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Abstract

1 Abstract

Hepatocellular carcinoma (HC€the most common fornmof liver cancer and remains the
fourth most lethal cancer worldwidé\ novel druggable target isgently neededo establish
therapeutic strategies. The role of cation channel TRPML1 residingndonlysosomal
membranes habeendiscussed in cancer research representing a potential target., Mexe
discovered an isoformelective TRPML1 activator MBA1 and wesdthe CRISPR/Cas9 system
to generate genetically TRPML1 knockout (KO) cells foramteration and los®f-function
studies upon TRPML1 in HCC. MiAllrepresentspotent cytotoxicity toward cancer cells in
the micromolar range using proliferath and apoptosis assay#/e unravelledthat over
activaton and loss of TRPML1alter mitochondrial proteis using proteomic analysis
Furthermore, indepth studies of mitochondria were conducted using confocal and
transmission electrommicroscopy, combined with Seahof¥eand Oroboros® functional
analysis. We have uncovered that MBA1 oveiactivates TRPML1, leading calcium
overloading and thus impairment of mitochondrianction. Additionally, TRPML1 lesk
function interfereswith mitochondrial renewal, leadin aberrant cancer proliferationThe
results of this studyglearly reveal a dudhcet role of TRPML1 as a regulator in mitochondrial

function and its activators as a promising molecule for anticancer options in HCCytherap
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Figurel. Model of TRPML1 as a mitochondrial balancer function in @ project ata

glance

(Left panel ML:SA1 ovesactivatesTRPMLnd leads tolysosomalC&* release intothe cytosol.
This calcium can further indu@alciuminducedcalcium release from other organelles@alcium
influx in mitochondria. Upregulation of mitochondrial calcium causes depolarizatiol
mitochondrial membrane and generation of ROS, leading to an openingeomitochondrial
transition pore (mPTP) anzkll death, which can be rescued by CsA. (right panel) Loss of TF
altersthe lysosomal size, pH and lysosomal function, leading to disrupted mitophagshanefore,

mitochondrial renewalTaken together, th impairment of mitochondrial and lysosomal functis
causes impairment of cellular proliferation rate.

Besides the anfproliferative effect of TRPML1, we investigated the role of TRPMLL1 in cancer
cell migration. We analysed collective and individualgmation using a microcontact
patterning technique and the underlying mechanisms in detail, facilitating confocal and
western blot analysis. We unraled that loss of TRPML1 decreases the migration capacity of
variouscancer cell lines by reprogrammingncar movement from collective to individual
migration Ecadherin dependently. Mechanistically, TRPML1 might regulatadBerin by
modulating celcell communication Notchl signalling pathway. However, the underlying
mechanism remains unknown and needsle further investigated In short, our study
discovered a novel interaction of lysosomal TRPML1 andeéltontact in collective cancer

migration, which seta basis for targeting TRPML1 as an-argtastatic option.



Abstract

TRPML1 WT TRPML1 KO
(Collective migration) (Individual migration)

|
TEN ~ ®

. TRPML1

Wang et al. 2012 Iy
9 —> mmssmm  E-cadherin

Notch1 receptor

Figure2. Characterization of TRPML1 in cancer collective migratidhe project ata
glance

Loss of TRPML1 altgthe expression of thdight junction protein, Ecadherin It further leads to
disruption of celcell contacts and remgramming of cellular movement, causing a switch fr
collective to individual migrationFurthermore,this could indicate thathe Ecadherin levelis
modulated by Notchl, acellcell communicationprotein, whichin turn could be regulatedy

TRPML1
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2 Introduction

2.1 Pathogenesis andruggabletarget ofhepatocellularcarcinoma

Hepatocellular carcinoma (HO@presentsthe majority of prmary liver malignanes andis

the fourth most common cause of cancdeaths worldwide [1, 2]. The high fataty rate is
primairily due to high chemoresistance and poor progn@2jsin general, lsronic hepatitis B

or C virus (HBV or HCV) infection or alcohol almsespected as primaryunderlying cause

of HC({1, 2]. The molecular mechanism of HCC development is complex and heterogeneous.
Severaloncogenes and tumour suppressor protein mutasolead tothe deregulation of
normal cellular pathway For instance, Wnt/Bcatenin, TP53/cell cycle, oxidative stress
response, PIBK/AKT/mTOR, and Ras/Raf/M2Plteration of various molecular sighag
pathways endowscancer developmentand the progression of HC(3]. The diversityof
molecular alteration complicatdbe discovery of effective chemotherapy.dhnicalpractice
HCC patients are commonly classified accordintpéoBarcelonadinic Liver Cancer (BCLC)
stagingsystem Figure3)[4, 5], and treatment options are strongly dependent on HCC stages.
Current treatment options have lem classified into clinical nedrug therapies and
systematic pharmacological treatmenf3, 5]. Clinical nordrug therapiessuch ashepatic
resection or a liver transplant can cure patieimsthe earlystages but are not suitable for
advancedstage patientd3]. Hence, systematic phaamnological treatmentsre often used

for non-surgical patients, such as multi tyrosine kinase inhibitor Sorafenib, consiéiesed
line treatment in pharmacological strateffy]. The existing treatment can only offer survival
benefits for 30 % of HCC patief#3. Herein, the need for novel druggable targets in HCC or

cancerprovidedthe rationale and idea for this study.
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S-year OS rateAblation
33-55% RFA

38-60% PElI <= BCLCO-A BCLC D —Best supportive care

43.1-60% MWA
os
S-year OS rat
indiccad g ﬁ rS S8 Regorafenib  10.6 months
65-78% LT = Sorafenib 10.7 months
10.2 months

Cabozantinib
60-70% HR <~ BCLCB BCLCC —+ Lenvatinib 13.6 months —»

Ramucirumab 9.2 months
50% TACE Nivolumab 0
Pembrolizumab 13.9 months

Figure3. Classification of HCC patients and treatment options.

HCC stage is classified atling tothe Barcelona Clinic Liver Cancer (BCLC) staging syi$termred
box indicateghe overall survival of patients after specific treatments. Possible treatments co
of RFA (radiofrequency ablation), PEI (percutaneous ethanol injection), M\WaWaie ablation),
LT (liver transplantation), HR (hepatic resection), and TACE (transarterial chemoembolizh#c
figure is adapted from Chen. et §].

2.2 Endolysosomasystem- TransientReceptorPotential Mucolipin-1 (TRPML13s

anoveltargetfor cancertherapy

Researchers have shown an increasing interest in the roleeaditdolysosomal systerfES)

It consists of lysosomesarly, late, recycling endosomeand autophagosone In general,

the EShas emerged agritical in regulating macromolecules degradation and recycling,
homeostasis, anénergy metabolism. In additiomore and moreevidence showthat the
ESplaysacritical role in cancelin particular revealing thahe autophagylysosome pathway
helps canceto esca from cell death or apoptosis pathways, 7] Hence, targeting the
endolysosomes has beme an attractive strategy in cancer research. The function ef th
endolysosomes is intimately associated with membrane proteins such as ion channels.
Transient eceptor potential channels (TRP channels) are groups of ion channels on the
plasma membrane and membranes of acidic vesicleh®fES[8, 9] Transient Receptor
Potential Mucolipinchannels(TRPM§) are subfamiles of TRPchannels The mucolipins
consistof 3 channel subtypes, TRPME2, and-3, encoded by MCOLN®, and-3 genes,
respectively[8]. They are norselective permeable to t@ns, for instance, calcium, sodiym

and magnesiumTRPML1 and TRPML2 are primarily leedlito the late endosome and

lysosome. In contrast, TRPML3 is present at the plaserabrane and early endosonij8.

12
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The struture of TRPMLI10, 11] and TRPML312] were revealed by el#ron cryo
microscopy. TRPMLI1channel consistof four subunits and eachsubunit contains six
transmembrane helices $$6, twopore helices (PH1 and PHahd a luminal domain[10,

11] (Figured). The transmembrane domains5s and S6, placritical rolein channel opening

as theycanform abinding pocket for activatorgl0, 11] The bndingof TRPML1 endogenous
activator (Ptdins (3,992) or synthetic molecules (ML3Mresults inconformation changes
which in turn causeonformational changes that open the gate and allow insass through

the channel[11, 13] TRPML3as a similar general architecture with TRPML1 brgtacts
differently to pHchangeg12]. Among three TRPML channels, TRPML1 was reported as a
genetic deteminant of ahumanlysosomal disorder (LSD), namely, mucolipidosis type IV (ML
IV) [14, 15] ML:IV patientsare often charactersed by abnormal neurodevelopment and
ophthalmologic diseas€ld6]. No evidenceyet shows TRPML2 or TRPMLZht&ve any link

with disease in humans

s %"\‘ Cytosol L clesd Y
526~ ~F) Tl P :
c ag)* - ¢

N

Figure4. Structure of human TRPMLL1.

(A) TRPMLZ1 consists of four subunits E&h subunit has six transmembrane helices &&), two
pore helices (PH1 and PH2), and a luminal domain. (C) The bindingSAMAcilitates activatiol
of the channel to the bindingocket, whichis formed by the S5, S6, and PH1 domains. The fi
was adapted from Schmiege et[al].
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TRPML1 has recently come into focus for researctasrsacumulating evidencehas
supported the viewthat TRPMLL1 is highly correlated with cancer cell progreqdiéi21].
Furthermore, aberrant expression of TRPML1 was correlated with poor survival outcomes of
pancreatic cancef21] and glioblastomg18]. In particular, silencing of TRPML1 reduced
proliferation[17, 18, 20land migration of cancer cell$9]. The dysfunction of TRPML1 alters
lysosomal trafficking via mTORCL1 related autophagy, which further attenuaterccell
proliferation [20] as well as migratiorjl19]. By contrast, hyperactivation of TRPML1 was
reported as a beneficial factor for glioblastoma cells in order to decrease cancer progression
[18]. Since TRPML1 is a cation channel, unsurprisinghasproposedthat TRPMLTontrols
C&*levek, leading toanimbalance of autophagy vthe mTORpathway[22]. Recently, it has

been reported that activation of TRPMdisruptsautophagy, leading to cell cycle arr¢28].

In contrast, inhibition of theTRPML1 function was also reported to impair autophagy
pathways and decrease cancer cell invasion. Consequently, the role of TRPML1 remains

largely unclear in cancer and nestd be furtherinvestigated

2.3 Modulators of calcium: From TRPML1 to mitochondria

TRPML1has beerrecently reported as a regulator afitochondrialC&* and Zi&* ion leveb
[24, 25] In general, @lcium is a critical ion that takes pamnttremendous cellular functiogin
physiological statg for instance, signal transduction pathway for neurotransmission, muscle
contraction, cell cycle progression and cell de§@6]. Nearlyall organelles need calcium to
maintain their biological function, for instance(olgi apparatus and mitochondrif27].
Mitochondriagenerateadenosine triphosphatéATB by the sequential passage of electrons
in the mitochondrial electron transport chainwhich is susceptibé to cellularCa&* [28].
Calciun can be transported into mitochondria via voltagependent anion cannels (VDACSs),
mitochondrial calcium uniporter (MC[2P] or Na/Ca&*/Li* exchanger (NCLX28]. The
calciumlevel in mitochondriais delicately regulated tsustainthe proper mitochondrial
function and dynamicfor instance,C&" is required inATPproduction or mitophagy a
specialsed process for rengal dysfunctioml mitochondria[30, 31] Therefore animbalance
of the mitochondrial calciunwill causeseverecellular malfunctioneventually leadingo cell
death [32]. For instancethe overloading ofC&* can transiently open the mitochondrial
permeability transition pore (mPTPR protein residing in the inner membranes of

mitochondria. Inductiorof mMPTHs often accompared by a burst ofreactive oxygen species

14
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(ROS)therelease of cytochrome, @and mitochondrial fragmentation, which lead to apoptotic
cell death[32]. Interestingly, it is reported that dysfunction of TRPML1 is linked with defective
C&*uptake of the mitochondri§25], while TRPML1 induces mitochondialated cell death

by releasing lysosomal Zn24]. Since the TRPMLis likely to be a key balancer in
mitochondrial function, wefurther investigatedthe role of the TRPML1 channein

hepatocellular carcinoma.

2.4 Regulation of TRPML1 in cancer cell metastagi€ollective or individual

migration?

Cancer progression can beidfty divided into cancer proliferation and metastasis. The
strategy to inhibit cancer proliferation as introduced inthe previous chapter2.3, but
metastasis of cancer csllequally leadsto several difficulies during cancer therapy
Metastasis is termed as the development of secondary tumours in the part of the body that
migrate from original primary cancef{83]. Primary cancer cells must increase motility to
achieve metastasiddence, a better understanding of cancer migration is mandatory for
establishing a therapeutical strateggecently, TRPML1 hbsenreported inthe regulation

of regularcell migration[34, 35]as well as irtancer cei [19, 36, 37] Mechanistically, it is
hypothesized that inhibition of autophagy suppses the tunour protein 53 activity, which
leads to inhibitionof migration. A complex and dynamic process, epithefr@senchymal
transition (EMT)Figureb), isinitiated during the cancer metastasigansformingepithelial

cells into mesenchymal cell§38-40]. During EMT, epithelial cells disassociatecellcell
junctions and gainmigratory properties to become mesenchymal cells. Various molecules
such as fadherin and Ncadherinregulate cellcell junctions [41]. In cancerE-cadherin is
downregulated while O RKSNAY Aa dzLINS3IdzZ I §SR RdzZNAYy 3 K¢
endows invasive traits, leading tan inferior patient survivalrate [42, 43] Ecadherin
mediated cell junction is associated withe actin cytogeleton via binding to adapter
proteinsd dzO K-X +Z& | tgatening44]. The actin cytoskeleton rearrangement is regulated
by the Rho family of GTPases, including Racl and BbbActivation of Rc1l triggers cell
edges protrusion by promoting actin assemhblyd focal adhesion turnoveturing EMT in

cancer cell$46].
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Figureb5. Regulation of cadherin switch and Racl in epithellmesenchymal transition.
E-cadherin maintaingell-cell adhesionsn epithelial cells. During the EMT- t& N-Cadherin switch
remodels the cell and redistributes the Raaid focal adhesionresulting in cell protrusionsfhe
figure was adapted frorBcarpaet al. [40].

Cancer cells primarily relocate using collective migration as efficiency is higher than individual
migration [47]. Collective cell migration mainly relies on e=ll interactiors to control
migratory dynamis[48, 49] thus, E-cadherinplays an essential role sonsolidating celtell
connection[41]. Highexpressiorof Ecadherinfacilitates collective migratiorby maintaining

a solidadherert junction (Figure6) [50-52]. In contrast,loss of Ecadherinpromotes cells to
detach from each other after cetiell contactand thisprocess is termed contact inhibition of
locomotion [40]. Until now, the mechanism behind collective migratioas not beerfully
clarified However, severaEMT proteins were proposed asandidate markersluring the
transition of collective migrationfor instance,E-cadherin,N-cadherin and Racl are the
initiative proteirns for mesenchymaimigration and podoplanin acts as surface mueitich

remodelsactin cytoskeleton and RhoA in ordey increase the cell invasiqh3].
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A Stable epithelium

Partial
EMT

B Moving epithelium
sheet

R - Leader cell

v

C Collective detachment
cluster

Leader cell

Figure6. Modes of collective and individual migration

(A) Stable epithelial cells initiate the partial epitheli@senchymal transition, (B) leading cells ¢
retain tight junction and promote collectivmigration. (C) Migration clusters maintain the stat
cell adhesion by regulatingdadherin or undergo mesenchymal plasticity. The figure was ada
from Friedl et al. 201152].

Consideringhat collective migration is intenselygsociated with ceitellinteraction, Notch1,

a surface receptof54], has been reported iB-cadherin regulatia duringcancermetastasis
[55, 56] Notchl isa member of Notch family receptorand shares similar structural
characteristicsvith other Notch receptorsNotchl consists of extracellular, transmembrane
and intracellular domains. When the extracellular domain binds to a specdmdiguch as
Dll4, it initiates + -secretase tocleawe Notchl and further releasesthe Notch intracellular
domain (NICD)whichin turn is translocated tahe nucleusvia endocytosidor facilitating
genetranscription(Figure7) [57]. Notchlsignalling pathways essential irmaintainng celk
cellinteractions ad EMTduring cancer developme68]. Moreover,direct evidence poirg
out that the binding of Notch1 an®ll4isfacilitated by calciunfb9] and required by collective
migrationin cancer cell§50, 61] In short, celtcell contact plaga decisive role in cancer cell
migration, though it remains unknown whether loss of TRPML1 affects collective migration

hence the reason for its investigatiamthis study.
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%
A\

Figure7. Notchlsignallingpathway

The extracellular domain comses EGHike repeats, heterodimerizatioand Linl12 and Notch
repeats. While the extracellular domain binds to any ligands (Jaggedl, JaggedR &k4), it
triggers the cleavage of Notchl by metalloproted$&CE: tumour regosis facto# cconverting
enzyme)2 NJdsetretase. Notch intracellular domain (NIGANK, ankyrin repeats; NLS, nucl
localization signal; RAM, RRfassociated molecule; PEST, proline, glutamic acid, serine.
threonine domain can be further releasethto the cytosol followed by translocation into the
nucleus. NICD binds tibhe transcription complex (MAML, a coactivator of the Masterrdikd
family; CGA, coactivator; RBPJ, DNA binding fact@combination signal binding protein fc
A Y Y dzy 2 3 {J2egiazfoANGtcH target transcriptionThe figure was adapted fro@haraibeh
et al. 202057].
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2.5 Aim of Study

The main objectives of this studyreto evaluate if TRPML1 can be sélil as a theapeutical
target for cancer treatmentand, concurrentlyto discover a novel TRPML1 compouihd

addition, to identify and investigatéhe role of TRPMLih cancer metastasis

Part 1: Lysosomal ion channel TRPML1, a novel regulator of mitochondrial function in
hepatocellular carcinoma celine
1. Functional characterizatioaf lysosomal ion channel TRPML 1 as a target for tumour
therapy in hepatocellular carcinoma
2. Studiesof the potentialantitumour effects of a synthetic TRPML1 activator
3. Studies on the loss of TRPML1 function in cances cell

4. Mechanistic studiesf drug and target interaction

Part 2: TRPMLL1 as a novabdulator of cancer cell movement
1. Functional studies in tumeo cells concerning migration and movement
2. Studies oramigratory patternin genetic TRPML1 knockout cells

3. Mechanistic studiesf TRPMLImediated cell contact

19
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Materials and Methods

3 Materials and Methods

3.1 Materials

3.1.1 Compounds

Reagent

Producer

ML1-SA1

MLSA1

MLSA5

MK683

EDME

Dr. Eva Plesch (Prof. Bracher, Ludwig
Maximilian University of Munich, German
SigmaAldrich, Taufkirchen, Germany
Prof. Christian Grimm, Ludwig Maximilian
University of Munich, Germany

Dr. Marco Keller (Prof. Bracher, Ludwig
Maximilian University of Munich, Germany
Philip Ruhl (Prof. Bracher, Ludwig

Maximilian University of Munich, Germany

Tablel. Compounds
3.1.2 Reagents

Reagent

Producer

Ampicillin

Anti-Mouse Ig/Negative Control
Compensation Particles Set
Agarose

BCNcRGDfk

Bovine serum albumin (BSA)
Boyden chamber, 8 um pore size
BD PE Mouse IgGY,Isotype

Control

BD Alexa Fluor Mouse IgG1]sotype

Control

Bradford reagent Roti® Quant

(FBS

ThermoFisher,
USA

Waltham, Massachuset

BD Bioscience, San Jose, USA

VMR, Radnor, Pennsylvanie&GAJ
Synaffix, Amsterdam, The Netherlands
SigmaAldrich, Taufkirchen, Germany
SigmaAldrich, Taufkirchen, Germany

BD Bioscience, San Jose, USA

BD Bioscience, San Jose, USA

Bio-Rad, MunichGermany
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Reagent

Producer

Cal520®AM

cDNA reverse transcription kit
CellTiterBlue® reagent
CellTiterGlo® reagent
Collagen G

Complete®

/| 2 YLISG SyEicolb | ph

Cyclosporin A

Dimethylsulfoxide (DMSO)

Dithiothreitol (DTT)

5dz26 6S002Q4 a2RATASF
S. A2a0A Sy OSHEITC! Apgphos
Detection Kit

ECL Plus WB Detectimragent
Ethylerediaminetetraacetic acid (EDTA)
Eagle's Minimum Essential Medi(BMEM)
Fetal calf serum (FCS)

Fibronectn

FluorSave® reagent mounting medium
FurazAM

High-Capacity cDNA Reverse Transcript
Kit

Hoechst 33342

AOARASOES I G >

JC1 dye

Lipofectamine 3000

Biomol, Hamburg, Germany

Applied Biosystems, Waltham, USA
Promega, Mannheim, Germany
Promega, Mannheim, Germany
Biochrom AG, BerlitGermany

Roche Diagnostics, Penzberg, Germany
New England BiolLabs, Frankfurt a.l
Germany

SigmaAldrich, Taufkirchen, Germany
SigmaAldrich, Taufkirchen, Germany
SigmaAldrich, Taufkirchen, Germany

Pan Biotech, Aidenbach, Germany
Invitrogen, Carlsbad, California, USA

GE Healthcare, Minchen, Germany
Sigma Aldrich, Taufkirchen, Germany
Pan Biotech, Aidenbach, Germany
Pan Biotech, Aidenbach, Germany
R&D Systems, Minneapolis, USA
Merck, Darmstadt, Germany

Invitrogen, Carlsbad, California, USA
Applied Biosystems, Waltham, USA

SigmaAldrich, Taufkirchen, Germany
Ibidi GmbH, Munich, Germany
ThermoFisher,
USA

Waltham, Massachusei

ThermoFisher, Waltham, Massachusel

USA
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Reagent Producer

. A . ThermoFisher, Waltham, Massacktts,
[ ea2U0NF Ol S9M WSR 5¢&
USA
. . A . ThermoFisher, Waltham, Massachusel
aAl2¢ NI Ol SN wSR
USA
ThermoFisher, Waltham, Massachusel

USA

MitoSox

i oo ~ ~ HybondECLTM, Amersham Bioscience,
bAUNROSt fdzf 2aS YSYCc .
Freiburg, Germany
t ' 3S wdzf SN t NS &G X Fermentas, St. LeeRot, Germany
_ ThermoFisher, Waltham, Massachusel
16% Formaldehyde Solution, Metharicée
USA
Penicillin/Streptomycin 100x Pan Biotech, Aidenbach, Germany
Phenymethylsulfonyl fluoride (PMSF) SigmaAldrich, TaufkircherGermany

_ ThermoFisher, Waltham, Massachusel
Phusion Hot Start II| DNA Polymerase

USA
PLL(20p[3.5} PEGN3(3) (APP) Susos AG, Dubendorf, Switzerland
Polyacrylamide Carl Roth, Karlsruhe, Germany

PolyD-lysine hydrobromide (mol wt 70,000 _ _
SigmaAldrich, Taufkirchen, Germany
150,000)

Polyvinylidene difluoride (PVDF) membra HybondECLTM, Amersham Bioscience,

(0.2>M) Freiburg, Germany

t 26SN] Lt {, . wt DNJXB < Applied Biosystems, Waltham, USA
Porcine trypsin Promega, Madison, WI,SA

Primers Metabion, Planegg, Germany
Propidium lodide BD Bioscience, San Jose, USA
Probenecid SigmaAldrich, Taufkirchen, Germany
Puromycin SigmaAldrich, Taufkirchen, Germany
Pluronic®R.27 SigmaAldrich, Taufkirchen, Germany

ThermoFisher, Waltham, Massachusel

USA

Rhod?2
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Reagent Producer

“RNeasy® Mini Kit (250) QIAGEN, Hilden, Germany
Seahorse XFe96 FluxPaks (inc. mini) Agilent Technologies, Santa Clara, USA
Sodium chloride Carl Roth, Karlsruhe, Germany
Sodium orthovanadate (Na3VvO4) ICN, Biomedials, Aurora, OH, USA
Sodiumdodecylsulfate (SDS) Carl Roth, Karlsruhe, Germany

New England BioLabs, Frankfurt a.l
T4 DNA ligase
Germany

Transwell Permeable SupportsX@ pore  Corning Incorporated, New York, NY,

polycarbonate inserts) USA

TrisBase SigmaAldrich, Taufkirchen, Germany
Trypsin PAN Biotech, Aidenbach, Germany
QIAprep Spin Miniprep Kit QIAGEN, Hilden, Germany

QIAGEN plasmid Maxiprep Kit QIAGEN, Hilden, Germany

QuickExctract DNA extraction solution Biozyme, Oldendorf, Germany
QIAquick gel extraction kit QIAGEN, Hilden, Germany

_ ThermoFisher, Waltham, Massachusef
TurboFect transfection reagent

USA
Vacuolin SigmaAldrich, Taufkirchen, Germany
Table2. Reagents
3.1.3 Technical equipment
Name Producer
Canon 450D camera Canon, Krefeld, Germany
Canon DS 126181 camera Canon, Krefeld, Germany

| KSYA520u ¢2dzOK L Y BioRad Laboratories GmbH

BD FACS Canto Il Becton Dickinson, Heidelberg, Germany

EPC10 patchclamp amplifier HEKALambrecht, Germany
ThermoFisher, Waltham, Massachuset

EasySpray column
USA
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Name

Producer

“Eclipse Ti inverted microscope

1200EX Electron microscope
ICROES

KeenView Il digital camera

Leica SP8 Inverted Scanning Confc

Microscope

Mikro 22R centrifuge
Monochromatorbased imaging system

Nanodrop® Spectrophotometer
Olympus DP25 camera
Olympus BX41 microscope

hE&3aNJ LIKTH ]

Plasma cleaner typ¢ W29t ¢ h QQ
v dzI y i { ( dzR-RirgePCR Sysiednl- f

Q Exactive HF X mass spectrometer

Seahorse XFe96 Analyzer
{ LISOGNI Cf dz2NJ t f dz&a u

Ultrasonic homogeniser

Ultimate 3000
system
Vil St tun - w

XCELLigence System

Zeis LSM 510 Meta confocal laser scanni

microscope

nanechromatography ThermoFisher,

Nikon, Dusseldorf, Germany
JEOL, Japan
CirosVision, SPECTRO Analy
Instruments, Kleve, Germany

Olympus, Germany
Leica Microsystems, Wetzlar, Germany

Hettich, Tuttlingen, Germany

Polychrome IV monochromator, TI
Photmics,

PEQLAB Biotechnologie GmbH
Olympus, Hamburg, Germany

Olympus, Hamburg, Germany

Oroboros Instruments Corp, Innsbruc
Austria

Dienerelectronic, Ebhausen, Germany
Applied Biosystems, Waltham, USA
ThermoFisher,
USA

Agilent Technologies, Santdara, USA

Waltham, Massachuset

Tecan, Crailsheim, Germany

Sonopuls GM3200, BR30, Bandelin, Be
Germany

Waltham, Massachuset
USA

Beckman CoulteFullerton, CA, USA
Roche Diagnostics, Mannheim,

Germany

Zeis, Jena, Germany
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3.2 Cellculture

3.2.1 Solution andReagents

PBS(pH 7.4) PBS+Ca2+/Mg2+ (pH 7.4)

NaCl 132.2 mM NaCl 137 mM

Na2HPO4 10.4 mM KCI 2.68 mM

KH2PO4 3.2mM Na2HPO4 8.10 mM

H20 KH2PO4 1.47 mM
MgCI2 0.25 mM
H20

Growth medium Freezing medium

DMEM/EMEM 500 mL FCS 90 %

FCS 50 mL DMSO 10 %

Penicillin/Streptomycin 5 mL

Trypsin/EDTA (T/E) Collagen G

Trypsin 0.05% Collagen G 0.001%
EDTA 0.20% PBS

PBS

Table3. Cell culture buffers and solutions

3.2.2 Cellline

HUH7 Hep3B MDAMB-231 and SKMELcells were obtained fronthe Japanese Collection

of Research Bioresourc¢3CRBpr American Type Culture CollectigdATCE RIL175 cells
were kindly provided by Simon Rothenful€enter of Integrated Protein Science Munich
(CIPSM) and Division of Clioal Pharmacologypepartment of Internal Medicine IV, Klinikum
der Universitat MinchenMDAMB-231 TRPML1 KO and SKMEL5 KO were kindly provided
by Prof. DrDr. Christian Grimm.
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Cancer cell lines were cultured in DMEM (RILW/Msand TRPML1 KAHUH7, HepG2MDA
MB-231WTand TRPML1KO, SKMEIband TRPML1KOor EMEM (Hep3B), supplemented
by 10% FC&r inactivated FCS (SKMERBY 1% ofpenicillin/streptomycin. The cells were
incubated at 37 °C in a humidified atmosphere of 5% CO

3.2.3 Passaging

When cells rached confluency, they were subcultured in 75 cm2 culture flasks or seeded in
multiwell-plates or dishes for further experimeation Cells were firstly detached by
incubating with trypsin/EDTA ford minin a37 °C incubator.rypsin/EDTA was removed by
centrifugation with 200 x g, 5 min, room temperature (RT) to prepare the cells for plating.
Tryptic digestion was terminated by adding a complete growth medium and counting the

required cellswith Ml St f.u - w

3.2.4 Freezing andhawing

Cells were detached as aged previously and resuspended in anomdd freezing medium
for longterm storage Aliquots of 1 ml (equal t8x10°cells) were transferred into cryovials.
After initial storage at80°C for 24h, cryovialsere moved to liquid nitrogen for loRgerm
storage. For the thawing process, cryovials weeemed to 37°Cand the cell suspension was
immediatelyculturedin aprewarmed growtimediumfor 24 h and replaced kgfreshgrowth

mediumuntil confluent
3.3 Genomic Editing; CRISPR/Cas9 System

3.3.1 Establish of RIL175 TRPML1 knockout (KO) cell line

For the knockout ofRPMLIn murine RIL175 cellthe CRISPR/cas9 system was used as
described previousl§62]. The InDeimutation methods inb exon2 of TRPML1eare decided

andthe strategy was sketched irigure28. Genomic DNA was isolated from wildtype RIL175
cells usingQuickExtract DNA extraction solution according to the manufacturer's protocol.
The genomic region of interest was amplified with appropriate sequencing primers via PCR
using the Phusion® high fidelity DNA polymerase kit described by the manufacturectCorre
amplification was checked by agarose gel electrophoresis (1% agarose in Tris/Borate/EDTA
buffer, 150 V, 45 min). Sequencing services were provided by Eurofins Genomics GmbH

(Ebersberg, Germany).
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Forward primer (5-3') Reverse primer (53)

MCOLNZExon 2 ACAGAATCCTAGACTGGCCT AAGGTGGGTACAGGAGTGGT

Table4. Sequencing primers for exon 2

The single guide RNA (sgRNA) was designed by CRISPR onliigtdotigpor.tefor.net/)
based onthe MCOLN1 sequence from ENSEMBtip$://www.ensembl.org). sgRNA

sequences/cloning oligome(snderline indicates protospacer sequences for sgRNA)

Sequences (53")

Upstream sgRNA _top CACGTATACCCAAAATGTCCCCG
Upstream sgRNA_bottom AAACGGGGACATTTTGGGTATAC
DownstreamsgRNA_top CACCGGAAGGACGTAGGTAGATC
DownstreamsgRNA_bottom AAAGATCTACCTACGTCCTTCCC

Table5. sgRNA sequences

3.3.2 Cloning and Transformation d&.coli

Target sgRNA upstream'&nd downstream (3 of exon 2 was claed into eCas9(1.12A
Puro backbonand eSpCas9 2A_Blasti plasmalBbsl restriction site by using T4 DNA ligase
respectively Hence, cloning oligomers were firstly annealed using a PCR cycler (5 min at 95°C,

ramp down to 25°C) and diluted (1:200 in H20).

Reagens Volume[uL]
SgRNA_top (100 puM) 1
sgRNA_ bottom (100 uM) 1
T4 ligation buffer 1
HO 7

Table6. Oligoannealing master mix

eSpCas9 (1.PA-Puro was cloned by introducing T2A puromycin resistance cassette from
PX4%9 into eSpCas9(1.1) via Fsel and Notl restriction site; both plasmids were a gift from Feng
Zhang, addgene plasmids #62988 and #71814, respectively). The downstream sgRNA was
applied with similar strategy and cloned into eSpCas9_2A_ Blasti plasmid (prayideats

Konig, Klinikum der Universitdt Minchen, Munich, Germany). For insertion of annealed

28


http://crispor.tefor.net/
https://www.ensembl.org/

Materials and Methods

sgRNA into the desired plasmid, the restriction enzyme mix was prepared and incubated at

37 °C for 30 ni.

Reagents Volume [uL]
Cas9 plasmid (150 ng) X

FDBuffer colorless 10 X 6

FD Bpil 4

HO 48.7

Table7. Digestion of Cas9 plasmid

The insertion of annealed sgRNA and cleaved plasmid was assemblea ligaigon mix
containing T4 DNA ligase and subsequently incubated at RT for 3PlasmidSafe ATP
dependent DNase was used according to the manufacturer's protocol to remove residues

ligated plasmid.

Reagents Volume [uL]
Restricted plasmid 10
Annealed oligomers (diluted) 2

T4 ligation buffer (10X) 2

T4 DNA ligase 1

H0O 5

Table8. Ligation of annealed oligos and Cas9 plasmid

Reagents Volume [uL]
Ligation product 11
PlasmidSafe buffer (10x) 15

ATP (25 mM) 0.6
PlasmidSafe Exonuclease 1

HO Ad 15

Table9. Digestion of noHigated plasmid
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CompletedplasmidDNAL ¢ SNB G NI y & T2 NI S R-EchliyTheE.caiand LIS § Sy (i
plasmid DNA mixturevasfirst kept on ice forlO mirutes, thenheat-shocked at 42°C for 45 s

and returned to the ice for 2 minuteSubsequently, bacterial suspension vpdated on an

agar platecontaining 100 pg/miampicillin andncubatedat 37°Cfor 24 h 3-5 colonies were

picked per plasmid and amplified in 5 nB (+) mediunO2 y (i | A y A yIT5mpicitlim > 3k Y
Plasmids were then isolated yini-prep using the @\prepSpin Miniprep kitaccording to

the manufacturets protocol Correct insertion and amplificationvere confirmed by

restriction analysis (restriction epme: Ehel) and sequencing (B@rimer: p-Q
GAGGGCCTATTTCCCATGAINTBElore selected plasmids were amplified arsblated

using the QIAGEN plasmid Maxiprep Kit according to the manufatymetocol.

3.3.3 Transfection and Evaluation of Targeting Efficiency

Construct with sgRNA was subsequently transfected by using lipofectamine 3000 according
to the manufacturers protocol RIL175 cells were cultured am6-well plate to a 70 %
confluency,then added a mixture of lipofectamine 3000 and constructed 24 h. The
medium was replacedith aselectionmediumcontaining2 pg/mL puromycin and 7.5ug/mL
blasticidinfor 48 h. After the selection, cells were recoveredaisomplete medium until

confluent for analysis by agarose gel electrophoresis.

3.3.4 Clonal selection ad Knockout Verification

Singlecell dilution was used to isolate clonal cell lines. Therefoe#ls werediluted to 0.6
cells/well before being seeded into 9%ells platesfor two weeks.Singlecell colonies were
transferred toa 24-well plate until contiency.Genomic DNA from potential cell colonieasv
isolated by using QuickExctract DNA extraction solution accordirigetananufacturets
instructions. The extracted genomic DNA was further amplified by standard @GR
MCOLN1 exon2 and MCOLN1 exon2 spanning prinvéhs Phusion Hot Start 11 DNA
PolymerasePCR products were appliedd’ % agarose geCertain bands wereut off from

gel before extacting gDNA usinghe QIAquick gel extraction kiaccording to the
manufacturer manualKnockout verification is conducted by using standard gPCR with

MCOLN1 NMD primers.
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Forward primer (5-3') Reverse primer (53)
MCOLNZExon 2 ACAGAATCCTAGACTGG! AAGGTGGGTACAGGAGTG
MCOLNZxon2 spanning CCCACAGAAGAGGAAGA GCACAGTGACCACCAAGA
MCOLN1 NMD CGCCGCCTCAAGTACTT CTGCACAGTGACCACCAA(

Tablel0. Primers used for PCR analysis of exon 2 deletion

3.3.5 Off-target screening

Ten predicted oftarget sequences in exons or introns with the highest cutting frequency
determination (CFD) scores were amplified using PCR reaction. The PCR product was
subsequentlyanalysedby Sanger sequencing and compared with WT cells. The investiga

off-targets and the used primer pairs are listedlable16 and Tablel7.

3.4 Quantitative ReatTime PCRgPCR) Analysis

The RNA was isolated by RNeasy Mini Kit according to manufacturer pretodavas

reversely transcribed by cDNA reverse transcription kit. The gPCR was carried out using SYBR
Master M E | YR LISNF2NXSR ljt/ w YSI & dide PCRAstenza A Y 3
Actin was used as a housekeeping gene. The changes in mMRNA kresdsaluated bythe
nn/ ¢ YSiK2 R théypteiidNskudyE3R Tha pfimers for gPCR were as folkow

Target genes Forward primer (5-3") Reverse primer (53")

MCOLN1

_ TCTTCCAGCACGGAGACAA GCCACATGAACCCCACAAAC
Homo sapiens

MCOLN1

GCCTTGGGCCAATGGATCA CCCTTGGATCAATGTCAAAGGT
Mus musculus

Actin

_ CCAACCGCGAGAAGATGA CCAGAGGCGTACAGGGATAG
Homo sapiens

Actin

CCACCATGTACCCAGGCAT AGGGTGTAAAACGCAGCTCA
Mus musculus

Tablell. Primers used for PCR analysis

3.5 Endolysosome patctclamp

Whole-endolysosomerecordings were conducted Hyr Yu-Kai Chao and Rachel Tang (Prof.

Grimm,Ludwig Maximilian University of Munich, Germanihe protocohasbeen described
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previously in detail[64]. In brief, cells were treated with/acuolin (1 uM overnight.
Compaunds were washed ougntirely beforethe patchclamp performance. Capillary glass
micropipettes were applied to cuhe edge ofthe plasma membrane and push the enlarged
vesicle of interest out of the cell. Afterwas,celectrodemicropipettes were used to establish
whole-intracellular organelle configations. Currents were recorded using an EBR®atch
clamp amplifie and PatchMaster acquisition software (HEKA). Data weresigjitit 40 kHz
and filtered at 2.8 kHz. Fast and slow capacitive transients were kamcby the
compensation circuit of the EPXD amplifier. Recording glass pipettes were polished and had
a4¢8 MW resistanceSaltagar bridges were used to connect the referenceAf§| wire for

all experimentsLiquid junction potential was corrected accordingly. Unless otherwise stated,
cytoplasmic solution (bath) contained (mM) 140MSA, 5 KOH, 4 NaCl, 038aCI2, 1 EGTA
and 10 HEPES (pH was adjusted with KOH toTh2)uminal solution contained (mM) 140
NaMSA, 5 KMSA, 2 GMSA, 1 CaCl2, 10HEP&®I 10 MES (pH was adjusted with NaOH to
7.2). For optimal conditions of TRPML1, luminal pH was adjusted t@a@d6NaMSA was
used in the luminal solution. For optimal conditions of TRPML2, luminal pH was adjusted to
7.2, and NaMSA was used in the lunal solution[65]. For optimal conditions of TRPML3,
luminal pH was adjusted to 7.and KMSA was applied to replace M&SA in the luminal
solution[66]. In all experiments, 500 ms voltage ramps frot®0 to +100 mV were applied
every 5 s, holding potential at 0 mV. The current amplitude4@® mV were extracted from

individual ramp current recordings. Origin8 softwaresnesed for all statigcal analyss.
3.6 Proliferation assays

3.6.1 Cell viability test

Cells were seeded and treated with MBAL1 accordingly for 70 h. The CellFB&are® was
loaded to the cells according tbe manufacturets manual. The CTB solution was addet wi
16.6 % (V/V) final concentration att0as a background control. After indicated incubation
time, cells were loaded with CTB solution for 2 h. The absorbance was measured at 590 nm
using a microplate reader. The resuliere calculated bythe followingformula:

X.COT QXD O QO & dde Q

0 Qi RO O B Qe T Zp T
X COOD "YWwE € 00 o8 G P
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3.6.2 Impedance measurement

The proliferation ratsof RIL175 WT and TRPML1 KO were measured by the xCELLigence RTCA
device The cells were seeded at a density of 2 %c#lls per well into a collagen G precoated
and equilibrated 16wvell Eplates. In principle, Eplates provide a electron flow froma
negative terminal ta positive terminal. Since celhireadded or grown, e electron flow will
further be impeded and generat& parameter as cell indeXhe cell index is proportional to
the cell number. Slopes were calculated using the xCELLigence RTCA software for each cell
line until reaching plateau phase using the following equation:
OQRHQQWE 0 Q1 ©OQN O
0 Qa0

Yo € pi@
3.7 ProteomicAnalysis

3.7.1 Stimulation

Cellswere seeded at a density of 4*1@ells per well into évell plates before stimulation
with 30 uM of ML1SAL1 for 24 h. Cells were washed five times with PBS to eliminate the
medium and detached with trypsin/EDTA. €ualith a density of 1*16were taken ait from
the detached cdt and were centrifuged (200 x g, 5 min, RT). Cell pellets were resuspended

in 100 pL of PBS and stored-80°C until further processing.

3.7.2 Sample processing and Ligu{@hromatography Mass Spectrometry

Protein mass spectrometry wasnducted by DrFlorian Flenkenthaler (DFhomas Fréhlich,
Ludwig Maximilian University of Munich, Germaryells were lysed in 8 M Urea / 400 mM
NH4HCO3 using an ultrasonic homogenivith a cup resonatoiProtein concentration was
determined using &radford assay. 10 ug of total protein was reduced with dithioerythritol
(5mM final concentration) for 3énhin at 37 °C and alkylated for 30 min using iodoacetamide

at a final concentration of 15 mM. The sample was diluted with water to give a final
concentation of 1M Urea and digested overnight at 37 °C with modified porcine trypsin at an
enzyme/protein ratio of 1/50The Ultimate 3000 narohromatography system coupled to Q
Exactive HF X mass spectrometer was used for mass spectrometry an@lysiqg of
peptides was injected and separated at 250 nl/min using 0.1% formic acid in water as solvent
A and 0.1% formic acid in acetonitrile as solvent B. As separation cohmiBasySpray
O2ftdzvYyy otSlLlalL) w{[/ /My H >Y wmMnann hmehpd >Y PR
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consisted of a 160 min gradient from 3% to 25% solvent B and a 10 min gradient from 25% to

40% solvent B. MS and MS/MS spectra were acquired with a top 15ldpendent method.

3.7.3 Proteomic Data Processing

MaxQuant (v.1.6.1.0) and the murine subeé&the UniProtKB/SwisBrot database were used
for protein identification [67]. Gene ontology and Functional Enrichment Analysis were
performed with STRING.

3.8 Flow cytometry

3.8.1 Apoptosis and Necrosis assay

Cellswere seeded at a density of 1*10ells per well in a 2dvell plate and incubate for 24
h. Treatment was performed with indicated concentration dimde. Apoptosis and necrosis
6SNBE RSGSNXYAYSR o0& -BTCMpoptask Befetti®ruKit Acfofiil Ehe v

manufacturets protocol. In brief, cells were harvested and centrifuged (600 xg, 10 min, 4°C)

I+

before resuspending in 1x binding buffer contain{@d % v/vAnnexin VFITC for 10 min at
RT. Next, cells were washed with 1x binding buffer by degttion (600 xg, 10 min, 4°C),
followed byincubation with (5 % v/v) PI solution in 1x binding buffer for 5 min at Bé@.

thousandevents of cewere collected by flow cytometry for each measurement.

DMSO
47
10 1Q1 Q2
{0.76 6.42
10° E . N
X102 E
101 E
1Q4 Q3
0 187.5 5.34
10 e i rrrre—r—rryee
100 1(']1 102 103 104

FITC-A

Figure8. Gating straegy for Annexin (FITC Apoptosiassay.
The @ting strategy for identifying necrosis, early apoptotic, late apoptotic, or living cel
apoptosis and necrosis assay. Q1: necrosis; Q2: late apoptosis; Q3: early apoptosis; Q4: liv
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3.8.2 Mitochondrial Membrane Potentiab p A Y 0

Mitochondrial membrane potential was detected byI@ye, which indicatethe intactness

of mitochondria. In healthy mitochondria, -10moleculesaccumulatein mitochondriaand

form a complex called J aggregates which elicits red fluorescence. By contrast, unhealthy
mitochondria do not reach a sufficient-I1Ctherefore, it fails to triggethe formation of J
aggregatesthus retaining green fluorescence. In brieglls wee seededwith a density of

1*10° cells per well in a 24dvell plate followed by 24 h incubation before stimulatio@ells

were introduced to 1 pg/mL of JCand incubated at 37 °C for 1 The JEl was eliminated

by centrifugation (400 xg, 5 min, RT) WRBS before resuspending in PB&. Cyclosporin A

(CsA) rescued experiment, 10 uM of CsA wasneaed for 2 h prior to indicated stimulation.
Meanwhile, compensation samples were prepared using-Ar2idza S L3I S kbS3IIF GA
(FBS) CompensationPafti€a { S4 FyR | .5 t9 a2dzaS L3IDmI ¢
Cf dz2NX nyy a2 doStrollagddeseribéd phedmAniufactui@®r. Compensation

setup wasperformedon BD FACS CantoTen thousandevents of cell were collected by

flow cytometryfor each measurement.

CCCP (positive control) RIL175 WT DMSO
A 10% 3
* 10° 5
o
il
o
o 102 5
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dissipated mitochondria dissipated mitochondria
100 89.9 100 3.77
v L] i | b | v L | L | L] L] ¥
1U° 101 1()2 1l'l3 104 1()':| 1(]1 10)2 103 104
>

JC1 Monomers

Figure9. Gating strategy for identifying dissipated mitochondria.
The selected population is regarding positive control 100 uM of CCCP.

3.8.3 Intracellular calcium

Intracellular calcium was stained Bat520®AMa dyethat binds to calciumand its lipophilic
blocking groups can be cleaved by intracellidaterase resulting in negatively charged

fluorescence that stays inside cells. In briaflls were seeded at a density of 1®1dells per

35



Materials and Methods

well ina 24well plate subsequentlyncubated for 24 h prior to stimulatiodljuM Cal520®AM
dye mixturewas peparedwith PBS containing 0.24 % PluronidF and 6 mM Probenecid
Cells were introduced with dye mixture for 90 nanh37 °C and 30 min at RTen housand

events of the cell were collected by flow cytometry for each measurement.

3.8.4 Mitochondrial calcium

Mitochondrial calcium was stained by Rh®ddan acetoxymethyl ester fluorescent calcium
indicator. Rhoe? dye selectively aggregates in mitochondria &muds with mitochondrial
calcium. Briefly, cells were seeded at a density of ¥tHls per well in a 24vell plate and
incubated for 24 hprior to stimulation. 1uM of Rho@ was introducedndincubated for 1h.
Cells were rinsed with PBS aimttubated n a completemedium for 30 mirto exclude the

residue indicatorTen thousanavents of the ceflwere collected by flow cytometry

3.8.5 Mitochondrial ROS

Detection of nitochondrial RO®vas conducted by a fluorogenic dye MitoSox, which can be
easily oxidied by hyperoxidén mitochondria. Briefly, cells were seeded at a density of 1*10
cells per well in a 24 well plate and incubater 24 h prior to indicated stimulation. Mitosox
dyewasused at a final concentration afuMfor 1h.Residue indicators were washbyg using
centrifugation (400 xg, 5 min, RT) before resuspending ind83.0,000 events of csllvere

eventually collected using flow cytomgtr
3.9 ImmunofluorescenceéAnalysis

3.9.1 Mitochondrial morphology

Cells were seeded ongell p-Slideat a density of 518 for 24 hprior to the indicated
stimulation.The cells were rinsed with PB@ce and incubated witH0O nMofa A G 2 ¢ NI O1 S NM
Redfor 30 min, followed by nuclei staining withoechst 33342 (2.5 pg/ml) for 30 min. All

images were observed and obtained by fluorescence microscdpymitochondria length

was measuredisinga straight line tool in Fiji68].

3.9.2 Lysosomal morphology

To determine lysosomal morphology, cells were seesie@well p-Slideat a density of 3*16)
and allowed to adhere for 24 Ihefore the indicated stimulation. After the stimulation, cells
GSNB AyOdzol G§SR 6A0GK pn9ofoy3d mp andrerinNdeiGhiSng wSR
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with Hoechst 33342 for 30 min. Alhages were observed by fluorescence microscopy,

followed by diameter measurement usiagstraight line tool in Fiji68].

3.9.3 Actin morphology

Cells were seeded odwell p-Slidefor 24 h prior and rinsed with PBS twice, followed by
fixation with 4% formaldehyde solution for 20 min on iNext, cells wer@ermeabilized using

0.5% TitonX-100 for 10 min at RT on the shaker. After three times rinsing with PBS for 5 min
each, cells were incubated with 1% BSA for at least 1 h in RT, followed by Rhodamine
Phalloidin staining and together with Hoechst 33342 (2.5 pg/ml) for 1 h at RT ahaker.

Cells were rinsed 3 times with 1X PBS fari® each, mounted with Fluorsave reagent, and

seakdwith acoverslip. All images were observed and obtained by fluorescence microscopy.

3.9.4 E-cadherin morphology

Cells were seeded os-well p-Slidefor 24 h prior and rinsed with PBS twice, followed by
fixation and permeabilization with methanol for 10 min-20°C. Next, excessive methanol
was removed and subsequently incubated with acetone for 1 miGRIC. Aftebeing rinsed

three times with PBS for 5imeach, cells were incubated with 1% BSA for at least 1 h in RT,
followed by incubation with {€adherin primary antibody 3(95S, Cell signaling,
Massachusetts, USA; 1:200 in 1% BSA)night. Cells were rinsed 3 times with 1X PBS for 5
min each andco-stained with Alexa Fluor 488, goat ambbit IgG (AL1008, Invitrogen,
Massachusetts, USA; 1:400 in 1% B8W)Hoechst 33342 (2.5 pg/ml) for 1 h at RT on the
shaker. Cells were mounted with Fluorsave reagent and sealed with a coverslip. All images

were observed and obtained by fluorescence microscopy.

3.10 Transmission electron microscoyf EM)

Observation of mitochondria and lysosomeia TEM was conducted by Yaschar Kaibiri
(Prof.Zischkal echnical University of Munich, Germaufyamples were subjected electron
microscopy with minor variations fronprevious study[69]. Briefly, 3*10 cells were
immediately pelleted, fixed in 2.5% glutaraldehyde, fixed with 1% osmium tetroxide,
dehydrated with acetone, and embedded in EPON resin. {Hiresections were stained with

lead dtrate and UranyLess and imaged on a 1200EX electron microscope at 60 kV. Electron
micrographs were recorded with a KeenView II digital camera with iITEM Ver. 5.0 (analySIS

FIVE, Olympus, Germany).
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3.11 Western blot

3.11.1 Cell lysisand total protein isolation

Cellsamples werdnarvestedandwashed by iceold PBS twice. After cerfigation (400 xg,

5 min, RT)RIPA lysis buffawas added into cell lysates and storad-80°C for at least 1 h.

The cells were scraped repeatedly and transferred into 0.5 mL microtdbkswed by
centrifugation (20,000 xg, 10 min, 4°The sipernatant was collected and transferred to new

0.5 mL microtubeslo determine theprotein concentration, all samples were diluted 1:5 and

were assessed by Bradford Assay to detect a 2 ND I yOS i pdH yY. dzaAy3
The finalprotein concentratiorwas calculated frona linear regression formulestablished

from BSA dilutecstandard curve Each cell lysate was furtheynchronsed by addinga 1X

SDS sample buffer. The sales were then kepat -20 °C until Western Blot analysis.

3.11.2 Sodium Dodecyl Sulfate Polyacrylamide Gel ElectrophoreS®FPAGE and

Immunoblotting

An gqual amount of proteirwas separated by SEFRAGHn electrophoresis buffer (100 V, 21

min then 200 V, 48nin) and thentransferred to nitrocellulose membranés 1X tank buffer

(200 V, 90 min, 4 °CJhe membranesvere incubatedwith blocking buffer (5% BSA in PBS

with 0.1% Tween 20) for 1 h, followed by incubating vpithmary antibody overnight at 4°C.
Theprimary antibody was removed, artde membrane was washed 3 times by 1X -TB8r

5 min eachThe membrane was then exposed to secondary antibodies forfdllbwed by 3

washing steps with TBBfor 5 min eachiMlembranes were @njugated with ECL solutiomith

HPp Ya f dzYAsyadde@ yF FdzBINBSRRINR G SAya 6SNBE RSGOUSON!
Imaging System (BiRad).¢t KS o6l yRa 6SNBS ARSYGAFASR o6& O2Yl
Prestained Protein Laddeflhe protein level was normadid with total proein level and

jdzZt yYGAFASR o6& LYFRAG. [loun {2F06I NB 0. A2
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RIPA Lysis buffer

Tris/HCL 50 mM
NacCl 150 mM
Nonidet NP40 1%
Sodium deoxycholate  0.25%
SDS 0.10%
H20

Added before use:
Complete®EDTAfree 4 mM
PMSF 0.5mM
Activated NavQy 2mM
5X SDS sample buffer

Tris/HCL pH6.8 3.125 M
Glycerol 50 %
SDS 5%
DTT 2%
Pryonin Y 0.025 %
H20

TBST (pH 7.6)

Tris/HCI 50 mM
NacCl 150 mM
Tween 20 0.05%

Separation Gel 6-12 %
w2 U A2LIK2NSa < 40-80%
Tris (pH 8.8) 375 mM
SDS 0.1%
TEMED 0.1%
APS 0.05%
Electrophoresis buffer

Tris 4.9 mM
Glycine 38 mM
SDS 0.1%
H20

Tank buffer

Tris base 48 mM
Glycine 39 mM
Methanol 20 %
H20

Tablel2. Buffers andsolutions for western blot analysis
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Antigen Product Number Providers  Dilution

PARP 9542 Cell Signaling  1:1000
Caspase 3 sc7148 Santa Cruz 1:1000
Caspase 3, active C8487 Sigma Aldrich  1:1000
OPAl 80471 Cell Signaling  1:1000
St Cuh s¢133132 Santa Cruz 1:1000
phospheSf CH h 9721 Cell Signaling  1:1000
Lamp?2 51-200 Invitrogen 1:2000
E-cadherin 3195 Cell Signaling  1:1000
N-cadherin 4061 Cell Signaling  1:1000
Podoplanin Sc134483 Santa Cruz 1:1000
Racl 05-389 Upstate 1:1000
LG3 4108 Cell Signaling  1:1000
SQSTM1/p62 8025 Cell Signaling  1:1000

Tablel3. Primary antibodies for western blot analysis

Antigen Product Number Providers Dilution
goat antimouse IgG1, HRP BZL07046 Biozol 1:1000
goat antirabbit IgG (H+EHRP conjugate 172-1019 Bio-Rad 1:1000

Tablel4. Secondary antibodies for western blot analysis

3.12 Seahorse measurement

The cellular mitostress was performed using an Agilent Seahorse 96XF device adcording
the manufactureis protocol (#10302@00, #103015L00). In brief, cells were seeded and
pre-treated for 24 h. The medium was replaced ahorse medium one hour before
measuring. For the mitostress test, 1,5 puM oligomycin, 0,5 uM FCPP, and 0.5 uM
Rotenone/Antimycin A were automatically injected into ttfeahorse cartridge. Hoechst
33342 was simultaneously injected at the endlod test, and cell density was subsequently
measured by BioTek Cytation Cell Imaging Reader. The data were sednaith cel

intensity and analsed by Seahorse Wave Software (Agilent Technologies).
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3131 AIKnNB &2t dziA2y NBaLANRYS(HNE

Highresolution respirometry experiments were conducted by Yaschar Kaibiri (Prof.Zischka,
Technical University of Munich, Germanitochondrial respiration was measured using an
hE&@3INI LIKmH] YR RS BG&M @IS RereLdaiBifide® desuspeénded in
the culture medium, and injectedhto the chamber of the oxygraph for stimulation and

measurement of cellular oxygen consumption. Data were ardlysing Datlab 6.1.

3.13.1 Mitochondria isolation

Mitochondria fromthe cell culture were isolated as previously descrif@d] with minor
variations. Briefly, cell suspensions were pumped through cell homsegethiree times at a
flow rate of 1000 uL/min and a clearance ofi.Lr'he homogenate was centrifuged at 1000
X g (10 min, 4 °Candthe resulting supernatant was centrifuged at 10000 x g (10 min, 4 °C)

to obtainapelleted mitochondrial fraction.
3.14 Migration assays

3.14.1 Boyden chamber

One hundred thousand cells were seededamB um pore size Boyden chamber insert with
starvation medium (without FCS). Nettie insertwasplaced in a 24vell plate, which was

filled with a complete medium. The chamber was incubated at 37°C for 24 h forNWBDA

231 and SKMELS5 or 6 h for RIL1 7% ihserts were then stained with atpl violet for 2
minutes and rinsed by ddH20O twice. The immobile cell was removed using a cotton swab.

Migrated cells were observed undatight microscope and counted by ImageJ.

3.14.2 Microcontact printing livecell imagirg

The circular micropatterning was performed as previously desciib2dIn brief, uncoated
p-Slide 8 Well was conducted plasma treatment using plasma cleaner at 0.3 bar for
reactivation, followed by incubation with 0.05 mg/mL of fibronectin for 2 h. After washing
with Milli-Q H20, a highly activated surface was stamped wRDMS circular pattern. The
PDMS pattern was created with 11.25 mg of PDMS and 1.25 mg of polymerizer. The PDMS
was homogenously mixed for23 min and poured into a template dish, followed by 2 times
vacuum and incubated overnight at 60 °C. Nexglidewas treated with plasma cleaner to

eliminate the fibronectin coating in the surrounding area. The 7 puL of 1 mg/mL RQ[IZA}D
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PEGN3(3) (APP) was added for 30 miRin The APP was rinsed with M@iH20, and 80,000
cells were seeded, followed by 2¥incubation. The medium was removed, atin cell
population was stained with Hoechst 33342 for 20 min. After that, the circular cell population
was rinsed twice using a stairee medium and replaced with 250 pL fresh complete medium.
The suitable circak cell population was observed using Eclipse Ti inverted microscope with
a 10x phase contrast objective. Finally, 10 yL of 100 uM-dR@\Dfk was added to initiate

cell migration.

3.15 Statistical analysis

All figures are indicated as mean D (standard devidion) of at least 3 independent
experimentsunless stated otherwiseThe significant symbol indicated as following: #, p
value<0.05, **, pvalue <0.01, *** pvalue<0.005, and **** pvalue<0.0001. Statistical
differences forthe two groups were calculatedusing either a twetailed Studen's t-test ora
one-tailed Studen's ttest. For comparisorfor more than 2 groupne- or two-way Analysis
of Variance (ANOVA) wapplied and followed bya stated posthoc test. Sketch and

calculation were performed witFPPrism 8.
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4 Results

4.1 Part 1:Lysosomal ion channel TRPML1, a novel regulator of mitochondrial

function in hepatocellular carcinoma cells

4.1.1 Generation of a cellular model with CRISPR/Cas9 systestudy TRPML1 function

In order to study TRPML1 function in HCC cells, we estabissmodel system for activating

or inhibiting the TRPMLIchannel function.SeveralTRPMLlactivatorsare availableand
extensively utibed, such as MISA1, MLSA and MK®&33. However,these activators lack
specificity for TRPMLL1 since thagtivate TRPML2 and TRPMIs3vell[65, 73, 74] Recently,

our collaborator(Dr. Eva Plesch, Prof. Bracher, Department of Pharmacy, LMU Munich)
developed an isoforpselective activator for TRPMLWhich is modified from MLSA by
substituting 4 additional chlorine groups the phthalimide subunit(Figure 10A). The
selectivity of the MLASA1 hadeen reported in previous literatur§’5]. Hence, we have
utilised this selective TRPML1 activator to study biological consequelftegzshe channel's
activation andwe generatel a TRPML1 knockout cell line using the CRISPR/Cas9 system. We
deleted exon2 of the MCOLNI1gene,which is encoded for channel po(&igure 28), as
descibed previously62]. Next,anendolysosomal patclclampwas performed by Dr. YKai,
Chaoand Rachel Tan@rof. Grimm, Walther Straub Institute of Pharmacology and Toxicology,
LMU Munich)}o validate knockout cloneand data were obtained as described previously
[64]. Aside fromTRPML1 wildtypa/NT, Figure10B), knockout (KOFigurel10C cells showed

an absence of TRPML1 currents after MRA1 activation Figure10D), whichconfirmed a
successful losef-function of TRPML1The successfutleletion of exon 2 wadurther
confirmed by SangeBequencind?CR methodfFigure28). It is noticeable that sgRNA can
bind to an undesired targetcreatingoff-target cleavagg76]. Therefore, we next detded
putative offtarget sequences with top 10 cutting frequency determination (CFD) score by
PCR. We confirmed that nonetbk off-target sequences ®re eliminatedfrom the TRPML1

KO clongTablel6, Tablel7). In summary, we have generated a cellular model in which we
can activate TRPM specifically and in which we haseccessfully depletethe TRPML1
channel in Ril175 cel@RPML1KGp studythe consequence®sf both overactivation and

depletion.
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Figurel0. Generation of a cellular model to studyRPML1 function

(A) Chemical structures of ML8%Aand MLiSAl. (B, C) Representative -pts of whole
endolysosome recordings from RIL175 WT (B) and TRPML1 KO (C) cells after treatment-w
SA1l, TPCR1-P or EDME. TRPML1 inhibitor EOREand TPC2 activator TP@2-P[77] served as
experimental controls. (D) Statistical analysis of current densities evoked by treatment. F

represent mean + SEM; n =3; Grmay ANOVA, followed by Tukeyssthoctest ***, p-value
<0.005.

4.1.2 Functionalcharactersation of cellular activation and knockout models

To investigatahe role of TRPML1 in antiancer therapy for HCC, we performed cell viability
tests on variousHCC cell lines ar@h the non-malignant endothelial cell line HUVE&gure
11A), which express TRPMIHRigurel1B). We determined 1€ values for MLiSAlare inthe
low micromolar range and are significantly higtlean HUVE@nd TRPML1 KO celisgure
11A, Table 15), suggesting thathe compound is TRPML1 specific amtlerlyinga certain

degree of cancer specificity.
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Cell lines 1Gso [MM] p-valuet
RLL75WT 16.44 <0.0001
RL175 TRPML1KO 36.45 <0.0001
HUH7 6.31 <0.0001
HepG2 9.97 <0.0001
Hep3B 5.24 <0.0001
HUVEC 24.09 <0.0001

Tablel5. Cytotoxicity of MLISAL in differentcells.

HCC and nemalignant (HUVEC) céties were assessed by CellTiter® Blue celly viability assay. Data
were analysed by a ndimear curve fit log(inhibitor) vs responsevariable slope (four parameters)

IGo values have been compared by extra safrsquares Hest.

To analge whether ML1SA1 enhanced cell death contribdtéo TRPML1 activation, an
Annexin V/PI apoptosis assay was performeidre 11C). Channel activation by MtSA1
increased early and late apoptosis in concentrations starting from 30TRPML1 K@as

shown to haveno influence on basal apoptosis levels. Notably, cytaioxiof MLESA1L did

not induce apoptosis in TRPML1 KO cells up to 50 puM. Therefore, these results indicate that
apoptosis and cytotoxicity iwild type cels were caused by TRPML1 activatjorot by off

target cytotoxicity Figurel1C). To further validate poptosis inductiorof ML1-SAldetection

of PARP cleavage and caspase 3 activatiene performed(Figurel1D-F. The cleavage of
PARP and activation of Caspase 3 are considered as cells undergoing apoptosis. Both protein
levels are significantly increased at concentrations @b@@M. SimilarlyTRPML1 K&€howed

no effect on apoptosis marker expression levadsvel asML1-SA1 treatment of TRPML1 KO
cells These results suggested thaRPML1 activation i®levantfor apoptosis induction.
Furthemore, our tools and models arappropriateto studythe role of TRPML1 function in

HCC cells.
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Figurell. Functional characterisation of TRPML1 function in HCC cells

(A) Proliferation of different cell lines after M{1! m G NBF GYSyd ¢l a | &
assay. (B) Relative mRNA levels of MCOLN1 were determined by g#fitt&tant cell lines. (C
Quantification of apoptotic cells was determined by AnnexiRI\staining and followed by floy
cytometry after 48 h treatment. (D) Western Blot of PARP, Caspase 3 and Active Caspase
level after 24 h treatment of indicatkconcentration of MLASAL. One representative image
shown. Quantification of (E) cleaved PARP/total PARP level and (F) active Caspase 3/total
3. Results represent mean + SD, n=3;-may ANOVA for-€ and Onavay ANOVA for B, followe
08 ¢ sipps$heest *, pralue <0.05, **, pralue <0.01, and ****, pvalue <0.0001.

4.1.3 TRPML1 playa criticalrole in theregulation of mitochondrial morphology

Following previous experiments, we established a suitable cellular moddetermine
cellular outcanes triggered by modulating the TRPML1 function. Next, we analysed the
proteome in untreated RIL175 cells and compared it with TRPML1 activated or TRPML1 KO
cells. Protein mass spectrometry was conducted by Dr. Flenkenthaler (Dr. Frohlich, Gene
Center Munch, Laboratory for Functional Genome Analysis, LMU Muniéyer 3,000
proteins were identified and several proteins were changed in abundance by 18AL
treatment (Figure 12A) and TRPMLKO Figure 12B). A functional geneset enrichment
analysis between ML$A1 teated and untreated cells demonstrated that several proteins

related to mitochondrial structure and mitochondrial functiomere downregulated Figure
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120). Functional analysis of TRPML1 KO cells depicted trend deregulation in mitochondrial

regulatory circuits and an apparent upregulation of glutathione metabolRigufe12D).
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Figurel2. Proteome analysis of ML-BAL1 treated and TRPML1 KO cells.

(A) Aberration of the ML:BAL treated vs untreated RIL175 WT cell and (B) WT vs TRPML1
proteome. Proteinglifferentially more abundant in ML$A1 treated or TRPML1 KO are highligr
in red. Proteins less abundant in MESA1 treated or TRPML1 KO are highlighted in blual{me
<0.05; logZold change >|0.6]). (C) Proteomic analysis was performed bEBM/S.Gene set
enrichment analysis (GSEA) showed significantly enriched gene sets of 30 pSAWirkated vs
untreated cells with FDR@ I f dzS Xn®np ®06 ¢KS {¢wLbD RIF Gl
clusters after MLASA1 treatment. The proteiprotein interaction map of protein hits after ML:1
SA1l treatment is created with strirdb.org, proteins with values/ranksinctional enrichment
analysis (permanent link: shorturl.at/kHNOR). (D) The STRING data analysis indicatpgaied
protein clusters in TRML1 KO cells. The protein interaction map of protein hits more abundan
less abundant in TRPML1 KO cells was analysed by multiple protein analysis-otbstrigg(more
abundant - permanent link: shorturl.at/[EL68 and less abundant permanent link:
shorturl.at’/hwCJ5). The gene ontologiegtod cellular component the biological process, aritie
molecular function are coded in pink, yellow, and purple, respectively. Tpdsxshows the
enrichment significance iogio (FDR eyalue).

[Biclogical Process
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Along withthese findingswe decided to furtheinvestigatethe morphology and function of
mitochondria after modulatinghe TRPML1 functionln order to observe mitochondria
morphology, cells werstained with MitoTracket Redand followed by confocal microscopy.
The confocal imagesevealed that TRPML1 activation by MBA1 led to a morphological
alteration(Figurel3A). The mitochondrial length upon MESAL1 treated and TRPML1 KO cells
were measured and revealed th#tte shape of mitochondriavas shifted from elongated
mitochondria to short, rouneshaped stuctures in RIL175 as well as HUidlls Figurel3B).
Interestingly,anidenticalphenotype was observed in TRPML1 KO @eligire13A, B. Since

we observed an altered phenotype upon TRPML1 KO cells, we introduced a potent TRPML1
A Y KA 0 A-éisabi®l methyliether (EDME), to mimic the knockout effeBtmilar results
were observed up to 50 uM EDME treated RIL175 Migufel3A, B. Next, amore detailed
analysis of mitochondrial morphology using transmission electron microseapyerformed

by Yaschar Kaibiri (Prof. Zischka, Institute ofcbbagy and Envimmmental Hygiene, TUM
Munich). Further,the analysisvalidatedthe switch of an elongated morphology in wildtype
cells to short, rouneshaped mitochondrian both ML1SA1 treatment oTRPMLXFigure
130. In particular, TRPML1 activation by MBA1 lead to a reduction in mitochondrial
roundness and cristae density Higure 13D), which is associated withaggravated
mitochondrial functiom. These results demonstrated that mitochondrial morphology is

strongly alteredoy modulating TRPML1 function either by activation or knockout.
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Figurel3. TRPML1 regulates mitochondrial morphology

(A) The mitochondrial morphology of MESA1 treated RIL175 WT or TRPMLI30QuM)or HUH7
(5 uM) and EDME treated RIL175 W&re observed by Mitotrackeed (mitochondria) and Hoechs
33342 (nuclei) using confocal ligell imaging. Scale bar: 10 uM. One representative imag
shown. (B) Mitochondrial length of 30 cells per replicate was quantitatively measured by Irr
(C)Representative TEM images of WT, 30 uM 18IA1 treatedand TRPML1 KO cells; scale bar:
nM. (D) The roundness and (E) cristae density (number of cristae/ area of mitochondria)
TRPML1 KO and MISA1 treated RIL175 cells were quantified by ImdgeA total of 15C
mitochondria per replicate were measured in D, and 100 mitochondria in E. Results represen
+ SD; n=3 for4&; Oneway ANOVA, for B and E, followed by Dunnett’s posthoc test; Kiuvekkd
test for D, followed by Dunn’s posthoc test*, p-value <0.005, and ****, pvalue <0.0001.

4.1.4 Modulation of TRPMLL1 activity interferewith mitochondrial function

Since modulatin of TRPMLXhowed & apparentalteration of mitochondrial structure, we

further investigated mitochondrial integritgnd respiratory capacity. To asséege R Y 3 S

2T YAU20K2YRNALFIS 6S dzaSR fALRLIKATEAO OFGA2YyA
LRGSY ALt ® {KAFTAOAY3I FNRBY NBR G2 3INBSy Fftdz2?
LJ2 G S0 £ yYoR A f { duddiiaNdamager Activatior?2od RRPML1 by MIAN

strikingly reduced mitochondrial membrane potential, as well as in TRPML1 KEigeié
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14A). Notably, a similar effect could be observed with other commercialised TRPML1 agonists,
for instance, MLSALlFigure 14B), MK683 (Figure 14C) and MLSAS5 Figure 14D0 &
5SLIREFNRAF GA2Y n&T sAdfténi RlQdd 2ty RidEHoridrial membrane
permeability transition (mPT), which is regulated by a specific protein, namely, mitochondrial
permeability transition pore (mPTP) the inner membrane of mitochondria. Opening of
mMPTP can be inhibited by cyclosipoA (CsA). The combination of MEA1 with CsA showed

a rescue effect upon mitochondrial depolarisation, thereby suggesting a loss of membrane

potential mediated by mPTP activatidrigurel4E).
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Figureld. TRPML1 activity alters mitochondrial membrane potential by regulating mP
The mitochondrial membrane potential of (A) RIL175 WT and RIL175 TRPML1 KO cells a
stimulation with indicated concentrations of MISA1 were measured by flow cytometry after J
staining. TRPML1 activators (B) -BIA1,(C) MKkB3, and (D) MLSA5 were measured by fl
cytometry after J&l staining. (E) JC staining of RIL175 cells with oithout pretreatment with
the mPTP inhibitor cyclosporin A (CsA) for 2 h prigh#&o24 h incubation with ML-BAL. Result:
represent mearnt SD, n=3, n=4 for A, n=4forD;@Gné & ! bh+! > F2ft26SF
test; Sidak’s posthoc for Aukey’s pakoc for E; *, pvalue <0.05, **, pvalue <0.01, ***, pvalue
<0.005, and **** pvalue <0.0001.

To further validatahe effect of TRPML1 upon mitochondrial function, we monitored cellular
oxygen consumption rates (OCR) as a measure of mitochondrialatsp using a Seahorse
Extracellular Flux analyser withitostress test. Inthe mitostress test, different inhibitors
were added stepwise to determine mitochondrial function. First, oligomycin, an inhibitor of
ATP synthase, is added, which strongly regumitochondrial oxygen consumption and
allows the calculation of basal respiration. Secondly, uncoupling agent FCCP is added,
collapsing the proton gradient and causing maximal oxygen consumption. Lastly, rotenone
(Rot) and antimycin A (AA) are added amdively to inhibit mitochondrial function and
determine nonmitochondrial oxygen consumption. The results of MBA1 pretreated

RIL175 cells shows a reduction of basal respiration, ATP production and maximal respiratory
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capacity of mitochondria in a deslependent mannerKigurel5A), indicating that activation

of TRPML1 leads to mitochondrial dysfunction. Although TRPML1 KO was pronahersty
upon mitochondrial structureRigurel3A), we could only observe a slight decrease in basal
respiration and ATP production and no changes inimakrespiratory capacitfFigurel5B).

To further validate these findings, we analysed cellular ATP levels using a lumindsasede
ATP detection asgaThe ATP detection assay confirmed a significant reduction in cellular ATP
upon ML1SA1 treatment and no significant change upon TRPML1 KO, consisterthavith
mitostress test Figure 15C). These data demonstrated that even if mitochondria are
structurally altered by ML-BA1 activation and loss of function, functional consequences

could vary in quantity and quality.
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Figurel5. TRPML1 activity regulates mitochondrial function.

Extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) were measured i
cells inthe mitostress test using a Seahorse 96XF analyider.atio of OCR/EAR wascalculated
to indicate the measure of metabolic phenotype. (A) RIL175 WT cells weteepted with 10, 30
and 50 pM of MLASA1 for 24 h and followed by ATP production and maximal respiration of
SAl treated cells. (B) RIL175 WT and TRPML1eKO were compared. The Seahofe
measurement was normalised to cell number prior to calculation of OCR/ECAR ratio. (C) AT
of RIL175 WT and TRPML1 KO with or without-BW1 treated cells were determined by CellTi
Glo™Massay. Results represemtean+SD, n=3; Ong | @ ! bh+! X FT2ff 28SFk
test;{ ARI 1 Qa LJ2 aTukey posihScaest fof @ pNdlle €0.05, **, pralue <0.01, ***,
p-value <0.005, and ****, pvalue <0.0001.
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4.1.5 TRPML1 activation induces mitochondrial steegia calcium overloading

How TRPML1 channel activation or loss of function leads to functional changes in
mitochondria remains uncleam order to discovethe mechanistic regulation behind iye
nextassessed the effects of TRPML1 activation on mitodha in more detail. Since TRPML1
is a calcium permeable ion channel, a&sessedhtracellular calcium levels using a calcium
sensitive fluorescent dyefollowed by flow cytometry. The results indicated tht.1-SA1
leads to a dos@lependent increase ahtracellular calcium levelgut not in TRPMLKOcells
(Figure 16A). Additionally, using Rhod2/AM, anitochondrial calciumsensitive fluorescent
dye, weshowedmitochondrial calcium levels are increased after MiAlactivation(Figure
16B), as well agn commercialised activatomglLSA1 Figure16C), MK683 (Figurel6D), and
MLSAS Figure 16E) but not after KO Kigure 16A). A more potent enhancement of
mitochondrial calcium leus could be observed in HUH7 ceRgy(rel6r).
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Figurel6. TRPML1 activation induces lysosomal calcium efflux and mitochondrial
influx.

(A) Intracellular and (B) mitochondrial calcium levels after stimulation with-8A1 in RIL175 W
cells for 24 h were measured by Cal520 and Rhatiaining and flow cytometryrespectively.
Commercialised TRPML1 activators (Cy3lL, (D) MK83, and (E) MLSA5 were used f
mitochondrial calcium measurements by RHbdnd flow cytometry. (F) Mitochondrial calciunasv
measured by Rhe@ inthe HUH7 cell line. Results representanet SD, n=3; n=4 for B,C; Qwmay
l'bh+! 3 F2f{ft26SR 08 TokeysydSthiod @si forlAlSiddkts paSthoi 6k fi
*, p-value <0.05 , **, pralue <0.01, *** pvalue <0.005, **** pvalue <0.001.
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Overloading calcium in mitochondria cdead to tremendous mitochondrial stre438].
Therefore,we assessed mitochondrial reactive oxygen species (R@&)ve observed that
treatment with MLESAL led to an increase in mitochondrial R@®iguingly, TRPML1 KO
cellsdid not increasgéhe ROSevel andthe levelwasevenslightlydecreasedKigurel7A).

An upregulation of glutathione metabolism might explain this somewhat puzzling effect
TRPML1 KO cells, indicated pnoteome analysis(Figure 12D). Further, we assessed
mitochondrial membrane protein marker, ORAan inner mitochondrial membrane protein
regulating mitochondrial fusion and cristae structure, contributing to ATP syisthesd
apoptosis.The OPAIs typically cleaved during mitochondrial str¢g9, 80] OPA1 (LOPA

1) analysis showed a clear irdion of protein cleavage {SPAL) (Figurel7B, D). We also
assessed elF2a, a protein undergoing phosphorylation at early stress response in
mitochondria, stabilising the mitochondrial functig8l1]. Our results indicated that elF2a
phosphorylation is decreased upon TRPML1 activation and increased upon loss of channel
function Figure17B, Q. This finding supportthe observed mitochondrial dysfunctiois
increasedupon TRPML1 activation and increased upon loss of channel funEigurd¢l7A-

D). Taken together, our datdemonstrated thatactivating TRPML1 by MiSAlabrogated
mitochondrial morphology and function, whickvas caused bycalcium overloading
Subsequently, the excessi amount of calcium coulthduce mitochondrial stress and mPTP

opening, which can bienpededby addingCsA FFigurel4E).
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Figurel7. TRPML1 activation induces mitochondrial stress via calcium overloading.
(A) Oxidative stress in mitochondria after 24 h stimulation of #8A1 was measured by MitoS
staining, followed by flow cytometry. (B) Representative Western Blots of mitochondrial func
proteins after 24 h stimulation with ME$AL. QuantificationfqC) S/LOPAl and (D)p G 2 G I
Results represent mean + SD, n=3; n=4 for C,DWageANOVA, followed Bukey & LJ2 & (
Sidak’s posthoc test for A and*Cp-value <0.05 and **, ywalue <0.01.

4.2 Loss of TRPML1 function disturbs mitochoralrfunction by deregulation of
mitophagy

Sincewe observedactivation or bss of functiorof TRPML1, resulting in a similar effect upon
mitochondrial structure and functianHowever effects on mitochondrial function upon
TRPML1 K@ave remained uncleafFigurel1l, Figure13). Althoughcells do not digrom
knockout Figurell), the proliferation of cels was significantly decreased after knockout or
inhibition of TRPML1 activityFigurel8A, B). As previously showmitochondrial functionis
likelyto be impaired in KO mitochondrias evidenced by a significantly elevated proton leak,

which might exfain that KO cells' proliferatiois slower than WT cells.
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Figurel8. Loss of TRPML1 reduces cell proliferation.

(A) The proliferation of RIL175 WT and TRPML1 KO cells was determined by img
measurements. (B) The proliferation of EDME treated RIL175 WT cells was determii
impedance measurements. Indicated concentrations of EDME was added at 23.4 h.
represent mean + SD, n=3; unpatestfor A,Ones @ ! bh+! 3 FT2ff26SR
for B; *, pvalue <0.05.

Next, our collaborator (Yaschar Kaibiri, Prof. Zischka, Institute of Toxicology and
Environmental Hygiene, TUM Munich) used a higgolution respirometry, Oroboros® Q2k
fluorespirometer to investigatehow mitochondrial respiratory parameters are affected in
TRPML1 KO cell¥he detailed analysis of the contribution of different mitochondrial
complexesvas detectedythe sequentiabddition of specific substratesr inhibitors Figure

19A). We found a significant proton leak KO cellgFigure19B), whichis consistentith the
previously altered mitochondrial structure and membrane potentidigQre 14A).
Furthermore, the respiratory control ratio (RCRJhowed that NADHIlinked respiration
(complex 1, Clandsuccinatelinked respiration (complex 2, O&gre decreased in KO czll

This decregein RCR ikighly related toan increased proton leak (LEAK) in TRPML1 KO cells
since physiological respiration did not changey(re19B). In additon to RCRwe found that
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non-mitochondrial respiration (residual oxygen consumption, R@Xjeased after C1
inhibition with rotenone (Figure 190). Intriguingly, the level of mitochondrial ROSvas
unchanged(Figure17A), and surprisinglyglutathione (GSH) metabolismas up-regulated
upon TRPML1 K@igure12D). Hence GSH level was measured by Yaschar Kaibiri ( Prof.
Zischka, Institute of Toxicology and Enmimeental Hygiene, TUM Municim) RIL175NVT and

KO cells. In principle, GSH is oxidized to glutathione disulfide (GS8&presence of ROS,
thereby detoxifying cedifrom excessive R(Q82]. The result showed thate ratio between

GSH andGSSGwas decreased Kigure 19D), suggestingthat KO cellsdetoxified ROS by
facilitating GSHonversion Together withmitostress dataKigurel5B), these results suggest
that TRPML1 KO endowed impairment of mitochondrial phenotype and function. However,

cells can somehow compensate for the loss in otdemaintain respiration.
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Figurel9. Loss of TRPML1 disturbs the mitochondrial respiratory function

(A) Schematic figure for mitochondrial respiration measurements with Oroboros® 02
Impairment of mitochondria ifRRIL175 KO cells was revealed by Oroboros® O2K measureme
Respiratory Control Ratio (RCR) was calculated to indicate mitochondrial efficiency (OXPHO
The values were corrected for residual oxygen consumption (ROX of antimycin). (D) The
GSH and GSSG between WT and TRPML1 KO cells (n=4). Results represent mean + SD, |
D; unpair ttest; *, p-value <0.05.

Furthermore, we wanted to investigatbow the loss of TRPML1 function leads to
mitochondrial alterations Since theloss of TRPML1 impairs autophagy and could
subsequenthdisruptmitochondrial turnovef83], we subsequently assesstt: lysosome of
RIL175 WT and KO cells. Weeahed lysosomal swelling in KO cells in confocal microscopy
(Figure20A) and transmission electron microscodyidure130 but did not affect lysosomal
mass Figure 20B). Moreover, he lysosome size in KO cells presents larger lysosomal

structures with membranous inclusionsigure200).
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Figure20. Loss ofTRPML1 alters lysosome morpholagy

(A) Morphology of lysosomes in RIL175 WT and TRPML1 KO was observed by lysotra
staining, and the diameter of lysosomes was measured by Image J (n=30); scale bar = 1C
Representative TEM imageslg$osome in WT and TRPML1 KO cells; scale bar: 1000 nM. F
represent mean + SD, n=3; unpatest; Oneway ANOVA, followed by Tukey's posthoc test-*
value <0.05, *** pvalue <0.005, **** pvalue <0.001.

Since thdysosomal morphologwas alteed, we further investigatethe mitophagy process.
We detected autophagic flux by L@3urnover and degradation of autophagic substrate p62.
An apparentdecrease of autophagic flux and degradation of pegre21) were observed
in TRPML1 KO cehlis well as EDME treated WT cellbese results suggest thédss of
TRPMLIunction might disturbthe renewal of mitochondria and lead &decreasen carcer

cell proliferation
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Figure21. Loss of TRPML1 disrupts mitophagy

(A) Representative western blot of mitophagy markers in RIL175 WT and TRPML1 KO. Quan
of LC3ll flux and p62 degradation were shown in H and |, respectively. Results representtr
SD, n=3; Onway ANOVA, followed by Tukey’s posthoc;-¥atue<0.05, **, pvalue <0.01, ***, p
value <0.005, and **** pvalue <0.0001
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4.3 Part 1. Summary

Here, we established a genetic TRPML1 knockout utiegCRISRPRas9 model for
investigatinghe function of TRPML1 in hepatocarcinoma cell lilddschanisticallywe used
aspecific TRPMLdompoundto over-activatethe TRPML1 channelhichinhibits cancer cell
proliferation and induce cancer cell apoptosiBesides, ML-SAlimpaired mitochondrial
morphology and mitochondrial membrane potentialtering mitochondrial function and
respiratory parameters Along with this linewe demonstrated that ML-BA1 successfully
triggered the lysosomal calcium efflux and subsequently increased intracellutarmalThe
calcium further accumulated in mitochondria, inducing mitochondrial stress, which

deregulated mitochondrial function.

In addition to overactivation ofthe channel, loss of TRPML1 could also impair mitochondrial
morphology and depolarized mitoohdrial membrane. Althoughthe loss of TRPML1
increasedthe mitochondrid proton leak, physiological respiration remained unchanged.
Along with this line, we could show that TRPML1 KO buildef@encemechanism by up
regulating glutathione metabolism to maintain mitochondrial respiration. Importantly, we
demonstrated that genetic or pharmacological inhibition of TRPML1 leads to lysosomal
swelling and dysfunction. The deregulation of lysossmeventsmitochondrial turnover,

thus hinderinghe proliferation of cancer cedl

Taken together, we successfully discovered a promising candidate to treat liver cancer cells
by overactivating TRPML1. Furthermore, we further hindetteelproliferation of cancecells

by genetic knockout or pharmacological inhibition, suggedirtgeostat effect of TRPML1 in
hepatocellular carcinoma cell lineThese results providebasis for studyinghe underlying
mechanism of TRPML1 in HCC.
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5 Part2: TRPML1 as a novel moldtior of cancer cell movement

5.1 Functional characterization of TRPML1 in cancer cell migration

Cancer metastasis is very problematic and tricky since metastasis is hardnitor. The
migration movement or epitheliaihesenchymal transition commonly is amp&ry clue for
metastasis diagnosis. Therefore, understanding cancer migration is beneficial for strategically
postulating a therapy option. To investigatdhether TRPMLL1 is crucial for cancer migration,
atranswell migration assay of different cancer digles was performed. Our results indicate
that hepatocarcinoma (RIL175), melanofs&KMEL5), and breast cancer (Mi1B-231) cell

lines significantly decrease cell migration in KO dgligure 22), suggesting that loss of

TRPML1 impair cancer cell migration.
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Figure22. Loss of TRPML1 impairs cancer cell migration.
Migration assay of RIL175, SKMEL5 and IMIBAR31 usingranswell system. Scale bar = 100.p
Data represents meaaASD n=3, MDMB-231, n=4; unpairedtest; *, p<0,05.
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5.2 TRPML1 plays a critical role in cancer cell movemamd celtcell contact

Since cancer cells predominantly proceed with collective migration during metggté@siae
next investigate migration movement aftére knockout of TRPMLL1. Intriguingly, RIL175 and
SKMELS cells migrate mor@lividually after knockout, but not in MDKB-231 cells fEigure
23A). In order to monitor the phenotype in more detail, live time micropatterning imaging
was performed. Although RIL1EST migrated further than TRPML1 KO in micantact
modelling, WT and KOcells' speeds remained unchang@€eigure23B). Moreover, we also
observed that TRPML1 KO cells disrupted theoedllitension, leading to cell disintegration.
These results show that loss of TRPML1 altered migratiomement, leading to lower

migration displacement.
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Figure23. Loss of TRPML1 changes the migrating movement andaedlladhesion of
cancer cells.

(A) Scratch assay of Ril175 for 12 h, MB231 for 4.6 hand SKMELS5 for 21.5 h (video). The bl
arrow indicatesthe disengaged cell from the cluster and calculated by Image J. Data repre
meanz+ SD, n=3. (B) Micropatterning migration of RIL175 WT and KO were recorded, follo\
speedand displacement alysis by Image Black arrow indicates the disintegration of the -azdll
contact. Scale bar = 100 pata represent meatt SO n=3; unpaired ttest; ***, p<0,005; ****,
p<0,001.

5.3 Lossof TRPMLAlters cytoskeletonmorphologyandadjunctive cellulamprotein

As we observed alteration of celéll tension in KO csllwe hypothesized that loss of TRPML1
disrupts cytoskeleton anddjunctive cellulaprotein. Next we investigatedcytoskeleton and
E-cadherin using confocal microscopy.dréstingly,cell norphology changetremendously,
which beeameshrank, and the cytoskeleton organizatiaras distorted in KO cellgFigure

24A). Moreover, the expression of the cealéll adjunctive protein, {€adherin, was
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significantly downregulated in RIL175 and SKMEL5 K(Riglise24B). Intriguingly, we also
observed that expression ot¢adherin was somehow rescued frofRPML1 KO ce(Bigure

24B), leading to more compact cell morphology.

Figure24. Alteration of the cytoskeleton and cell junction after the loss of TRPML1

cancer cells

(A) The cytoskeleton of RIL175, MBIB-231 andSKMELS5 in WT or TRPML1 KO were observe
Rhodamine (actin) and Hoechst 33342 (nuclei) using confocal imaging. Scale bar: 61.5 |
representative image is shown. (B) Morphology of cell junction was observed using cc
microscopy and quantitativeljneasured by Image J. Scale bar: 61.5 um, One representative
from three independent experiments. Data represents as medbD n=3 unpaired ttest; *,

p<0,05; **** p<0,001.

In order to confirmthe expression of f£adherin among all cell linegestern blot analysis
was performed. In accordance with results from western ki, protein level of Ecadherin

was significantly decreased in RIL175 and SKMELS5 KO cells but greatly increasetia-MDA
231 KO cellgFigure25). These results summarized that loss of the TRPML1 channel altered
E-cadherin expression, leading tbe reformation ofthe actin cytoskeleton and changes in

cellular morphology.
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