strongly attenuated eliminated interaction between STX17 
and VAMP8 by ML-SA5, but not BAPTA (Figure 3I).

Collectively, these results demonstrate that zinc release 
from the lysosome mediated by MCOLN1 directly disrupts 
the interaction between STX17 and VAMP8 and resultant 
fusion process between autophagosomes and lysosomes.

Zinc influx originating from the extracellular fluid also 
arrests autophagy

Thus far we uncovered the mechanism by which zinc influx 
from the lysosome arrests autophagy. To further verify that 
zinc influx toward the cytosol is the main cause for autopha-
gic arrest induced by MCOLN1 activation, we went on indu-
cing zinc influx to the cytosol by an alternative approach. 
Here we applied a zinc ionophore, clioquinol [50], to allow 
zinc to enter the cytosol from the extracellular space (Figure 
S4A). Due to rapid cell death (~ 4 h) caused by high concen-
trations of ZnCl2 and clioquinol, we chose 20 μM ZnCl2 
(clamped by 10 μM EDTA and 30 μM ZnCl2) (http://web. 
stanford.edu/~cpatton/webmaxS.htm) + 20 μM clioquinol as 
our highest test concentration. We found that zinc influx 
originating from the extracellular fluid specifically regulates 
autophagy with observation of an increase in LC3-II levels in 

western blot experiments (20 μM clioquinol + 20 μM ZnCl2; 
Figure 4A). The regulation on LC3-II levels by extracellular 
zinc was also dose- and time-dependent (Figure 4B,C). 
Consistently, LC3 puncta were profoundly induced by appli-
cation of clioquinol in GFP-LC3 stably expressed HEK 293 T 
(S-GFP-LC3) cells (Figure 4D). Moreover, increased LC3-II 
levels and LC3 puncta formation triggered by clioquinol were 
completely inhibited by co-application of TPEN (10 μM) 
(Figure 4A-D), confirming that zinc influx originating from 
the extracellular fluid specifically regulates autophagy. CQ 
application (10 μM) did not further increase LC3-II levels 
than clioquinol alone (20 μM clioquinol + 20 μM ZnCl2; 
Figure 4E), whereas it facilitates LC3-II levels increased by 
starvation (AA- and FBS-free; Figure 4E), suggesting that zinc 
influx originating from the extracellular fluid arrests autopha-
gy. Consistent with these observations, SQSTM1 levels were 
elevated following clioquinol application (20 μM clioquinol + 
20 μM ZnCl2; Figure 4F). Furthermore, in contrast to starva-
tion (middle panels in Figure 4G), green puncta and red 
puncta were equally increased by clioquinol application in 
GFP-RFP-LC3 transiently expressed HeLa cells (Figure 4G), 
suggesting that the late step of autophagy is blocked by zinc 
influx that originates from the extracellular fluid. Moreover, 
the fusion between autophagosomes and lysosomes was inhib-
ited by clioquinol exposure (Figure S4B). Collectively, these 
results demonstrate that similar to zinc influx from the lyso-
some, zinc influx originating from the extracellular fluid also 
arrests autophagy by perturbing fusion between autophagoso-
mes and lysosomes. Therefore, zinc influx, both from the 
extracellular fluid and the intracellular zinc stores such as 
lysosomes, arrests autophagy by disrupting fusion of autopha-
gosomes and lysosomes.

ML-SA5 is lethal to a variety of cancer cells, but has little 
effect on normal cells

Cancer cells actively undergo autophagy to conquer nutrients 
limitation and hypoxia for growth [51]. Therefore, autophagy 
inhibitors are becoming emerging therapeutics to combat 
cancer [52,53]. The level of basal autophagy is relatively high 
in pancreatic ductal adenocarcinoma (PDAC), renal cancer, 
mammary cancer, and bladder cancer cell lines, suggesting 
that these cancer cells might highly rely on autophagy for 
growth [54,55]. In addition, transcriptional levels of 
MCOLN1 in various human cancer cell lines or human can-
cerous tissues were significantly lower than the corresponding 
normal cell lines or human adjacent non-cancerous tissues, 
respectively (Figure S5A,B). Accordingly, we wondered 
whether the inhibitory effect on autophagy by activating 
MCOLN1 is able to influence the growth of PDAC. First, we 
investigated the effects of ML-SA5 treatment on Patu 8988 t, 
which is a human PDAC cell line [23]. Intriguingly, we found 
that cell viability of Patu 8988 t was not affected by applica-
tion of ML-SA5 (1 μM) in medium containing 10% FBS 
(Figure S5C). However, when exposing Patu 8988 t cells to 
ML-SA5 in medium containing 2% FBS (data from 5% and 
1% FBS not shown), we observed greater levels of cell death, 
as verified by Trypan blue staining (arrows indicate dead cells; 
Figure 5A). Under this particular starvation condition (2% 
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FBS), autophagy in HeLa and Patu 8988 t cells was still 
arrested following application of ML-SA5 (1 μM), as con-
firmed by western blot experiments (Figure S5D). These 
results indicate that ML-SA5-induced cell death is restricted 
when cells have enough exogenous nutrients.

In addition to autophagic arrest mediated by ML-SA5 
treatments causes cell death of Patu 8988 t, enhanced 
MTORC1 activities by ML-SA5 are also possible to trigger 
cell death (Figure 2B). Thus, to rule out the possibility that 
ML-SA5 causes cell death by enhancing MTORC1 activities, 
we utilized rapamycin, an MTORC1 inhibitor [56], to dispel 
enhancement of MTORC1 activities by ML-SA5. Co-treating 
cells with ML-SA5 (1 μM) and rapamycin (1 μM) significantly 
reduced cell viability in fed condition (10% FBS) compared to 
cells treated with either ML-SA5 (1 μM) or rapamycin (1 μM) 
alone (10% FBS) (Figure S5E). This result indicates that 
enhanced MTORC1 activity is not the cause of ML-SA5- 
induced cell death. It is conceivable that autophagic arrest 
occurs much more severely in the setting of either starvation 
or co-application of rapamycin, as both of these conditions 
will increase abundance of autophagosomes due to facilitated 
formation of autophagosomes (Figure S2I). Therefore, the 
elimination of enhanced MTORC1 activity may be 
a prerequisite to cell death triggered by ML-SA5-induced 
autophagic arrest (also see the discussion). In other words, 
ML-SA5 triggers cell death only when autophagy is actively 
undergoing.

We then systematically studied cell death caused by ML- 
SA5 in various cell types in medium containing 2% FBS. First, 
we monitored cell viability of HPDE6c7 cell, a normal human 
pancreatic duct epithelial cell line [57], in which the basal 
autophagy level is relatively lower [54] than Patu 8988 t cells 
(Figure S5F). Consistent with the observation in pancreatic 
cancer cell line, the basal autophagy in human pancreatic 
cancer tissues was much higher than the adjacent non- 
cancerous tissues (Figure S5F). The similar pattern was also 
observed in human gastric cancer (Figure S5F). ML-SA5 did 
not cause overt cell death in HPDE6c7 (Figure 5B). In either 
case of HPDE6c7 or Patu 8988 t cells, ML-SA5 (1 μM) or CQ 
(10 μM) further increased LC3-II levels (Figure S5G), indicat-
ing that ML-SA5 arrests autophagy in both of HPDE6c7 and 
Patu 8988 t cells, but to different extents according to their 
distinct basal autophagy levels.

On the other hand, cell death was triggered in Patu 8988 t 
cells following ML-SA5 treatment in a time- and concentra-
tion-dependent fashion (Figure 5A,B). To further verify cell 
death caused by treatments of ML-SA5, we performed 
a colony formation assay (Figure 5C and S5H) and a cell 
counting kit 8 (CCK 8) assay (Figure S5I), respectively. In 
both assays, ML-SA5 resulted in significant cell death in Patu 
8988 t cells. Furthermore, ML-SA5 (1 μM for 48 h) was also 

lethal to another PDAC cell line, Panc-1 (Figure S5J). In 
addition to ML-SA5, we evaluated the regulatory effects of 
MK6-83 on cell viability of Patu 8988 t cells. We found that 
MK6-83 (5 μM) has comparable effects on cell lethality in 
Patu 8988 t cells compared to ML-SA5 (Figure S5K). These 
results establish a role of autophagic arrest induced by the 
activation of MCOLN1 in growth of pancreatic cancer.

Additionally, we observed that ML-SA5 had lethal effects 
on other cancer cell lines including MCF-7, a human mam-
mary cell line (Figure 5D and S5L), SGC-7901, a human 
gastric cancer cell line (Figure 5E), A-375, a human malignant 
melanoma cell line, and U-87 MG, a human malignant glioma 
cell line (see the related manuscript). Notably, ML-SA5 was 
nontoxic when exposing to MCF 10A and GES-1 cells, 
a normal human mammary epithelial cell line and a normal 
gastric epithelial cell line, respectively (Figure S6A-D). 
Overall, similar to other autophagy inhibitors such as CQ 
and Baf-A1 (Figure S5M), ML-SA5 possesses potent anti- 
neoplastic activities against multiple cancers without affecting 
viability of normal cells. Interestingly, ML-SA5 had little effect 
on several lung cancer cell lines including A549 and NCI- 
H1299 cells, which might be due to their low reliance on 
autophagy for growth (Figure S6E,F).

We next explored the possible causes for the observed 
reduction of viability in cancer cell lines following ML-SA5 
treatment. Firstly, to determine whether cell death triggered 
by ML-SA5 is mediated through autophagic arrest, we used 
3-MA (10 mM; pretreatment for 2 h) to block initiation of 
autophagy prior to adding ML-SA5. We observed that Patu 
8988 t cell death triggered by ML-SA5 was completely abro-
gated by pre-treatment with 3-MA (Figure 6A), in which 
autophagic arrest by ML-SA5 was already rescued (Figure 
S1L,M). Another PtdIns3K inhibitor, wortmannin (100 nM; 
pretreatment for 30 min), also significantly rescued ML-SA5- 
induced cell death in both Patu 8988 t and SGC-7901 cells 
(Figure S7A). Likewise, when disrupting autophagy initiation 
by knocking down of ATG5 in Patu 8988 t cells and MCF-7 
cells (Figure S7B), cell death triggered by ML-SA5 was sig-
nificantly reduced in the cells (Figure 6B and S7C). These 
results suggest that autophagic arrest by ML-SA5 is most 
likely the primary cause for cell death in the cancer cell lines 
studied. Secondly, in order to confirm the role of zinc influx 
mediated by MCOLN1 in cell death triggered by ML-SA5, we 
used lower dose of TPEN (1 μM) that was nontoxic to cancer 
cells and was able to reverse autophagic arrest by ML-SA5 
(Figure S3D, S3E and S7D). We found that application of 
TPEN (1 μM) completely rescued cancer cell death caused 
by ML-SA5 (1 μM) not only in Patu 8988 t (Figure 6A), but 
also in SGC-7901 cells (Figure S7E), strongly supporting the 
notion that autophagic arrest induced by the zinc influx 
through MCOLN1 triggers cancer cells death. Thirdly, we 

clioquinol + ZnCl2, rapamycin (50 μM), and torin-1 (1 μM). Rapamycin and torin-1 served as positive controls for inducing autophagy (reducing SQSTM1 levels). (G) In 
GFP-RFP-LC3 transiently expressed HeLa cells, application of ZnCl2 and clioquinol (20 μM+20 μM) caused both increased green and red puncta in the same pace, 
while starvation (AA- and FBS-free) induced much more red puncta over green puncta. All treatments were for 4 h. Scale bar: 10 μm. The numbers of total 
(autophagosomes) and red only puncta (autolysosomes) and ratio of autolysosomes to autophagosomes were quantified from three independent experiments 
(typically n = 6–13 cells). Error bars indicate Mean ± SEMs in panels A, D, E, F and G. Significant differences were evaluated using one-way ANOVA followed by 
Tukey’s test. *P < 0.05; **P < 0.01; ***P < 0.001.
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confirmed the specific role of MCOLN1 in cell death induced 
by ML-SA5 in Patu 8988 t, MCF-7 and SGC-7901 cells by 
utilizing both an antagonist of MCOLN1, ML-SI3 (20 μM), 
and an MCOLN1 siRNA [58] (Figure S7F-H). Co-application 
of ML-SI3 (20 μM) or MCOLN1 siRNA remarkably rescued 
cell death triggered by ML-SA5 (1 μM) in Patu 8988 t (Figure 
6A-C), MCF-7 (Figure S7I) or SGC-7901 (Figure S7J) cells. 
Taken together, these results indicate that the activation of 
MCOLN1 leads to cancer cell death by triggering zinc influx- 
mediated autophagic arrest.

On the other hand, as a subsequent event, apoptosis 
usually occurs [59], and can therefore contribute to cell 
death following autophagic arrest. In our hands, we observed 
that apoptosis was strongly induced after 48 h ML-SA5 treat-
ments in Patu 8988 t cells in medium containing 2% FBS. This 
was confirmed by both flow cytometry and activities of 
CASP3 (caspase-3) and PARP (Figure 6D-F). Co-application 
of zVADfmk [60] (20 μM) that is a caspase inhibitor with 
ML-SA5 significantly reduced cell death induced by ML-SA5 
in Patu 8988 t cells (Figure 6A), confirming that apoptosis 
following autophagic arrest is one of the causes of cell death 
triggered by ML-SA5. Notably, in fed condition, ML-SA5 did 
not induce apoptosis (Figure S7K), indicating that certain/ 
threshold levels of autophagic arrest are required to induce 
apoptosis. In addition to assessing cell apoptosis, cell cycles 
were monitored in Patu 8988 t cells by flow cytometry. We 
found that ML-SA5-induced autophagic arrest resulted in G0 
/G1 phase arrest when autophagy was highly active (Figure 6G 
and S7L). These results confirmed that following autophagic 
arrest induced by the activation of MCOLN1, the set of 
induced apoptosis and arrested cell cycle participates in 
impairing viability of the cancer cells.

Our cell culture experiments indicate that ML-SA5 pos-
sesses potent anti-tumor cell activities without affecting nor-
mal cells. We then sought to test anti-neoplastic potentials of 
ML-SA5 in vivo by using Patu 8988 t xenografts mice model. 
Consistent with the in vitro results of experiments on Patu 
8988 t cell viability, administration of ML-SA5 (5 μM) dra-
matically improved mouse survival and suppressed tumor 
growth in xenografted mice (Figure 7A,B). After 14 d of ML- 
SA5 intratumoral injection (5 μM), the final tumor volume of 
ML-SA5 group was reduced to half the size of tumors in the 
control group (Figure 7C and S7M). And administration of 
ML-SA5 remarkably suppressed tumor growth likely through 
inhibiting autophagy through MCOLN1, as autophagy inhibi-
tion is strongly triggered in the tumor tissues from ML-SA5 
group, reflected by the increased LC3 and SQSTM1 puncta 
structures in the tumor tissues (Figure 7D-E and S7N). 
Furthermore, growth inhibition and apoptosis were demon-
strated by a reduction in the proliferation marker MKI67/ki67 
(Figure 7D-E) and an increase in TUNEL staining (Figure 7D- 
E) in tumor tissues from ML-SA5 group, respectively. Due to 
toxicity of 3-MA and TPEN, only co-administration of 
zVADfmk (20 μM) or ML-SI3 (20 μM) with ML-SA5 
(5 μM) was performed. Both zVADfmk and ML-SI3 strongly 
reversed delayed tumor growth caused by ML-SA5 adminis-
tration (Figure 7F and S7O). In addition, in comparison with 
the profoundly reduced tumor sizes by the ML-SA5 adminis-
tration in mice injected with a negative control (NC) shRNA, 

the sizes of tumors injected with a lentiviral-MCOLN1 shRNA 
(LV-MCOLN1 shRNA) were not significantly affected by the 
ML-SA5 administration (Figure 7G). These results confirmed 
the specific role of MCOLN1 in tumor growth.

Discussion

In this study, we uncovered the molecular mechanism by 
which stimulating MCOLN1 arrests autophagy (Figure 7H). 
Activation of MCOLN1 induces lysosomal zinc influx to the 
cytosol. The zinc influx in turn perturbs fusion of autophago-
somes and lysosomes by eliminating the interaction between 
STX17 and VAMP8, which ultimately arrests autophagy. 
Subsequently, arrested autophagy leads to induction of apop-
tosis and G0/G1 cell cycle arrest, all of which confer ML-SA5 
potent anti-neoplastic activities against multiple cancer cells.

MCOLN1 is a nonselective cationic channel and executes 
functions attributed to its mediation on releases of lysosomal 
Fe2+ [1] and Ca2+ [15,61,62]. By mediating lysosomal zinc 
release, our study proposes a new function of MCOLN1 on 
autophagy. However, it is conceivable that various cationic 
fluxes through MCOLN1 underlie their corresponding func-
tions, respectively, upon MCOLN1’s opening. Therefore, 
when studying a particular function related to MCOLN1, we 
have to be extremely cautious to distinguish where it comes 
from by using specific chelators. For instance, we used rela-
tively low concentrations of TPEN (1–10 μM) and 1,10 phe-
nanthroline as zinc-specific chelators, BAPTA as Ca2+-specific 
chelator, deferoxamine and tachpyr as iron chelators, and 
tetrathiomolybdate as Cu2+ chelator to dissect possible invol-
vements of these cations in the autophagy process mediated 
by MCOLN1. With the results from these chelators, we are 
therefore able to draw the conclusion that MCOLN1-induced 
autophagy inhibition is regulated by zinc influx.

On the one hand, our conclusion, to some extent, contra-
dicts with the hypothesis that lysosomal Ca2+ exit through 
MCOLN1 promotes autophagy by activating PPP3/calci-
neurin and subsequent de-phosphorylation of TFEB [13,63]. 
Thus, we carefully investigated TFEB activity under ML-SA5 
treatments. ML-SA5 application did not change TFEB activity 
for different periods (Figure 2C), while starvation and torin-1 
treatments significantly triggered TFEB activity. Moreover, we 
investigated TFEB subcellular localization under ML-SA5 
treatments for 30 min, 90 min and 4 h as well by immunos-
taining experiments. We observed that TFEB mostly remained 
in the cytosol (> 90%; images for 90 min were shown), which 
is sharply contrast to nuclear localization of TFEB triggered 
by the torin-1 treatments (Figure S2E). In addition, we inves-
tigated TFEB subcellular localization by western blot analysis 
of sub-cellular fractionated experiments (Figure S2F). Further, 
changes in transcriptions of several TFEB downstream targets 
including SQSTM1, LAMP1 and CTSD upon ML-SA5 treat-
ment were assessed. We found that in contrast to starvation, 
ML-SA5 treatments did not alter either of transcription of 
these TFEB’s common downstream targets (Figure S2G), 
implying that TFEB activity is not altered by ML-SA5 treat-
ments. Collectively, with all these assays, we conclude that 
ML-SA5 treatments regulate autophagy through MCOLN1 
channels independent of TFEB activity. These observations 
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were supported independently by the results that stimulating 
MCOLN1 channels by overexpressing the channels does not 
significantly trigger TFEB nuclear translocation reported by 
Zhang at al [64].

In agreement with the statement of Scotto Rosato et al., 
MCOLN1’s regulation in autophagy is independent of TFEB 
activity [63]. Our findings have suggested that the activation 
of MCOLN1 disrupts the fusion between autophagosome and 
lysosome, however, Scotto Rosato et al., proposed an opposite 
effect of MCOLN1 on promoting autophagy initiation. There 
are also a few reports suggesting that overexpressing 
MCOLN1 blocks autophagosome-lysosome fusion. This was 
determined by the RFP-GFP-LC3 tandem plasmid and dis-
played as the disrupted autophagic flux [65]. Those results 
highly agree with our observations.

As autophagy is a dynamic process, either promoted initia-
tion or blocked autophagic flux leads to increased autophago-
some accumulation, represented as increased LC3-II levels or 
LC3 puncta structures. Therefore, together with evaluating 
LC3 levels, approaches such as SQSTM1 measurements and 
tracking autophagic flux by monitoring the tandem GFP-RFP- 
LC3 are required to illustrate how exactly autophagy is regu-
lated. In addition, monitoring autophagy parameters at dif-
ferent timing points might not be able to catch all of the 
dynamic changes of the autophagic flux. As such, the pro-
longed fusion disruption, displayed as autophagosome accu-
mulation, might be read as the changes in autophagy 
initiation. Also, the different observations on the role of 
MCOLN1 in autophagy might be explained by differences in 
the experimental conditions used and levels of MCOLN1 in 
various cells used by the different groups.

On the other hand, presumably, lysosomal Ca2+ should be 
beneficial for fusion of autophagosomes and lysosomes, as 
cytosolic application of Ca2+ does promote interaction 
between STX17 and VAMP8 (data not shown), even though 
we do not know the origin of the Ca2+ involved in the process. 
However, following stimulation of MCOLN1, the ultimate 
outcome is the arrested autophagy due to the overwhelming 
regulation of zinc over Ca2+ on fusion of autophagosomes and 
lysosomes, as regulation on autophagy by ML-SA5 is not 
abrogated by application of BAPTA-am at all, but completely 
reduced by TPEN or 1,10 phenanthroline. Our study suggests 
that zinc can oppose the effects of Ca2+ on the interaction of 
STX17 and VAMP8 when zinc and Ca2+ are simultaneously 
extruded from the lysosome following MCOLN1 activation. 
However, it is unlikely to illustrate and dissect individual 
effects of zinc or Ca2+ on regulating autophagy separately in 
physiological context. The different environmental cues may 
mobilize MCOLN1 to release the corresponding cations for 
regulating various cellular events, which need to be elucidated 
experimentally. Nevertheless, we do establish a new funda-
mental role of zinc in membrane trafficking. This conclusion 
is strongly supported by the results on the effect of zinc influx 
from the extracellular fluid that arrests autophagy by the same 
mechanism as lysosomal zinc. These results together suggest 
that zinc does regulate fusion process between autophagoso-
mes and lysosomes.

Our results have demonstrated that activation of MCOLN1 
by ML-SA5 enhances MTORC1 activities as confirmed by 

increased levels of RPS6KB phosphorylation (Figure 2B), 
thereby implying that autophagosome formation is, in part, 
suppressed by the activation of MCOLN1. In other words, 
activation of MCOLN1 suppresses autophagy initiation on 
one hand and prevents fusion of autophagosomes and lyso-
somes on the other hand. Upon activation of MCOLN1, only 
when inhibited formation of autophagosomes is relieved by 
the specified conditions such as starvation and rapamycin 
treatments, then available autophagosomes accumulate and 
ultimately lead to induction of apoptosis and cell cycle arrest. 
These dual-effects by ML-SA5 nicely set up a “hurdle” for 
over-regulation of autophagy via MCOLN1 activation. This 
mechanism could explain why cell death did not occur in 
non-cancer cells in which basal autophagy is rather low. 
Thus, these findings suggest that ML-SA5 administration 
will be highly effective only in nutrient- and oxygen- 
deprived environments such as the environment of tumor, 
thus giving ML-SA5 great clinical utility potential.

Another important finding of our work is that lysosomal 
zinc engages in fusion of autophagosomes and lysosomes by 
eliminating the interaction between STX17 and VAMP8. To 
our knowledge, this is the first report that identifies a role for 
zinc in organelle trafficking. This regulation applies to zinc 
influx originating from the extracellular fluid, and presumably 
also to other intracellular sources of zinc such as the uniden-
tified intracellular zinc stores reported [66]. Zinc plays 
a critical role in a vast array of cellular functions including 
gene expression, enzymatic activities, and stability of proteins. 
Here we provide the evidence that zinc prevents the interac-
tion between STX17 and VAMP8 and resultant fusion process 
between autophagosomes and lysosomes [67]. However, the 
mechanism by which zinc prevents the interaction between 
STX17 and VAMP8 remains unknown. We postulate that zinc 
may participate in regulating the conformation of one or both 
of STX17 and VAMP8, as it does in another SNARE protein, 
TMEM163/SV31 [68]. However, this theory needs to be 
proved experimentally in the near future. HOPS, a well- 
known tethering complex, is essential for autophagosome 
and lysosome fusion events [69]. And it has been reported 
that the HOPS complex regulates autophagosome-lysosome 
fusion through interaction with STX17 [70,71]. It is possible 
that the HOPS complex, which contains a C-terminal zinc 
finger, is recruited by the zinc flux mediated by MCOLN1 to 
regulate the interaction between STX17 and VAMP8. Given 
that the complexity of the molecular mechanism or protein 
conformation changes on how the zinc regulates the fusion 
process between autophagosomes and lysosomes, this needs to 
be evaluated on a more granular level. Nevertheless, it does 
not change our finding that zinc flux through MCOLN1, as 
a mediator, prevents the interaction between two SNARE 
proteins. On the other hand, owing to the feature of arresting 
autophagy, elevating cytosolic zinc levels appears to be 
another efficient way to combat cancer. Thus, taking advan-
tage of zinc on triggering cell death without affecting normal 
cells through specifically arresting autophagy in cancer cells 
can be a novel and new therapeutic approach to prevent 
tumor growth. However, an overdose of zinc is rather toxic 
as it leads to mitochondrial dysfunction and increases ROS 
levels [72]. Therefore, it is essential to perform additional 
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studies using zinc ionophores such as clioquinol and zinc 
pyrithione for therapeutic purposes.

This study also sheds a new light on developing specific 
MCOLN1 agonists as a new type of autophagy inhibitor that 
can be used to combat cancer. Over the past decade, our 
depth of knowledge and understanding of therapeutic poten-
tial of autophagy inhibition for treating cancer has vastly been 
improved. To this end, more pharmacological molecules that 
are designed to suppress autophagy have been developed such 
as 3-MA, wortmannin, LY294002, CQ, and hydroxychloro-
quine (HCQ) [53]. For example, class III of phosphoinositide 
3 kinases (PtdIns3Ks) inhibitors including 3-MA, wortman-
nin and LY294002 prevent autophagosome formation and in 
turn arrest autophagy. However, those inhibitors are not 
specific to inhibit autophagy and paradoxically activate auto-
phagy on higher doses. In particular, CQ and its derivative 
HCQ that are FDA-approved anti-malaria drugs, have been 
extensively studied and tested in clinical trials. Although CQ 
and HCQ showed moderate anti-neoplastic effects, their 
effects largely come from the modulation of pathways other 
than autophagy inhibition. Moreover, the mechanism by 
which CQ and HCQ inhibit autophagy is still not understood. 
Therefore, developing molecules that specifically regulate au-
tophagy will surely broaden clinical utility in combating can-
cer. Here we have reported that the MCOLN1 agonists, ML- 
SA1, ML-SA5, and MK6-83, specifically arrest autophagy by 
perturbing fusion of autophagosomes and lysosomes. 
Moreover, we have demonstrated that these agonists possess 
potent anti-neoplastic effects without affecting normal cells, 
therefore giving MCOLN1 great potential for clinical thera-
peutic use.

In summary, we have identified a regulatory network that 
was activating MCOLN1 channels arrests autophagy to trigger 
cancer cell death. Importantly, this network provides two 
clear targets, MCOLN1 and cytosolic zinc levels, that can be 
exploited as novel approaches to treat cancer.

Materials and methods

Mammalian cell culture and transfection

HeLa cells, Cos-1 cells, HEK 293 T cells, Patu 8988 t cells, and 
HPDE6c7 cells were purchased from Shanghai Gefan 
Biotechnology. Co., Ltd. (GE042, GE098, GE102, GE322 and 
GE324) MCF-7, MCF-10A, SGC-7901, and GES-1 were 
obtained from KeyGEN BioTECH (KG031, KG218, KG520 
and KG552). GFP-LC3 stable HEK 293 T cells were a gift 
from Dr. Ling Chen at Guangzhou Institutes of Biomedicine 
and Health, Chinese Academy Sciences and atg12 KO NRK 
cells were a gift from Dr. Li Yu at the School of Life Science in 
the Tsinghua University. MCOLN1 KO HAP1 cells were pur-
chased from Horizon discovery (C361). All cells were grown 
at 37°C in a 1:1 mixture of Dulbecco’s modified Eagle’s 
medium (DMEM; Gibco, 11,965,175) supplemented with 
10% fetal bovine serum (FBS; Gibco, 10,091,155) in 
a humidified 5% CO2 incubator. Unless indicated otherwise, 
experiments of cell viability measurement were performed 
with the following timeline: cells (~20 x 104/ml) were plated 
in medium with 10% FBS. After 24 h, cells were changed to 

2% FBS with or without drugs. Treatments were applied for 
24 to 72 h periods as indicated. For transfection, cells were 
transfected with Lipofectamine 2000 (Invitrogen, 11,668,027). 
Culture media were refreshed 18–24 h post-transfection, and 
cells were imaged 48 h post-transfection to allow sufficient 
recovery from transfection stress.

Plasmids and siRNAs

GFP-LC3 (21,073), mCherry-LAMP1 (45,147), GFP-MCOLN1 
(62,960), TFEB promoter-luciferase reporter (66,801), and 
GFP-RFP-LC3 (84,573) were obtained from Addgene (depos-
ited by Drs. Tamotsu Yoshimori, Amy Palmer, Paul Luzio, 
Albert La Spada and Noburu Mizushima, respectively). 
mCherry-VAMP8 and GFP-STX17 were kindly provided by 
Drs. Hong Zhang (National Institute of Biological Sciences, 
Beijing, China), Edward A Fon (Department of Neurology 
and Neurosurgery, McGill University), Amy Kiger 
(Department of Cell & Developmental Biology, University of 
California, San Diego), and Qiming Sun (School of Basic 
Medical Sciences, Zhejiang University). Negative control and 
MCOLN1 siRNAs [28,58] were synthesized from GenePharma 
company. The ATG5-specific target sequence used was 
5-AAGCAACTCTGGATGGGATTGC-3, corresponding to 
nucleotides 744–765 of the human ATG5 mRNA. The human 
TFEB siRNA#1 (5′-AGACGAAGGUUCAACAUCA-3′) and 
human TFEB siRNA #2 (5′-CUACAUCAAUCCUGAAAUG 
-3′) were tested to knock down TFEB expression levels. The 
MCOLN1 shRNA was inserted into a lentiviral vector for 
in vivo injection.

Western blotting

Standard western blotting procedures were used. Antibodies 
used for western blots include anti-LC3 (Sigma-Aldrich, 
L8918), anti-TUBB/beta-tubulin (Cell Signaling Technology, 
2146), anti-SQSTM1 (Cell Signaling Technology, 5114), anti- 
VAMP8 (Cell Signaling Technology, 13,060), anti-CASP3/cas-
pase 3 (Cell Signaling Technology, 9662), anti-cleaved CASP3 
(Cell Signaling Technology, 9661), anti-PARP (Cell signaling 
Technology, 9542), anti-CTSD/cathepsin D (Cell Signaling 
Technology, 2284), anti-GAPDH (Cell Signaling Technology, 
2118), anti-ATG5 (Cell Signaling Technology, 2630), anti- 
Histone (Cell Signaling Technology, 9715), and anti-GFP 
(Abcam, ab290).

qPCR analysis

Total RNA from various cancer cells and corresponding nor-
mal cells was isolated using RNAiso Trizol reagent (Sangon 
Biotech, China), and reverse-transcribed with PrimeScript™ 
RT Master Mix (Takara, Japan) according to the manufac-
turer’s instructions. Then a TB GreenTM Premix EX TaqTM 
II (Takara, Japan) in a LightCycler 480 qPCR instrument 
(Roche) was used for qRT-PCR. qRT-PCR was performed in 
triplicate and the results were normalized against GAPDH. 
Relative fold expressions were calculated with the comparative 
threshold cycle (2-ΔΔCt) method. The sequences of all pri-
mers for qRT-PCR are listed in below:
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mMCOLN1 forward: 5′AAACACCCCAGTGTCTCCAG-3′ 
mMCOLN1 reverse: 5′GAATGACACCGACCCAGACT-3′ 
rMCOLN1-F:TCCATGTGACAAGTTCCGGG 
rMCOLN1-R:AGAGGTGTCGGAAGGCAATG 
hMCOLN1-F:TCTTCCAGCACGGAGACAAC 
hMCOLN1-R:GCCACATGAACCCCACAAAC 

Co-immunoprecipitation

Transfected cells from 10 cm dishes were incubated with 1 ml 
of NP40 lysis buffer (1% NP-40 [Sigma-Aldrich, 9,016,459], 
137.5 mM NaCl [Sigma-Aldrich, S9988], and 10% glycerol 
[Sigma-Aldrich, G5516] in 20 mM Tris-HCl [Sigma-Aldrich, 
1,185,531], adjusted to pH 7.4) for 30 min at 4°C. Lysates were 
centrifuged at 16,000 g for 10 min, and supernatants were 
incubated with 1 μg of primary antibodies at 4°C for 12 h. 
After addition of 20 μl of protein A/G plus-agarose (Santa 
Cruz Biotechnology, sc-2003), lysates were incubated at 4°C 
for 1 h with gentle shaking. Agarose beads were then collected 
through centrifugation at 500 g for 5 min. Beads were washed 
three times thoroughly in lysis buffer, and then heated to 95°C 
for 5 min in NuPAGE loading buffer (ThermoFisher Scietific, 
NP0007). Proteins were blotted with anti-GFP (Cell Signaling 
Technology, 2555) and anti-VAMP8 (Cell Signaling 
Technology, 13,060; 1:500).

TFEB-luciferase assay

The luciferase reporter gene assay was measured as described 
previously [73]. Briefly, HEK 293 T cells were seeded in a 35- 
mm dish to reach 80–90% confluence for overnight. TFEB 
promoter-luciferase reporter plasmid was transfected into the 
cells with the aid of Lipofectamine 2000. Cells were then 
additionally co-transfected with pGL4.75 (Renilla-luc) for 
normalization. After 6 h post-transfection, cells were seeded 
in a 12-well plate and grown for another 16 h with DMEM 
containing 10% FBS. Then the cells were treated with different 
drugs as indicated. Luciferase and Renilla activities were 
determined using a Dual-luciferase Reporter Assay kit 
(Promega, E1910). The results were averaged from at least 
three independent experiments.

Trypan blue assay

Freshly detached cells were diluted with same volume of 
trypan blue solution. Ten μL of sample was loaded into an 
hemacytometer and examined immediately under 
a microscope at low magnification. The number of blue stain-
ing cells and the number of total cells were counted. Cell 
viability was determined as [1.00 – (Number of blue cells/ 
Number of total cells)].

CCK 8 assay

Cells were plated in a 96-well plate (100 μl/well). Ten μl of the 
CCK-8 solution (Dojindo, CK04) was added to each well of 
the plate. Plates were incubated for 1–4 h in the incubator and 
the absorbance was measured at 450 nm using a microplate 
reader.

Colony formation

An appropriate number of Patu 8988 t cells per well were 
seeded on a 6-well plate. Cells were incubated for 12 h in 
a CO2 incubator at 37°C to allow cells to attach to the wells. 
Cells were then treated with drugs as indicated for approxi-
mately 2 weeks until cells in the control well had formed 
colonies. Medium was removed, cells were washed with PBS 
(ThermoFisher Scientific, 10,010,049), and fixed with 4% PFA 
(ThermoFisher Scientific, R37814). Finally, cells were stained 
with 0.3% crystal violet for 1 h.

Flow cytometry

For flow cytometry analyses, Patu 8988 t cells were treated 
with different drugs as indicated. Cells were collected, washed 
with PBS (ThermoFisher Scientific, 10,010,049) twice, and 
stained using ANXA5/annexin V-7-AAD (Sigma-Aldrich, 
HR8285) for apoptosis assay, H2DCFDA (ThermoFisher 
Scientific, D399) for ROS measurement, and propidium 
iodide (PI; ThermoFisher Scientific, P1304) for cell cycle 
assay, according to the manufacturer’s instructions. Stained 
cells were analyzed with a BD FACSAria III flow cytometer 
and data was processed using FlowJo software.

Mouse xenografts

Experiments on mice were performed in accordance with 
Xuzhou Medical University Animal Facility and Use 
Committee-approved protocols. 1–5 × 106 Patu 8988 t cells 
were re-suspended in 50% Matrigel (BD Biosciences, 356,234) 
to a final volume of 100 μL and then injected slowly into the 
subcutaneous tissue of ~6-week-old BALB/c nude mice. 
When diameter of tumors reached 10 mm, PBS or ML-SA5 
was injected daily into the solid tumors. Tumor volumes were 
measured daily and calculated by using the equation (length 
X width2)/2 for 14 d. Mice were sacrificed and tumors were 
collected for immunohistochemistry and immunoblotting.

Immunofluorescence and immunohistology staining

The tumor tissues of mice were fixed with 4% paraformalde-
hyde, embedded with paraffin, and cut at 6 μm. Histological 
sections were dewaxed, antigen retrieved with citric acid buf-
fer, blocked with 3% hydroperoxide for 10 min, and then 
incubated with antibody against LC3 (Sigma-Aldrich, L8918; 
1:200) or SQSTM1 (Progen, GP62-C; 1:300) at 4°C overnight 
and incubated with secondary antibody (Alexa Fluor 488; 
Jackson ImmunoResearch, 611,545,215) for 1.5 h at room 
temperature. The sections were counterstained with hematox-
ylin for 5 min, dehydrated, cleared and mounted in neutral 
gum. TUNEL staining was performed according to the 
instructions (Roche, 11,684,795,910). The tissue slices were 
counterstained with 4ʹ,6-diamidino-2-phenylindole (DAPI; 
ThermoFisher Scientific, D9542) for 3 min. 
Diaminobenzidine (Sigma-Aldrich, D8001) was used as 
a chromogen to visualize the antibody/antigen complex. For 
Immunohistochemistry experiments, tumor tissues were fixed 
and cryosectioned. Processed tissue sections were first 
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incubated with MKI67/ki67 antibody (Santa Cruz 
Biotechnology, sc23900). Biotinylated secondary antibody 
was added, followed by the addition of preformed ABC 
reagent (Santa Cruz Biotechnology, sc2018). The target pro-
tein was visualized by incubation with peroxidase substrate. 
All sections were observed using the confocal laser scanning 
microscope.

Proximity ligation assay (PLA)

For detecting the interaction between STX17 and VAMP8, 
HeLa cells transfected with GFP-STX17 treated with different 
chemicals for 8 h before probed with anti-GFP and anti- 
VAMP8 antibodies and subjected to PLA. In detail, PLA was 
conducted using a PLA kit (Sigma-Aldrich, DUO9008, 
DUO92002 and DUO92004) according to the manufacturer’s 
instructions. Treated cells were fixed, permeabilized and 
blocked for 1 h with Duolink® Blocking Solution (Sigma- 
Aldrich, DUO82047). Then the cells were incubated with 
both mouse anti-GFP (Proteintech, 66,002-1-Ig) and rabbit 
anti-VAMP8 (Cell Signaling Technology, 13,060) at 4°C over-
night. Images were obtained with a QImaging Rolera XR 
digital camera on an Olympus X81 microscope. The effective 
interaction between STX17 and VAMP8 was illustrated as red 
dots. Determination of the number of PLA dots was per-
formed using the ImageJ software (NIH).

Ca2+ and zinc imaging

Ca2+ and zinc imaging were carried out within 2–3 h after 
plating while overexpressing-MCOLN1-cells exhibited 
a round morphology. Cells were loaded with 5 μM Fura-2 
AM (ThermoFisher Scientific, F1201) or 2.5 μM FluoZin-3 
AM (ThermoFisher Scientific, F24195) in the culture medium 
at 37°C for 1 h. Fura-2 ratios (F340/F380) or FluoZin-3 AM 
fluorescence (Ex494/Em516) were used to monitor changes in 
intracellular [Ca2+] or [Zn2+] upon stimulation, respectively. 
Lysosomal Ca2+ release was measured under a “zero” Ca2+ 

external solution. To maximally visualize zinc influx upon 
stimulation, cells used in zinc imaging were pretreated with 
100 μM ZnCl2 overnight.

Confocal imaging and Transmission Electron Microscope 
(TEM)

Cells were grown on glass coverslips and fixed with 4% PFA. 
After three washes with PBS, the coverslips were mounted 
with Fluoromount-G (Southern Biotech, 010001) and pro-
cessed for imaging using an Olympus confocal microscope. 
For TEM experiments, HeLa cells were treated with DMSO 
(Sigma-Aldrich, D2650) or ML-SA5 for 12 h prior to collect-
ing. The collected samples were then centrifuged and pro-
cessed in the Transmission Electron Microscopy Core at Jinan 
Weiya Electron Microscopy Company.

Whole-endolysosome electrophysiology

Endolysosomal electrophysiology was performed on isolated 
endolysosomes using a modified patch-clamp method [1]. 

Briefly, cells were treated with 1 μM vacuolin-1 (MCE, HY- 
118,630), a lipid-soluble polycyclic triazine that can increase 
the size of endosomes and lysosomes selectively [74] for at 
least 1 h and up to 12 h. Large vacuoles (up to 5 μm in 
diameter; capacitance = 1.9 ± 0.1 pF, n = 35 vacuoles) were 
observed in most vacuolin-treated cells. To isolate vacuoles, 
a patch pipette (electrode) was pressed against individual cells 
and then was pulled away quickly to sever the cell membrane. 
Whole-endolysosome recordings were then performed on 
enlarged vacuoles from cells that were released into the dish.

Unless otherwise stated, the bath (internal/cytoplasmic) 
solution contained 140 mM K+-gluconate (Sigma-Aldrich, 
P1847), 4 mM NaCl (Sigma-Aldrich, S9988), 2 mM MgCl2 
(Sigma-Aldrich, 208,337), and 10 mM HEPES (Sigma- 
Aldrich, H3375), pH adjusted with KOH to 7.2. Solutions 
with 0.1–10 μM free Ca2+ were prepared by combining var-
ious concentrations of EGTA (Sigma-Aldrich, E3478) and 
CaCl2 (Sigma-Aldrich, C4901), as calculated with the 
MaxcHeLator program (http://maxcHeLator.stanford.edu/ 
CaEGTA-TS.htm). The pipette (lumenal) solution contained 
145 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 
20 mM HEPES, and 10 mM glucose (Sigma-Aldrich, 
G8270), pH adjusted to 4.6 with NaOH. Data were acquired 
with an Axopatch 2A patch-clamp amplifier and a Digidata® 
1440 digitizer and recorded with pClamp 10.0 software (Axon 
Instruments). Whole-endolysosome currents were digitized at 
10 kHz and filtered at 2 kHz. All experiments were conducted 
at room temperature (21–23°C), and all recordings were ana-
lyzed in pCLAMP10 (Axon Instruments) and Origin 8.0 
(OriginLab) software.

DQ-BSA proteolytic assay

DQ-red-BSA was used as an artificial substrate to evaluate 
lysosomal proteolytic degradation [22,75]. Briefly, cells were 
treated with DQ-red-BSA (ThermoFisher Scientific, D12051; 
10 μg/ml) for 2 h at 37°C. After removal of extracellular DQ- 
red-BSA, cells were starved (amino acid-free and serum with-
drawal) to trigger autophagic degradation. Upon cleavage, 
DQ-red-BSA exhibited red fluorescence, as detected by con-
focal imaging.

Zinc staining

HEK293T cells were seeded on glass coverslips and loaded 
with 100 μM ZnCl2 (Sigma-Aldrich, 208,086) for 12 h 
together with or without ML-SA5. Cells were washed 3 
times with PBS, and then loaded with 2.5 μM FluoZin-3 AM 
(ThermoFisher Scientific, F24195) and 100 nM LysoTracker 
Red DND-99 (ThermoFisher Scientific, L7528) for no less 
than 30 min. Confocal microscopy was performed using 
Olympus confocal microscopes.

Reagents and chemicals

All reagents were dissolved and stored in DMSO (Sigma- 
Aldrich, D2650) or water. Baf-A1 (HY-100,558), rapamycin 
(HY-10,219), zVADfmk (HY-16658B) was obtained from 
Med Chem Express. Torin 1 (S2827) was purchased from 
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Selleck. DQ-BSA-red (D12051), FluoZin-3 AM (F24195), 
Fura-2 AM (F1201), BAPTA AM (B6769), LysoTracker Red 
DND-99 (L7528), PI (P1304), and H2DCFDA (D399) were 
from ThermoFisher Scientific. ANXA5/annexin V-7-AAD 
(HR8285), chloroquine (C6628), 3-MA (M9281), TPEN 
(P4413), 1,10 phenanthroline (P9375), deferoxamine 
(D9533), MK6-83 (SML1509), and tetrathiomolybdate 
(323,446) were purchased from Sigma-Aldrich. Trypan blue 
(K940) was from VWR. CCK 8 kit (CK04) was purchased 
from Dojindo. Tachpyr was synthesized in Wenxi ChemBio 
Co., Ltd. ML-SA1, ML-SA5, ML-SI1, and ML-SI3 were kindly 
provided by Dr. Haoxing Xu.

Statistical Analysis

All experiments are repeated at least 3 times. Data are pre-
sented as the means ± standard errors of the mean (SEMs). 
Statistical significance of differences was evaluated using 
ANOVA followed by Tukey’s test. P values < 0.05 were 
considered statistically significant.
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