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Restoring Lysosomal Acidification as a

Therapeutic Strategy for Neurodegenerative Disorders

Virginia Garda

Abstract

Lysosomes are membrane-bound organelles that maintain cellular homeostasis by
degrading intracellular waste as the endpoint of autophagic pathways. Impaired lysosomal
function contributes to the disruption of proteostasis that characterizes aging and
neurodegenerative diseases, and a growing body of evidence indicates that lysosomal
alkalinization is a common feature of these conditions. Because lysosomal hydrolases require an
acidic luminal environment for optimal activity, dysregulation of lysosomal pH is increasingly
recognized as an important contributor to disease pathogenesis. Chapter 1 of this thesis reviews
current understanding of lysosomal pH dysregulation in aging and neurodegeneration, with
emphasis on the mechanisms underlying lysosomal alkalinization and the effects of restoring
lysosomal acidity. Chapter 2 describes a phenotypic high-throughput screen that ultimately
identified two novel lysosomal acidification compounds, WNK463 and WNK-IN-11, that are
inhibitors to the WNK family of kinases, which had not previously been linked to lysosomal pH
regulation. Collectively, this work advances our understanding of lysosomal pH dysregulation and
supports lysosomal acidification as a promising therapeutic strategy for aging and

neurodegenerative diseases.

vi
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Chapter 1: Lysosomal pH Dysregulation as a Driver of

Aging and Neurodegeneration

Abstract

As the final common pathway for autophagic processes, lysosomes are essential for
maintaining proteostasis. Emerging evidence suggests that lysosomal pH is frequently
dysregulated in both normal aging and neurodegeneration, with most models exhibiting lysosomal
alkalinization, although hyper-acidification has also been reported in specific contexts. Because
lysosomal hydrolases require an acidic luminal environment for optimal activity, altered lysosomal
pH impairs degradative function and contributes to aging and disease-associated phenotypes.
Importantly, restoration of lysosomal acidity rescues lysosomal dysfunction and ameliorates
pathological features across numerous cellular and animal models, highlighting lysosomal pH as
a potential therapeutic target. This review summarizes current understanding of lysosomal pH
regulation, the mechanisms underlying its dysregulation during aging and neurodegeneration,
and the consequences of altered lysosomal acidity for cellular homeostasis and disease

progression.
Introduction

Lysosomes are membrane-bound organelles that play a central role in cellular
homeostasis by degrading and recycling intracellular material. Initially characterized as merely
the “recycling bin” of cells, lysosomes are now recognized as dynamic organelles that integrate
nutrient sensing, metabolic signaling, and cellular stress responses with their degradative

functions."? Lysosomes contain a diverse repertoire of hydrolytic enzymes, including proteases,



lipases, glycosidases, and nucleases, which collectively enable the breakdown of a wide range
of substrates. In chaperone-mediated autophagy (CMA), chaperone-bound cytosolic proteins are
directly translocated across the lysosomal membrane through LAMP-2A, in contrast to endosomal
microautophagy where mutivesicular bodies are utilized to digest material, or macroautophagy in
which proteins, aggregates, and even entire organelles are delivered to lysosomes via
autophagosomes.3-® Through these pathways, lysosomes maintain proteostasis and organelle
quality control, functions that are particularly important in long-lived post-mitotic cells such as

neurons.

A growing body of evidence implicates lysosomal dysfunction in neurodegeneration.
Neuropathological studies have identified several hallmarks consistent with impaired lysosomal
function in neurodegenerative diseases (NDs), including the accumulation of lysosomes and
autophagic vesicles within affected neurons, and the presence of lysosomal lumen proteins in the
cytoplasm indicative of lysosomal rupture.®” Genetic studies have strengthened this connection,
as mutations in numerous lysosome-associated genes are either causative or a risk factor for the
development of neurodegenerative diseases.®® In addition, some of these mutations result in
lysosomal storage disorders when present in a homozygous state, which suggests that there is
mechanistic overlap between the two disease types; importantly, NDs are strongly age-associated
disorders, so it is possible that subtle lysosomal defects might accumulate over time and drive
their progression.'%-2 Because neurons are highly dependent on lysosomal degradation to
remove damaged proteins and organelles over a lifetime, they may be particularly vulnerable to

even modest declines in lysosomal function.

One phenotype repeatedly observed in cellular models of neurodegeneration and animal
models of aging is lysosomal alkalinization. pH reflects the concentration of protons within a
solution and affects the protonation state and therefore the structure and function of biomolecules.

Lysosomes normally maintain a highly acidic luminal environment with a pH of approximately 4.5—



5.0 for the optimal activity of its hydrolases.'>'* Given the central role of luminal acidity in
lysosomal function, the downstream consequences of lysosomal alkalinization are varied and
profound (Figure 1.1). Understanding how lysosomal pH changes during aging and
neurodegeneration may provide important insights into disease mechanisms and identify new

therapeutic opportunities.
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Figure 1.1 - Downstream consequences of lysosomal alkalinization.
An elevation of lysosomal pH causes dysfunctions in lysosomal proteolytic activity, autophagy,
mitochondrial efficiency, neuroinflammation, neuronal health, calcium regulation and lysosomal lipid

homeostasis. Figure generated with BioRender.




Basic Biology of Lysosomes

Overview of lysosomal proteases

Cathepsins are the largest family of lysosomal proteases and can be classified by the
identity of their catalytic residues.'>'® Cathepsins D and E are aspartic cathepsins, A and G are
serine cathepsins, and the remaining eleven cathepsins, which include B and. L, are cysteine
cathepsins.' Cathepsins B, D, F, A, L and Z are the most highly expressed in neuronal cells,
although there are some variations in expression between brain regions.® Their pro-protein form
is inactive since their amino-terminus consists of a pro-peptide that binds to the active site and
blocks substrate binding."” Upon arrival at the lysosome, they are they are cleaved into their
mature and active forms, either auto-catalytically or by other cathepsins, and thus their molecular

weight and availability of their active site is often used as a proxy for enzyme activity." '

Lysosomal pH directly regulates the activity of lysosomal hydrolases, as an acidic pH is
required for the removal of their inhibitory pro-peptide. The activity of individual proteases,
however, differ in their pH dependence. The aspartyl protease cathepsin D exhibits maximal
activity at approximately pH 4.2°2" In contrast, the cysteine protease cathepsin L is more active at
pH 5 than at pH 6 but becomes irreversibly inactivated under more acidic conditions around pH
4,222 Cathepsin B displays even greater variability, with its pH optimum depending on substrate
identity; for example, substituting the P2 residue adjacent to the cleavage site from glutamine to
arginine shifts the optimal pH from 4.6 to 7.2.** More broadly, the catalytic efficiency of all
cathepsins is influenced by substrate sequence; ND-associated mutations and phosphorylation
sites in aggregate-prone proteins have been shown to decrease the rate at which they are
degraded by lysosomes.?>? Indeed, the current phospho-tau biomarkers of Alzheimer’s Disease
are likely released protease-resistant fragments of tau release by lysosomes into the extracellular

space.?®



Lysosomal pH sensors

Lysosomal pH sensors fall into three major categories: lysosomotropic dyes, dextran-
conjugated probes, and genetically encoded sensors (Table 1.1).2"?® Lysosomotropic dyes are
weak bases that accumulate in acidic compartments following protonation.?” Although convenient
because of their short incubation times, they are the least specific, as they accumulate in multiple
acidic organelles and can themselves elevate lysosomal pH.? Dextran-conjugated probes reach
lysosomes through endocytosis, providing greater lysosomal specificity, but they label only
lysosomes that receive endocytosed cargo; accordingly, a study utilizing electron microscopy
showed that only approximately 70% of lysosomes in HeLa cells contained dextran-conjugated

29-31 Genetically encoded sensors, which consist of fluorescent proteins fused

probes after uptake.
to lysosomal membrane proteins, provide the highest specificity and permit cell type-specific pH
measurements in vivo.?®*? However, overexpression of lysosomal membrane proteins such as
LAMP1 can cause plasma membrane mislocalization, making transient transfection and strong

promoters unsuitable.®®* Consequently, lysosomal localization should be validated by co-

localization with established lysosomal markers.

Independent of sensor type, several factors influence measurement accuracy. The
sensor’s pH-sensitive fluorophore should ideally have a pKa close to the lysosomal pH of 4.5-5.0
for optimal sensitivity.?” Single-fluorophore probes estimate lysosomal pH from fluorescence
intensity alone, which can be confounded by differences in lysosome abundance and size.?
Consequently, ratiometric probes incorporating a second pH-insensitive fluorophore provide more

reliable measurements by normalizing for lysosomal volume and probe abundance.



Table 1.1 - Categories of sensor to measure lysosomal pH

Change with
Sensor Type Advantages Disadvantages Name increasing pKa
acidity
LysoSensor Shift: blue at
Yellow/Blue DND- | NgnPH IO 14 5
yellow at low
160
pH
Low specifi(?ity to LysoSensor Blue Activated 5 134
Fast labeling lysosomes; not DND-167
Lysosomotropic L . viable for most LysoSensor Green i "
Dyes tlmet,oh'!]%?sse[gnal model organisms; DND-189 Activated 5.2
’ likely raises Shift: green when
lysosomal pH present as a
- monomer in cytosol
Acridine Orange to orange/red when it
dimerizes in
lysosome3®
Shift: blue at
] LysoSensor hiah oH t
May not localize Yellow/Blue- N P10 3 gae
Specific to lysosomes if Dextran yellow at low
Dextran-based | |0calization into endocytosis is pH
q lysosomes; compromised in Oregon Green- Quenched | 4.7%
es . .
y relatively fast model system:; Dextran
labeling time mainly limited to FITC-Dextran Quenched | 5.9%
cellular models -
pHrodo Green/Red Activated 6.5%
Dextran
High localization Inconvenient for ) mTFP1is 39
specificity to expedient FIRE-pHLY Quenched 43
lysosomes; experiments sGFP is 40
. compatible with because it PHLARE Quenched 5.9
Genetically : ) !
animal models; requires stable
encoded o
SENSOrs can _be expression; may
specifically need to adjust RpH-LAMP1- pHluorin is 6.541
expressed in promoter to avoid 3xFLAG quenched '
specific tissues | localization to cell
and cell types membrane

Mechanisms of lysosomal acidification

The luminal acidity of lysosomes is primarily established by the vacuolar ATPase (v-

ATPase), a multi-subunit motor protein that uses energy derived from ATP hydrolysis to pump

protons into the lysosomal lumen. It is composed of a membrane-bound Vo, domain and a cytosolic

V1 domain, which can readily associate or disassociate with each other to regulate lysosomal pH

in response to various stimuli. For example, amino acid starvation stimulates V1-Vo assembly,

6




while glucose and serum deprivation reduce it.*>** This is partially controlled by the activity of
mTOR complex 1, which inhibits v-ATPase assembly when active at the lysosomal membrane.*
Because proton transport generates a transmembrane voltage gradient that opposes further
acidification, lysosomes rely on counter-ion fluxes—including Na* and K* efflux and CI influx

through the CIC-7 antiporter—to dissipate this electrical potential and sustain v-ATPase activity.*®

Lysosomal acidification is also influenced by mitochondrial function. Inhibition of the
mitochondrial electron transport chain elevates lysosomal pH, likely because proton pumping
across the mitochondrial inner membrane supplies protons to the v-ATPase through
mitochondria—lysosome contact sites.*”8 Although mitochondria are also the primary source of
ATP required for v-ATPase activity, moderate changes in ATP availability are unlikely to limit
lysosomal acidification because intracellular ATP concentrations are several orders of magnitude
greater than the Michaelis constant for v-ATPase ATP hydrolysis.*® Consistent with this model,
inhibition of mitochondrial ATP synthase with oligomycin does not alter lysosomal pH, suggesting
that mitochondrial regulation of lysosomal acidification depends primarily on proton availability

rather than ATP production.*®

Lysosomal pH also varies according to subcellular localization. Perinuclear lysosomes are
more acidic than peripheral lysosomes, although the mechanisms underlying this spatial
heterogeneity are not yet fully understood.*® Measurements of lysosomal re-acidification following
dissipation of the proton gradient with carbonyl cyanide m-chlorophenyl hydrazone (CCCP)
suggest that peripheral lysosomes exhibit lower proton pump activity and greater proton
leakage.*® In addition, enhanced acidification of perinuclear lysosomes has been proposed to
result from increased assembly of the v-ATPase, with greater association of the Vi and Vo

domains observed in this lysosomal population.®?



Methods for modifying lysosomal pH

A variety of genetic, pharmacological, and nanomaterial-based approaches have been
developed to experimentally manipulate lysosomal pH. These tools have been instrumental in
establishing causal relationships between lysosomal acidification and cellular function, while also

evaluating the therapeutic potential of lysosomal re-acidification in aging and NDs.

The most commonly used methods for inducing lysosomal alkalinization are bafilomycin
A1 (BaF) and chloroquine. BaF directly inhibits the v-ATPase, thereby preventing proton pumping
into the lysosomal lumen.®' In contrast, chloroquine is a weak base that accumulates in acidic
compartments, where it buffers luminal protons and elevates lysosomal pH.*® These compounds
are frequently used to model lysosomal alkalinization, although they have also been used to

rescue cellular models that exhibit lysosomal hyper-acidification.>**°

Several approaches have been developed to restore lysosomal acidity. One is
overexpression of v-ATPase subunits through transient transfection or stable viral transduction,
which successfully re-acidifies lysosomes in both yeast and mammalian cells.*®-%® Another
involves acidic nanoparticles, which are typically composed of biodegradable polymers such as
poly(lactic-co-glycolic acid) (PLGA).>*% These particles enter cells through endocytosis and
accumulate within lysosomes, where degradation of the polymer releases weakly acidic functional
groups that lower lysosomal pH. Although acidic nanoparticles have poor penetration across the
blood-brain barrier, intracerebral injection successfully delivers them to lysosomes in the mouse

brain.®"

Small molecules represent the largest and most diverse class of lysosomal acidification
strategies and are attractive because of their experimental simplicity and therapeutic potential.
More than 30 lysosomal acidification compounds have now been identified (Table 1.2). These
compounds act through diverse mechanisms, including direct activation of the v-ATPase, ATP-

competitive inhibition of mMTOR and other kinases, modulation of lysosomal ion channels, or, in
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the case of several natural products, through mechanisms that remain unknown. Collectively,
these compounds rescue numerous disease-associated phenotypes, including impaired
cathepsin activity, defective lysosomal proteolysis, protein aggregation, and autophagic
dysfunction (Table 1.2). Future studies evaluating their long-term efficacy, safety, and
pharmacokinetic properties will determine whether lysosomal acidification can be translated into

therapies for neurodegenerative and other age-associated diseases.

Table 1.2 - Small molecule lysosomal acidifiers

Small Description Lysosomal Cellular or Effects likely downstream of
molecule P pH sensor | Animal Model lysosomal acidification
e wodu. | Lysosensar |
EN6 ’ Yellow/Blue | HEK293 cells Activates autophagy.5?
ATPase-Ragulator
; . DND-160
interaction
Covalent binder of LvsoSensor Rat adrenal Increases cell viability and
Schisandrol v-ATPase V0d1 y pheochromocy | portion of polarized mitochondria
s Yellow/Blue : :
A subunit, increases DND-160 toma cells in cells treated with advanced
v-ATPase activity (PC12) glycation end-products.®?
Localizes to K562 cells, Enhances basal and stress-
lVsosomes LysoSensor | human dermal | induced lysophagy in fibroblasts.
C381 os)s/ibl interécts Green DND- fibroblasts, Reduces phos-a-syn
possIbly 189 MPTP-treated accumulation in MPTP-treated
with v-ATPase . C 4
mice mice.
Primary rat Reduces AB1-40 and AB1-42
Anacardic Aurora Kinase A LysoSensor o rtié/al accumulation in SH-SY5Y cells
acid activator Yellow/Blue neurons. SH- over-expressing ABPP695, the
DND-160 ! major neuronal ABPP isoform in
SY5Y cells h 65
umans.
Torin{ LysoSensor Mouse Enhance general lysosomal
AZD8055 Yellow/Blue embryonic proteolysis, including cathepsin
ATP-competitive DND-160 fibroblasts B and L activity.*®
mTOR inhibitors :
PP242, Enhances maturation of
0S1-027 FIRE-pHLy | SH-SY5Y cells cathepsin D
Imatinib ATP-competitive éﬁgf%nsgr_ Human Enhances maturation of
Abl kinase inhibitor 189 macrophages cathepsin D.%7
Down
ATP-competitive LysoSensor Syndrome Enhances v-ATPase activity,
AZDO0530 | inhibitor of Tyrosine | Yellow/Blue- Patient- reduces lysosomal membrane
Kinases Dextran derived permeability.5®
fibroblasts
SH-SY5Y Enhance maturation of
ATP-competitive LysoTracker . cathepsin D in cells; reduced AR
L803-mts o cells; 5xFAD . ;
GSK-3 Inhibitor Red deposits and ameliorated
mouse model o SR
cognitive deficits in mic.




Small Description Lysosomal Cellular or Effects likely downstream of
molecule P pH sensor | Animal Model lysosomal acidification
Enhances lysosomal membrane
Small molecule that | LysoSensor Neuro2a cells: integrity in cells; reduced
AS1842856 | reduces GSK3a/b Green DND- o hippocampal AB plaque area
. APP/PS1 mice . "
protein levels 189 and ameliorated cognitive
deficits in mice.”®
GBA1
LysoSensor | heterozygous . .
Mii-2 LRRK2 inhibitor | Yellow/Blue | nulliPSC- | Enhanced f:\fggpi'” L activity
DND-160 derived ’
neurons
Oregon
. s HEK293T, No other phenotypes were
Apilimod PIKfyve inhibitor Green- U20S cells measured.”?
Dextran
ATE’-pompetmve Oregon Human Reduced etoposlde-lnduced
inhibitor of ATM : . senescence, increased
KU-60019 , . Green- telangiectasia . . =
serine/threonine Dextran fibroblasts mitochondrial respiration and
kinase reduced ROS levels.”®
Increased cathepsin D
ATP-competitive FIEE.}ﬁg(IJ‘y’ SH-SY5Y maturation, enhanced cathepsin
WNK463 inhibitor of WNK L sojsomal cells, Neuro2a B, L and overall lysosomal
family of kinases y cells proteolytic activity, upregulated
pH dyes . 76
autophagy and mitophagy.
Increased cathepsin D
Allosteric inhibitor FIEE.}ﬁ;')‘y’ SH-SY5Y maturation, enhanced cathepsin
WNK-IN-11 of WNK1 and L J cells, Neuro2a B and overall lysosomal
ysosomal ; =
WNK3 H dves cells proteolytic activity, and
pridy upregulated autophagy.”®
Enhanced autophagic flux and
Valoroic LysoSensor | APPswe SH- cathepsin B maturation in cells;
Agid HDACSG inhibitor Yellow/Blue SY5Y cells; reduction of AB burden in the
DND-160 APP/PS1 mice brain and ameliorated spatial
learning in mice.”™
: , Rescues dendritic spine density
Hyaluronic Glycosaminoglycan : Primary and enhances lysosomal
. polymer, substrate pHLARE hippocampal . T
acid : proteolytic activity in AB-treated
of Hyaluronidase neurons hi o8
ippocampal neurons.
LysoSensor .
ML-SA1 | TRPML1 agonist | Yellow/Blue | ~atPrimary | Reduces AR "I‘Ot.a”d7f‘51 42
DND-160 neurons accumulation.
LysoSensor PSEN1-mutant Enhances autophagy flux in
. N SH-SY5Y ) .
Tetrandrine TPC2 inhibitor Yellow/Blue- . cells; ameliorates memory of
cells; 5xFAD T
Dextran ; mice.
mice
LvsoSensor Enhances maturation of
isoproteren Beta-adrenergic Ygllow /Blue- PSEN1 KO cathepsin D and activity levels of
ol agonist blastocysts cathepsin B, and rescues
Dextran : : ; 78
impaired autophagic flux.
Neuro2a cells Reduced accumulation of lipid
LysoSensor treated with droplets in cells; reduced
Capsaicin TRPV1 agonist Yellow/Blue AB1-42 hippocampal AB and phos-Tau
DND-160 peptide; 3xTg- levels and improved spatial
AD mice memory in mice.”®

10




Small Description Lysosomal Cellular or Effects likely downstream of
molecule P pH sensor | Animal Model lysosomal acidification
Rat cortical
Zmi(r:]::c;ggsg;)re, LysoSensor r?::;grré Rescues impaired autophagic
Clioquinol lysosomal zinc Gree-1n85)ND- overexpressin flux a?gtérgﬁrﬁis:;iixfoggmal
levels g LRRK2 proteoly Y.
R1441C
o Oregon .
. . Inhibitor of proton Enhances GCase activity
Rimeporide leak channel NHE II(JBer)?terg;w HAP1 cells levels.?’
ANXA7, increases
protein levels, Acridi Bone Marrow .
. cridine Reduces senescence induced
ABO calcium-dependent Stromal Cells ; o
phospho-lipid Orange (BMSCs) by high passage number.
binding protein
Cyclic .
adenosine ATP derivative, LysoSensor vs:’?hr ?g:ﬁﬁf; Enhances cathepsin D
monophosp messenger Yellow/Blue . maturation, rescues blockage of
AD mutation ! 53
hate molecule DND-160 autophagic flux.
(CAMP) PS1 A246E
. Primary
a deAnct:vlatCozlcg‘SS LysoSensor | oligodendrocyt Enhance cathepsin B and D
NKH-477 incre);gesyc AMP’ Yellow /Blue- | es treated with activity in cells; life-span
levels Dextran psychosine; extension in mice.?
Twitcher Mice
o . Primary
Antibiotic against LysoSensor , :
Clofoctol gram-posigtive Yélllow /Blue- oligodendrocyt Enhance cathepsin B and D
bacteria Dextran es treated with activity.8
psychosine
- Primary
InSLrJ(I)lcv-tlrI]ke Hormone \I(_éfgv?‘?gfuog. oligodendrocyt Enhance cathepsin B and D
fgctor ] Doxtran | ©S treated with activity.8
psychosine
Pseudogins m’:g&';i')fg?iﬁé}( LysoSensor Enhanced degradation of
enoside- and TFEB sianalin Green DND- Microglia oligomeric AB, enhancement of
F11 pathwass 9 189 autophagic flux.®
Enhances vATPase subunit V1a
and V0a1 protein levels and
. cathepsin D maturation in cells;
DNLA Natural product LysoF'{I'égcker AIEIS /Lzsﬁerlrlfi;:e reduced AR1-42 levels,
enhanced autophagic flux and
ameliorated memory of
mice.’¢87
Immortalized
Natural oroduct LysoSensor human Ameliorates rotenone-induced
Rifampicin antimigrobial ’ Yellow/Blue | microglial cells inflammation, enhances
DND-160 treated with autophagic flux.%8
rotenone
Blue fluorescent LS Green
SGJ molecule that DND-189 HEK293T, Reduction of senescence
localizes to and Acridine BMSCs marker SA-B-gal in BMSCs.®
lysosomes Orange
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Lysosomal pH in aging

Age-associated lysosomal alkalinization has been reported across a wide range of
experimental systems, including cellular models of senescence and aging, yeast, Caenorhabditis
elegans, and mammalian tissues. The consistency of this phenotype across these models
suggests that impaired lysosomal acidification is a fundamental feature of aging. Mechanisms
that have been identified to lead to this dysregulation of lysosomal pH include dysregulation of v-

ATPase subunit expression and function, decreased mitochondrial-to-lysosome contact sites, and

dysfunction of lysosomal membrane channels (Figure 1.2).
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Figure 1.2 - Mechanisms of lysosomal alkalinization in aging and neurodegeneration

Identified mechanisms that lead to the alkalinization of lysosomes in aging and neurodegeneration
include the dysfunction of the v-ATPase, mitochondria and lysosomal membrane channels as well as
the dysregulation of lysosomal lipids. Figure generated with BioRender.
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Cellular Models of Aging

Cellular senescence is a widely used model for studying aging-related cellular changes,
given that the accumulation of senescent cells has been strongly associated with organismal
aging and numerous age-related diseases.”® Senescence is defined as a permanent loss of
replicative capacity in cells that have not undergone terminal differentiation. Elevation of
lysosomal pH has been observed following multiple methods of senescence induction, including
ultraviolet and ionizing irradiation, treatment with senescence-inducing compounds, and multiple

48.738291-93 |nterestingly, senescent cells also exhibit an increase in the

rounds of replication.
number of lysosomes per cell due to an increase in TFEB-dependent lysosomal biogenesis.*
Consequently, overall lysosomal proteolytic activity at the cellular level remains relatively
preserved despite reduced degradative efficiency within individual lysosomes, which suggests

that senescent cells partially compensate for impaired lysosomal acidification by increasing

lysosome abundance.

Mechanistically, lysosomal alkalinization appears to result, at least in part, from reduced
expression of v-ATPase components upon senescence induction. Transcriptomic analyses have
shown downregulation of several v-ATPase genes in senescent cells, including ATP6AP2 and
ATP6V1C2, suggesting that impaired v-ATPase activity contributes directly to the increase in
lysosomal pH.%>% In addition, lysosome-to-mitochondria contact sites, which have been
demonstrated to be a source of protons for the v-ATPase, decline in senescent cells.*® This is
likely due to a decrease in mitochondrial mass in senescent cells, which coupled to the increase

in lysosomal mass, reduces possible contact sites between the two organelles.

Several studies have shown that restoring lysosomal acidity reverses key senescence-
associated phenotypes. In a chemical screen, KU-60019 emerged as the strongest senescence-
rescuing compound and was subsequently shown to acidify lysosomes by inhibiting ATM kinase,

which suppresses v-ATPase assembly through phosphorylation of the V1g subunit.”®> ATM
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inhibition in etoposide-treated fibroblasts also increased mitochondrial respiration and reduced
reactive oxygen species production. Similarly, restoration of lysosome—mitochondria contact sites
acidified lysosomes, rescued autophagic flux, and abolished senescence-associated
transcriptomic signatures in lung fibroblasts subjected to ionizing radiation.”® Overall, these

findings suggest that cellular senescence is highly tied to lysosomal acidity and function.

As terminally differentiated cells, neurons cannot undergo replicative senescence and thus
might not exhibit the same lysosomal changes as senescent cells. Primary embryonic cortical
neurons aged in culture for 28 days exhibit many hallmarks of aging including the accumulation
of lipofuscin.®® Neurons were also found to lose lysosomal acidity with extended culturing times,
and this was accompanied by reduced lysosomal proteolytic activity, accumulation of cathepsin
D, and synapse loss.® Importantly, treatment with ML-SA1, a TRPML1 agonist that promotes
lysosomal Ca?** efflux and lysosomal acidification, restored lysosomal degradative capacity,
reduced lipofuscin accumulation, and rescued synaptic deficits in aged neurons.*® These findings
suggest that lysosomal alkalinization is not merely a consequence of cellular aging but contributes

directly to age-associated cellular dysfunction.

One promising approach for modeling neuronal aging is direct transdifferentiation, in which
somatic cells are converted directly into neurons. Unlike induced pluripotent stem cells (iPSCs),
transdifferentiated neurons retain age-associated epigenetic markers, enabling the study of aging
phenotypes in human neurons.”” Unfortunately, data regarding lysosomal pH changes in
transdifferentiated neurons remains limited. In one study, no significant difference in lysosomal
pH was observed between neurons generated from young and aged donors.®® However,
lysosomal pH was measured using FITC-dextran, a probe with a relatively high pKa of
approximately 6 that may lack sensitivity for detecting subtle increases within the physiological
lysosomal pH range.®” Interestingly, treatment of transdifferentiated neurons from aged patients

with C381, a lysosomal acidifier, reduced AB42 accumulation and increased cathepsin B activity,
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which suggests that lysosomal acidification remains therapeutically beneficial even when
measurable pH differences are difficult to detect.?*%® Future studies applying more sensitive
lysosomal pH sensors in transdifferentiated neurons may clarify whether aged neurons exhibit

lysosomal alkalinization.

Lysosomal pH and aging in model organisms

Yeast

Budding yeast (Saccharomyces cerevisiae) have proven to be a useful aging model due
to their short lifespans, thoroughly mapped genome, and conserved pathways with mammals.
They divide asymmetrically into easily distinguished “mother” and “daughter” cells, and their
replicative lifespan is used as a proxy for age.*® Yeast vacuoles perform analogous degradative
functions and share similar acidification mechanisms as lysosomes. Aged mother cells
consistently exhibit less acidic vacuoles than young cells, along with hallmarks of aging that
include accumulation of aggregate-prone proteins such as a-synuclein, mitochondrial membrane

de-polarization, and elevated production of reactive oxygen species.>®1%:101

Multiple mechanisms have been proposed to explain age-dependent vacuolar
alkalinization. One involves HCM1, a transcription factor that regulates v-ATPase gene
expression.'® Age-dependent loss of HCM1’s nuclear localization reduces v-ATPase expression,
and HCM1 deletion similarly induces vacuolar alkalinization and shortens lifespan, both of which
are rescued by v-ATPase overexpression. Age-dependent defects in v-ATPase assembly have
also been identified, with reduced association between the Vo and Vs domains resulting from an
age-associated decline in the RAVE complex component Rav2.'%? Consistent with a role for RAVE
in facilitating v-ATPase assembly, deletion of its subunit Rav1 induces an elevation of vacuolar
pH and shortens replicative lifespan. Another mechanism involves the plasma membrane proton
ATPase (Pma1), which exports protons from the cytoplasm.'® Age-dependent accumulation of
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Pma1 reduces proton availability for vacuolar acidification, whereas the hypomorphic pma1-105
allele preserves vacuolar acidity and extends lifespan. Lastly, there is a loss of mitochondria-
vacuole contact sites with aging, which deprives the v-ATPase from readily-accessible protons.*®
Expressing a nanobody-based mitochondria and vacuole linker prevented vacuolar alkalinization

with aging and extended replicative lifespan.

Other interventions that preserve vacuolar acidity have also been found to increase
replicative lifespan, including the overexpression of the v-ATPase subunit vma-1, caloric
restriction, and methionine restriction.*®'°"192 Qverall, these findings show that vacuolar acidity is

an important factor in determining the longevity of yeast.

Caenorhabditis elegans

Caenorhabditis elegans is a popular animal model for aging research due to its
multicellular nature, short life-span, transparency to light microscopy and genetic tractability.'®
Intestinal lysosomes can be readily labeled with pH-sensitive dyes, facilitating the measure of
lysosomal pH of this cell type.'® Using this approach, multiple groups independently
demonstrated that intestinal lysosomes become progressively less acidic with age.'9-"%®
Importantly, this age-associated lysosomal alkalinization is not an inevitable consequence of
aging; long-lived mutant strains, including daf-2, eat-2, and isp-1 worms, retain lysosomal acidity
during aging, suggesting that maintenance of lysosomal pH is associated with longevity-
promoting pathways.'”” Future work probing lysosomal pH in other tissues—enabled by the

development of genetically encoded lysosomal pH sensors—will reveal whether other types of

cells, such as neurons, also lose lysosomal acidity with age.

Several interventions that preserve or restore lysosomal acidity extend lifespan in worms.
Overexpression of transcription factors DAF-16 and XBP-1 has been shown to acidify intestinal

lysosomes and extend lifespan.’®'%° Similarly, inducing lysosomal acidification through
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alternative day fasting extends lifespan and reduces accumulation of aggregation-prone proteins
in aged worms.'® However, because these interventions affect multiple cellular pathways,
whether their beneficial effects are mediated directly by lysosomal re-acidification remains
unclear. Direct manipulation of lysosomal pH will be needed to establish its causal role in

longevity.

Mammalian Models

Some evidence for lysosomal loss with aging has also been reported with murine models.
A study utilizing LysoSensor Green DND-189 reported that lysosomal pH is elevated in the
femoral heads isolated from 60-week-old mice compared with those from 8-week-old mice.'®
Similarly, measurements carried out with LysoSensor Yellow/Blue DND-160 revealed that isolated
urothelial cells from aged rats had less acidic lysosomes than those from young ones, which was
accompanied by a loss in cathepsin B activity.'"" There are no reports of lysosomal pH changes
in murine neural cells with age, likely because lysosomotropic dyes and dextran-based lysosomal
pH sensors are not compatible with complex tissues. Future work utilizing genetically encoded
lysosomal pH sensors in murine models could reveal whether the age-associated lysosomal

alkalinization also occurs in the mammalian brain.
Lysosomal pH in neurodegenerative diseases

Neurodegenerative diseases arise from diverse genetic and environmental risk factors,
yet dysregulation of lysosomal pH has emerged as a common feature across these disorders
(Figure 1.3). Depending on the disease mechanism, altered lysosomal pH may represent a
primary pathogenic event, such as when mutations directly affect the acidification machinery, or
arise secondary to broader defects in lysosomal homeostasis, including disrupted lipid

metabolism, mitochondrial, dysfunction, accumulation of aggregated proteins, and aberrant

17



signaling pathways (Figure 1.2). Most neurodegenerative disease models exhibit lysosomal
alkalinization, consistent with observations in aging. However, several studies have reported
lysosomal hyper-acidification, suggesting that deviations from basal lysosomal pH impair

hydrolase function regardless of directionality of the change.

Ot et (B @ Extracellular space
. en )
ondria %\ CHI3L1 (AD)
U "°0 TNF-a (AD/PD)
oY )
-&$
\y
Sop 7
As) o LRRK2 (PD\
Py = el
APP (AD) &
APOE (AD) v GRN (FTD)
AmyI0|d—B (AD) Amonid-B (AD) \
ER+Golgi GBAT (PD) TMEM106B (FTD)
GLB1(PD) %TMEMWS**(PD)
GLA (PD) ATP13A2 (PD)
@ ATP6AP2 (X-linked
~ Parinsonism)
Cytosol
, SOD17 (ALS)
@ VCP+* (FTD/ALS)
P4 LRRK2** (PD)
Nurr1 (PD)
TARDBP (ALS) @
UBQLN (ALS) -
FUS (ALS) ) i ——
C9orf72 (ALS) % MAPT/Tau (AD)
Microtubules SNCA/a-syn (PD)
Nucleus ” NDST3* (ALS)

Figure 1.3 - Genetic and environmental insults associated with NDs impacting the maintenance of
lysosomal pH

Genes and toxins that have been reported to affect lysosomal pH depicted in their typical subcellular
localization. Most are associated with lysosomal alkalinization, which no asterisk indicates, while *
indicates that they are associated with hyper-acidification and ** indicates that there are reports on both
elevation and decrease in lysosomal pH. Genes are italicized, while environmental toxins are underlined.
Disease associated with each gene or environmental toxin in parenthesis: AD: Alzheimer’s disease, PD:
Parkinson’s disease, FTD: Frontotemporal dementia; ALS: amyotrophic lateral sclerosis.

Figure generated with BioRender.
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Alzheimer’s Disease

A growing body of evidence suggests that lysosomal alkalinization is a common feature of
Alzheimer's disease (AD) and may represent a convergent mechanism linking diverse risk factors
to neuronal dysfunction. Importantly, this is supported by direct observations from patient-derived
cells: lysosomal pH measurements using the DNA-based ratiometric probe CalipHluor
demonstrated that monocytes isolated from patients with early-onset AD possess more alkaline
lysosomes than those from age-matched healthy controls.”*'"? Impaired lysosomal acidification
has also been reported in several cellular AD models, including those expressing PSEN1

mutations and APOE4, the major genetic causes of familial and sporadic AD, respectively (Table

1 .3).29,32,113,1 14

Reduced v-ATPase expression and activity are recurring features of both human AD and
animal models. Transcriptomic analyses of postmortem AD brain tissue identified downregulation
of ATP6V1A in cortical neurons, a finding subsequently confirmed across multiple brain regions

.57 In addition, the pseudo-kinase STK11P is upregulated in AD brain

and at the protein leve
tissue and has been shown to inhibit v-ATPase assembly.""® Similarly, 5xFAD and APP/PS1 mice
models exhibit decreased abundance or maturation of the v-ATPase V0a1 subunit.®®® Most
strikingly, conditional deletion of ATP6V0A1 in the mouse forebrain is sufficient to induce memory
impairment, neuronal hyperexcitability, and hippocampal neurodegeneration resembling AD
pathology.'® Together, these findings suggest that impaired lysosomal acidification may lie

upstream of several hallmark features of AD pathogenesis.

Table 1.3 - Cellular models of AD that exhibit elevated lysosomal pH

Associated . Genotype / Genetic
Gene Disease Model Cell line manipulation Lysosomal pH sensor
Astrocvtes Human ApoE3 or pHrodo Green-
APOE3/4 AD y ApoE4 expression Dextran''®
Neuro-2a (mouse Human ApoE3 or Oregon Green-
neuroblastoma cells) ApoE4 expression Dextran'"4
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Associated . Genotype / Genetic
Gene Disease Model Cell line manipulation Lysosomal pH sensor
. . LysoSensor
Pat_lent-derlved PSEN1 A246E Yellow/Blue DND-
fibroblasts mutation 160120
PSEN1 AD 60
Patient-derived PSEN1 M233T LysoSensor
fibroblasts mutation Yellow/Blue-Dextran™®
Patient-derived al:t)igmr; ?%/nciroigwseof LysoSensor
fibroblasts P APP) P Yellow/Blue-Dextran'?!
Primary cortical TS2 mice model (3 LysoSensor
Down neurons copies of APP) Yellow/Blue-Dextran'?!
APP Syndrome / LysoSensor
AD SHSY-5Y APP695 Yellow/Blue DND-
(undifferentiated) 160122
LysoSensor
. HT22 (mouse APP6IS Yellow/Blue DND-
hippocampal cell line) overexpression 160123
Neuro-2a (mouse Treatment with AR1-42 LysoSensor
AB AD neuroblastoma cells) peptide Yellow/Blue DND-1607°
Neuro-2a (mouse Treatment with AR LysoSensor Green
neuroblastoma cells) oligomers DND-1897°
LysoSensor
SHSY-5Y Tau P301L Yellow/Blue DND-
(undifferentiated) 160124
LysoSensor
HEK293 Tau overexpression Yellow/Blue DND-
160125
HT22 (mouse ; 58
Tau AD hippocampal cell line) Tau overexpression pHLARE
Astrocytes Treatment with 4R tau PHLARE 12
fibrils
Treatment with LysoSensor
Primary microglia sarkosyl-insoluble tau Yellow/Blue DND-
P301L fractions 16024
. . . LysoSensor
CHI3LA AD iPSC-derived Treaf(ment with Yellow/Blue DND-
astrocytes recombinant CHI3L1 160127
PC12 (rat Treatment with LysoSensor
TNF-a AD/PD neuroblastoma cells) recombinant TNF-a Yellow/Blue-Dextran'?8
IL-1 + iPSC-derived Treatment with
TNF-a + | AD/PD/ALS recombinant TNF-a, IL- FIRE-pHLy'?®
Clq astrocytes

1and C1q
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Presenilin 1

Although presenilin 1 (PSEN1) is best known as the catalytic component of the y-
secretase complex, studies of PSEN1-mutant and knockout models have revealed an additional
role in regulating lysosomal acidification (Table 1.3). Mechanistically, PSEN1 has been proposed
to function as an endoplasmic reticulum (ER) chaperone that facilitates the proper maturation and
trafficking of lysosomal membrane proteins.’®'%'3" PSEN1-knockout blastocysts exhibit
incomplete glycosylation of V0a1, leading to its retention within the endoplasmic reticulum and
reduced lysosomal localization.'®"*" Consistent with this model, knockdown of this V0a1 or
expression of a nonglycosylatable V0a1 R447L mutant similarly impaired lysosomal
acidification™'. PSEN1-knockout cells also exhibit mislocalization of the CI/H" antiporter CIC-7,
with decreased lysosomal levels due to accumulation in the ER.”® Because CIC-7 facilitates v-
ATPase activity by lowering membrane potential, its mislocalization contributes to the elevation
of lysosomal pH.*® Elevated lysosomal pH subsequently activates the lysosomal Ca?* channel

TRPML1, promoting Ca?* efflux and subsequent depletion of lysosomal calcium stores.'"

Restoration of lysosomal acidity rescues several AD-associated defects in cellular models.
Notably, treatment of PSEN7-knockout murine blastocysts with acidic nanoparticles restored
lysosomal acidification, increased cathepsin D maturation, normalized autophagic flux, and

restored lysosomal Ca?* levels through normalization of TRPML1 activity."’

Aggregated protein models

Amyloid-B (AB) plaques and hyperphosphorylated tau-containing neurofibrillary tangles,
the defining pathological hallmarks of AD, also directly impair lysosomal acidification. Elevated
lysosomal pH has been reported in multiple tau and AR models, including tau overexpression,
fibrillar tau exposure, AB treatment, and Down syndrome models of increased APP expression

(Table 1.3).
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Several mechanisms have been proposed to explain how AR and tau impair lysosomal
acidification. Phosphorylated tau and AB1.42 directly interact with v-ATPase subunits V1b2 and
VOc, respectively, and reduce the rate of v-ATPase activity as measured via ATP hydrolysis.®®
APP-derived BCTF similarly impairs v-ATPase assembly through direct interaction with the V0a1
subunit, an interaction that is strengthened by pathogenic phosphorylation of APP at Tyr682.¢
AD-associated protein aggregates may also elevate lysosomal pH by compromising lysosomal
membrane integrity; following endocytosis, tau fibrils accumulate within neuronal lysosomes and

trigger CHMP4B-positive membrane damage, likely promoting proton leakage.'®

Restoring lysosomal acidity ameliorates several downstream pathological phenotypes in
aggregated protein models. Treatment of APP/PS1 mice with DNLA, a natural product that has
been shown to promote lysosomal acidification in cellular models, rescued impaired autophagic
flux, reduced AB142 accumulation, and improved memory, supporting a causal role for lysosomal

86,87

alkalinization in AD pathology.

Neuroinflammation

Neuroinflammation is increasingly recognized as an important contributor to AD
pathogenesis that may be closely linked to lysosomal acidification. Plasma concentrations of TNF-
a are elevated in patients with AD, and treatment of rat neuroblastoma cells with TNF-a increases
lysosomal pH while disrupting autophagic flux and promoting a-synuclein accumulation.'?8.132.133
These phenotypes are rescued by treatment with PP242, an mTOR inhibitor that also acidifies
lysosomes.**'?® Similarly, the pro-inflammatory mediators CHI3L1, which is elevated in the
cerebrospinal fluid of AD patients, and the cytokine combination IL-1a, TNF-a, and C1q both
elevate lysosomal pH in iPSC-derived astrocytes.'?”12%134 The cytokine cocktail also activated

mTORC1 and mTORC2 signaling, suggesting that the observed lysosomal alkalinization may

occur downstream of mTOR activation.'?®
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Restoring lysosomal acidification also attenuates neuroinflammatory phenotypes in
patient-derived AD models. Transdifferentiated neurons generated from fibroblasts of patients
with sporadic or PSEN1-associated AD exhibit elevated levels of inflammatory cytokines along
with an elevation of lysosomal pH.%® Treatment with C381, a lysosomal acidifier, reduced the
abundance of these cytokines. These findings suggest a bidirectional relationship between

impaired lysosomal acidification and neuroinflammation in AD.

Parkinson's Disease

There is also extensive research showing that lysosomal pH is dysregulated in Parkinson’s
Disease (PD). Lysosomal alkalinization has been observed in various cellular models, including
those expressing disease-associated variants of GBA1, the most common cause of familial PD
(Table 1.4). Notably, splice variants in ATP6AP2 cause X-linked parkinsonism with spasticity.'®
This gene encodes an accessory subunit of the v-ATPase complex and iPSC-derived neurons
expressing disease variants exhibit elevated lysosomal pH, along with decreased V-V, v-ATPase
assembly.’™ Defects in mitophagy, the selective autophagic degradation of dysfunctional
mitochondria, are a major driver of PD."*” Because mitophagy depends on functional lysosomes,
impaired lysosomal acidification likely contributes to mitochondrial dysfunction and thus is another
key contributor to PD pathogenesis. Despite the strong evidence linking lysosomal alkalinization
to PD, studies of PD-associated LRRK2 and TMEM175 variants have produced conflicting effects
on lysosomal pH, and whether these discrepancies arise from biological heterogeneity or

methodological differences remains to be determined.

Table 1.4 - Cellular models of PD that exhibit aberrant lysosomal pH

Gene / Effect on Genotype / Genetic
- ND Model Cell line manipulation / Lysosomal pH sensor
Toxin lyso pH
Treatment
i SHSY-5Y a-syn WT and A30P
Alkalinizat . : LysoSensor Green
a-syn ion PD (undifferentiated and A53T_ DND-189'3
) overexpression
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Genotype / Genetic

Geng/ Effect on ND Model Cell line manipulation / Lysosomal pH sensor
Toxin lyso pH
Treatment
(unc?i?fgr\éji\;te d a-syn A30P LysoSensor Yellow/Blue
) overexpression DND-160"3°
BE-M17 cells
(undifferentiated | a-syn overexpression LysoSensor
) Yellow/Blue-Dextran 4
. LysoSensor Yellow/Blue
Primary Treatment with a- DND-160 ; Dojindo
. ; synuclein preformed ;
microglia L pHLys Red + LysoPrime
fibrils G 141
reen
iPSC-derived GBA1 heterozygous | LysoSensor Yellow/Blue
neurons null DND-160""
Mouse GBA1 D409V (het LysoSensor Yellow/Blue
astrocytes and homozygous) DND-160"2
BE-M17 cells
GBA1 (d'ﬁegﬁg'ated GBA1N370S and | LysoSensor Yellow/Blue
: . L444P DND-160"43
dopaminergic
neurons)
(I:ili)S(a:r_r?i‘re]g\r/ei?: GBA1 E326K and LysoSensor Yellow/Blue
P 9 N370S DND-16043
neurons
Patient-derived LysoSensor Green
GLB1 fibroblasts SR DND-1891%
Patient-derived LysoSensor Green
GLA fibroblasts GLA D313 DND-189'
Patient-derived | ATP13A2 L3202 and LysoSensor
fibroblasts L6025 Yellow/Blue-Dextran®’
M17 LysoSensor
ATP13A2 (neuroblastoma ATP13A2 L3292 vell )//BI D 61
cells) ellow/Blue-Dextran
IPSC-derived ATP13A2 KO Oregon Green-Dextran®'
neurons
Neuro2a
NURR1 (mouse NURR1 KD via LysoSensor Green
neuroblastoma shRNA DND-189'4°
cells)
X- iPSC-derived ATPG6AP2 splice LysoSensor Yellow/Blue
ATPEAP2 linked neurons variant DND-160"3¢
PD Hela cells ATP6AP2 KD vi LysoSensor Yellow/Blue
siRNA DND-160"%¢
(neurc')\f)gstoma Treatment with LysoSensor
cells) MPP+ Yellow/Blue-Dextran®"
Mee PC-12 (Rat T ith | LysoSensor Yellow/BI
neuroblastoma reatment wit ysoSensor Yellow/Blue
PD MPP+ DND-160"46
cells)
Differentiated
Paraquat SHSY-5Y cells Treatment with LysoSensor Yellow/Blue
9 and primary Paraquat DND-160"7
astrocytes
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Genotype / Genetic

_Greng/ Effect on ND Model Cell line manipulation / Lysosomal pH sensor
oxin lyso pH T
_ reatment
Rotenone Immortalized Treatment with Lyso§ensor Yellow/Blue
microglial cells Rotenone DND-16088
Primary mouse LRRK2 G2019S LysoSensor Yellow/Blue
cortical neurons mutation DND-160"48
Primary rat LRRK2 R1441C LysoSensor Green
Alkalinizat cortical neurons mutation DND-1898%°
ion iPSC-derived
astrocytes LRRK2 11371V LysoSensor Yellow/Blue
LRRK2 originating from mutation DND-160"¢
patients
Primary LysoSensor Yellow/Blue
Hyper- astrocytes LRRK2 G2019S DND-160"°
acidificati A549 cells Oregon Green-
on (epithelial lung LRRK2 R1441G dg 151
. extran
cell line)
Pri TME.M1 5 .KO (under LysoSensor Yellow/Blue
rimary neurons | media lacking growth DND-160152
Alkalinizat factors)
ion Primary TMEM175 KO (under
TMEM17 neurons, media lacking growth | Oregon Green-Dextran’
5 macrophages factors)
SHSY-5Y o G
Hyper- (undifferentiated | TMEM175 M393T regon oreen-
acidificati ) dextran
on

Primary neurons

TMEM175 knockout

Oregon Green-dextran®®

a-Synuclein overexpression and fibril models

Aggregation of a-synuclein (a-syn) into Lewy bodies is a pathological hallmark of PD, and

increasing evidence indicates that a-syn directly impairs lysosomal acidification (Table 1.4).

Overexpression of wild-type or mutant a-syn consistently elevates lysosomal pH in neuronal cell

models, while exposure of primary microglia to preformed a-syn fibrils produces a similar

phenotype.

138-140

Mechanistically, a-syn appears to disrupt v-ATPase function. In microglia, a-syn fibrils

reduce VOc abundance and Vi-V, assembly, and a-syn directly interacts with the VOc subunit,

suggesting that it destabilizes the v-ATPase complex.™' a-Syn-containing exosomes from PD

patients similarly reduce abundance of the v-ATPase subunit V1g1."* In parallel, a-syn

overexpression induces lysosomal membrane damage, providing an additional mechanism for
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lysosomal alkalinization through proton leakage.™° Finally, given that a-syn triplication and
quadruplication are associated with PD, overly abundant protein may simply overwhelm the

degradative capacity of the lysosome.">"%

Restoring lysosomal acidity rescues multiple disease phenotypes in a-syn disease
models. Overexpression of the VOc subunit re-acidifies lysosomes, reduces a-syn pathology,
improves cell viability, and ameliorates motor deficits and dopaminergic neuron loss in a-syn PFF

1

mice."" Likewise, acidic nanoparticles restore lysosomal function while reducing a-syn

accumulation by enhancing both macroautophagy and chaperone-mediated autophagy in a-syn-

overexpressing neuroblastoma cells. 39140

Toxin-based PD models

The herbicide paraquat and the insecticide rotenone are well-established environmental
risk factors for PD."®” Both compounds share structural similarity with MPP+, the active metabolite
of the PD-linked neurotoxin MPTP."*® Exposure to each has been shown to elevate lysosomal pH
in cellular models (Table 1.4). Because all three toxins inhibit the mitochondrial electron transport
chain and reduce mitochondrial membrane potential, one possible explanation for their shared
effect on lysosomal pH is that mitochondrial dysfunction decreases proton availability at

mitochondria—lysosome contact sites, thereby limiting proton pumping by the v-ATPase.'*

Restoring lysosomal acidity rescues many of the downstream consequences of toxin
exposure. Acidic nanoparticle treatment increases mitochondrial activity and autophagic flux in
MPP+-treated PC-12 cells.*® This rescue suggests that restoring lysosomal acidity may improve
mitochondrial health by enhancing mitophagy and maintaining a healthier mitochondrial pool. In
MPTP-treated mice, acidic nanoparticles rescue the number of TH-positive cells in the substantia
nigra, and treatment with the lysosomal acidifier C381 reduces phosphorylated a-synuclein

levels.5'-64
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ATP13A2

ATP13A2 encodes a lysosomal cation transporter and is an established genetic risk factor
for PD. PD-associated mutations result in reduced expression of the ATP13A2 protein, and thus
expression of disease associated variants and ATP13A2 knockout in cellular models both result

in an elevation of lysosomal pH (Table 1.4).5’

Recent work suggests that this phenotype arises through dysregulation of lysosomal
polyamine homeostasis. ATP13A2 normally exports polyamines from the lysosomal lumen, and
as a consequence, ATP13A2 deficiency results in their accumulation.’®® Because polyamines are
polybasic molecules, they buffer luminal protons while increasing lysosomal membrane potential,
thereby reducing v-ATPase activity. Restoration of lysosomal acidity in ATP13A2-mutant
neuroblastoma cells with acidic nanoparticles alleviates a blockage of autophagic flux and
enhances cathepsin D maturation and activity, demonstrating that impaired acidification

contributes directly to lysosomal dysfunction.®'

GBA1

GBA1 encodes B-glucocerebrosidase (GCase), a lysosomal hydrolase that catalyzes the
conversion of glucosylceramide (GlcCer) to glucose and ceramide. Mutations in GBA1, one of the
strongest genetic risk factors for PD, consistently impair lysosomal acidification (Table 1.4).
Several mechanisms appear to contribute to this phenotype. GBA1-mutant neurons exhibit
increased mTORC1 activity together with reduced V1-Vo assembly, consistent with previous work
demonstrating that activated mTORC1 inhibits v-ATPase assembly.**'®! In parallel, mutant
neurons accumulate glucosylsphingosine and cholesterol, both of which independently have been
reported to increase lysosomal pH.8+'43162 Because GCase activity itself declines as lysosomal
pH increases, lysosomal alkalinization likely establishes a positive feedback loop that further

reduces substrate clearance.®'®
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Restoring lysosomal acidity improves several downstream defects in GBA1 models.
Treatment with acidic nanoparticles re-acidified lysosomes in GBA1-mutant iPSC-derived
dopaminergic neurons while increasing GCase activity, mitophagy, and mitochondrial membrane
potential.’®' Likewise, acidic nanoparticles partially restored lysosomal acidity in GBA1-mutant
fibroblasts, resulting in increased cathepsin D maturation and reduced LC3B-Il levels, consistent
with restoration of stalled autophagic flux.5! Together, these findings suggest that impaired
lysosomal acidification is an important downstream consequence of GBA1 mutations and that

restoring lysosomal pH can improve both lysosomal and mitochondrial function.

LRRK2

LRRK2 mutations are among the strongest genetic risk factors for PD and have been
reported to alter lysosomal pH (Table 1.4). Some studies have found that pathogenic LRRK2
variants elevate lysosomal pH in neuronal models, including primary neurons and patient-derived
iPSC astrocytes.®'%81%° One proposed mechanism is that wild-type LRRK2 interacts with the v-
ATPase VOA1 subunit, whereas the R1441C mutation disrupts this interaction, reducing VOA1
expression and lysosomal localization.®’ Re-acidifying lysosomes by treating primary LRRK2
R1441C neurons with the zinc ionophore clioquinol enhances lysosomal proteolysis, rescues

stalled autophagic flux, and restores lysosomal calcium levels 2% %4

However, not all LRRK2 models exhibit lysosomal alkalinization. Primary astrocytes
expressing LRRK2’'s G2019S mutation and A549 cells carrying the R1441G mutation instead
exhibit lysosomal hyper-acidification despite reduced cathepsin D activity and impaired lysosomal
proteolysis.’®®'®" This could be an indirect effect of the LRRK2 mutation, representing a
compensatory hyper-acidification. Consistent with this idea, increased ATP13A2 expression has
been proposed as an explanation for this phenotype.' Alternatively, the conflicting lysosomal pH

observations may reflect either cell type-specific effects, with lysosomal alkalinization primarily
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reported in neurons and hyper-acidification in astrocytes and epithelial cells, or technical
differences, as studies reporting lysosomal alkalinization relied exclusively on lysosomotropic

dyes.

TMEM175

TMEM175 is a lysosomal ion channel whose physiological function remains controversial.
Although it can conduct both protons and K* depending on experimental conditions, it is unclear
which activity predominates in vivo.**2.Consequently, studies examining the effects of TMEM175

deficiency have reported both lysosomal hyper-acidification and alkalinization (Table 1.4).

One model proposes that TMEM175 functions primarily as a proton leak channel.
Consistent with this hypothesis, TMEM175 knockout or expression of catalytically inactive
mutants results in lysosomal hyper-acidification.5®¢>'%¢ Consistently, activation of TMEM175 with
arachidonic acid elevates lysosomal pH by promoting proton efflux.*® Notably, partial
neutralization of these hyper-acidic lysosomes with BaF restores cathepsin D maturation and

cathepsin B activity, suggesting that excessive acidification can impair lysosomal proteolysis.*'°

An alternative model proposes that TMEM175 primarily conducts K* under physiological
conditions. In this model, TMEM175 dissipates lysosomal membrane potential to support
continued v-ATPase activity, particularly during cellular stress.” Accordingly, TMEM175 knockout
neurons exhibit lysosomal alkalinization, although only under growth factor-deprived
conditions.”'%2 Supporting this model, inhibition of the v-ATPase alkalinizes lysosomal pH at
similar rates in wild-type and TMEM175-deficient neurons, arguing against TMEM175 functioning
primarily as a proton leak channel.”? Regardless of the direction of the pH change, TMEM175
deficiency consistently reduces cathepsin D maturation and promotes a-syn accumulation.’?
Future studies will be required to determine whether the conflicting effects on lysosomal pH reflect

differences in physiological context or distinct ion-conducting functions of TMEM175.
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Frontotemporal dementia and amyotrophic lateral sclerosis

Frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS) are increasingly
recognized as a disease spectrum that shares overlapping genetic causes and pathological
mechanisms.'®” Compared with AD and PD, relatively few studies have directly examined
lysosomal pH in FTD/ALS models. Nevertheless, the available evidence suggests that impaired

lysosomal acidification is a recurring feature across multiple disease-associated genes (Table

1.5).
Table 1.5 - Cellular models of FTD/ALS that exhibit aberrant lysosomal pH
Effect on Genotype /
Gene lysosomal ND | Model Cell line Genetic Lysosomal pH sensor
pH manipulation
Mouse bone-
marrow derived GRN KO LysoSgr;\TSE1\g(e)I!g:v /Blue
GRN FTD macrophages
iPSC-derived GRN KO Oregon Green-
neurons Dextran'®®
Hela TMEM106B LysoSensor Green
TMEM106B FTD overexpression DND-189'7°
Primary mouse TMEM106B LysoTracker / LAMP 1"
Alkalinization neurons overexpression
Cos7 cells FUS P525L and Oregon Green-
(fibroblasts) R495X Dextran'"
FUS ALS Cos7 cells Hypomethylatio Oregon Green-
(fibroblasts) n variants Dextran'"
TARDBP Pateint-derived LysoSensor Yellow/Blue
[TDP-43 ALS | fibroblasts | 1DF-43 G376D DND-160173
Rat primary - 174
SOD1 ALS fibroblasts SOD1 G93A Acridine Orange
L iPSC-derived LysoSensor Yellow/Blue
vep Alkalinization | ALS motor neurons VCP R155H DND-160"75
Hyper- ALS/ iPSC-derived | VCP R155C and LysoSensor Green
acidification | FTD microglia R191Q DND-189'7®
NDST3 KO in
NDST3 aci';?ﬁ’czrt'ion ALS RPE cells C90rf72 repeat LVS°Seg?e‘;;;§L'fW’ Blue
expansion cells
Progranulin

Loss-of-function mutations in GRN, which cause progranulin haploinsufficiency, are

among the most common genetic causes of FTD.""'"® Multiple studies have demonstrated that
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progranulin deficiency elevates lysosomal pH, whereas restoration of progranulin re-acidifies
lysosomes (Table 1.5). Elevated lysosomal pH has been reported in GRN knockout bone marrow-
derived macrophages and iPSC-derived neurons, while progranulin overexpression or treatment

with recombinant progranulin lowers lysosomal pH in multiple cellular models.'68.169.179.180

Several mechanisms have been proposed to explain how progranulin regulates lysosomal
acidification. Recent work demonstrated that lysosomal progranulin enhances v-ATPase
recruitment and ATP hydrolysis, resulting in lysosomal hyper-acidification when overexpressed,
whereas GRN knockout reduces both total and lysosomal V0a3 abundance.”' In parallel,
progranulin  deficiency alters lysosomal lipid composition, including reduced
bis(monoacylglycero)phosphate (BMP) and elevated glucosylsphingosine.'®® Although the effect
of BMP depletion on lysosomal pH has not been tested directly, increasing BMP levels through
phosphatidylglycerol supplementation acidifies lysosomes, suggesting that reduced BMP may
contribute to lysosomal alkalinization.’® Likewise, glucosylsphingosine has been shown to
elevate lysosomal pH.3 Together, these findings suggest that lipid dysregulation contributes to

impaired lysosomal acidification in progranulin-deficient models.

TMEM106B

Variants in TMEM106B are associated with FTLD-TDP and modify disease risk in
progranulin-associated FTD, with certain alleles conferring protection in GRN mutation carriers.'®
Overexpression of TMEM106B increases lysosomal pH, although these findings were obtained
using relatively indirect measures of lysosomal acidity (Table 1.5)."%'"" Mechanistically,
TMEM106B physically interacts with the v-ATPase and reduces abundance of the Vo domain,

thereby impairing lysosomal acidification.'®* More recently, accumulation of the TMEM106B C-

terminal fragment has been shown to form lysosomal fibrils that eventually puncture the lysosomal
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membrane, suggesting that they might lead to lysosomal membrane damage that results in a

leakage of protons.'®®

ALS-associated genes

Evidence linking lysosomal pH to ALS is more limited and, in some cases, conflicting
(Table 1.5). Disease-associated FUS variants elevate lysosomal pH, while mutations in VCP
increase lysosomal pH in iPSC-derived motor neurons and impair lysophagy, the specialized type
of autophagy that targets damaged lysosomes.'"#'7%18 These defects were rescued by the VCP
inhibitor CB-5083.""° In contrast, ALS-associated VCP mutations produce lysosomal hyper-
acidification in iPSC-derived microglia together with increased cathepsin D activity, suggesting
cell type-specific regulation of lysosomal pH."® Similarly, knockout of NDST3, which is
downregulated in tissues from patients carrying C9orf72 repeat expansions, results in lysosomal
hyper-acidification combined with reduced cathepsin B maturation, activity, and overall lysosomal
proteolysis.>* Partial neutralization of lysosomal pH with BaF rescues these proteolytic defects,
demonstrating that excessive acidification, like lysosomal alkalinization, can impair lysosomal
function.

Overall, compared with AD and PD, considerably less is known about lysosomal pH
regulation in FTD/ALS. Most studies have focused on characterizing lysosomal pH changes rather
than testing whether restoring physiological lysosomal acidity improves disease-associated
phenotypes. Establishing the therapeutic potential of lysosomal pH correction therefore remains

an important priority for future research in FTD and ALS.
Conclusions and Future Perspectives

Growing evidence indicates that dysregulation of lysosomal pH is a conserved feature of

both normal aging and neurodegenerative diseases. Across cellular models, model organisms,
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and mammalian systems, lysosomes generally become more alkaline with age, and similar
defects are observed in multiple models of NDs. An emerging theme is that lysosomal pH is both
a regulator and a target of numerous processes disrupted during aging and neurodegeneration.
Elevated lysosomal pH impairs many aspects of lysosomal biology, including hydrolase activity,
autophagic flux, lysosomal membrane integrity, mitochondrial quality control, lipid homeostasis,
ion flux, and inflammatory signaling. Conversely, many of these same processes—including
mitochondrial dysfunction, lipid dysregulation, protein aggregation, and neuroinflammation—can
themselves disrupt lysosomal acidification (Figure 1.4). These reciprocal interactions likely

establish feedforward mechanisms that progressively amplify cellular dysfunction during aging

and disease.
LYSOSOMAL ALKALINIZATION
Mitochondrial Lysosomal Lysosomal lipid Protein aggregate pnouroinflammation
Dysfunction Membrane Damage dysregulation accumulation
3 N A ] 'S
[ ] 0"
..C.g.’\ () -
“ -

Figure 1.4 - Bidirectional relationship between lysosomal alkalinization and other cellular
defects in NDs.

Lysosomal alkalinization has a bidirectional relationship with mitochondrial dysfunction, lysosomal
membrane damage, lipid dysregulation, protein aggregate accumulation and neuroinflammation.
Figure generated with BioRender.

Despite substantial progress, important questions remain. Human neuronal aging
remains underexplored, and direct transdifferentiation provides a promising platform for
determining whether lysosomal alkalinization occurs in aged human neurons while preserving
age-associated epigenetic signatures. Likewise, the development and application of genetically

encoded lysosomal pH sensors in mammalian models will enable longitudinal, cell type-specific
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measurements of lysosomal acidity in vivo. Finally, although several studies have demonstrated
the benefits of lysosomal re-acidification in cellular and murine models, whether these strategies
can be translated into therapies for neurodegenerative and other age-associated diseases

remains to be determined.
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Chapter 2: WNK inhibitors acidify lysosomes and

enhance lysosomal proteolytic activity

Significance

Lysosomes play a critical role in cellular proteostasis with their functional and genetic
defects linked to neurodegenerative diseases. A loss of normal lysosomal acidity has been
observed in several cellular models of neurodegeneration and animal models of aging. Lysosomal
re-acidification is a potential strategy for the prevention and treatment of neurodegenerative
diseases, but few compounds are known to have such activity. Through a phenotypic screen and
follow-up studies, we identified two novel lysosomal acidification compounds, WNK463 and WNK-
IN-11. Both compounds inhibit WNKSs, a family of kinases that sense osmolarity to regulate ion
channel activity, that have no reported connection with lysosomal pH. WNK inhibition led to an
increase in the lysosomal levels of subunits of the vacuolar ATPase, the molecular motor that
pumps protons into organelles. We thus uncovered a novel pathway of lysosomal pH regulation.
In addition, WNK463 and WNK-IN-11 increased lysosomal activity in an Alzheimer’s Disease cell
model, demonstrating their use as tool compounds for lysosomal re-acidification in

neurodegeneration models.
Summary

Loss of lysosomal acidity with aging likely contributes to neurodegenerative disease
progression. To identify compounds that reverse this phenotype, we conducted an imaging-based
screen for small molecules that acidify lysosomes. WNK463, an ATP-competitive inhibitor of the

WNK family of kinases, emerged as the top hit. Treatment with an allosteric WNK inhibitor, WNK-
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IN-11, and genetic knock-down of the WNK orthologue of Caenorhabditis elegans also led to
lysosomal acidification. The hit compounds induced autophagy, but blocking autophagy initiation
did not block acidification by the two compounds. Sub-components of the vacuolar-ATPase (v-
ATPase), the molecular motor that acidifies lysosomes, were enriched in the lysosomes of cells
that had been treated with WNK463 and WNK-IN-11, which is likely contributing to lysosomal
acidification. WNK inhibitors also increased lysosomal proteolytic activity in a cell line expressing
ApoE4, a variant linked to Alzheimer’s disease. We propose that lysosomal re-acidification may

be a beneficial treatment for neurodegenerative diseases.
Introduction

One of the main features of neurodegenerative diseases (NDs) is the accumulation of
protein aggregates, such as amyloids and neurofibrillary tangles in Alzheimer’s Disease (AD) and
Lewy bodies in Parkinson’s Disease (PD), in affected areas of the brain.'®® The strong association
between their appearance and ND progression suggests that defects in protein homeostasis
networks are an important driver of these diseases.'®'® Lysosomes play a crucial role in
homeostasis by degrading a diversity of cellular waste products, from specific proteins through
chaperone-mediated autophagy, to larger cargo — including entire organelles — through macro-
autophagy.'®®'%° Several phenotypes observed in the post-mortem brains of affected individuals
implicate lysosomal defects in disease progression; phenotypes include an accumulation of
lysosomes and autophagic vesicles, an increase of lysosomal lumen proteins in the cytoplasm of
neurons, and the presence of multiple lysosomal proteins in amyloid plaques and Lewy bodies.®’

Genetic predisposition also provides evidence for the link between lysosomal dysfunction
and NDs. Mutations in genes encoding lysosomal proteins are causative for both familial early
onset NDs and a risk factor for sporadic late-onset forms of these diseases.'® In addition, some

mutations that cause lysosomal storage disorders when present in a homozygous state are risk
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factors for NDs in a heterozygous one.' Subtle lysosomal damage may lead to NDs over time
because the post-mitotic status of neurons makes them unable to dispose of cytosolic waste

through cell division and thus vulnerable to proteostatic stress.'*'%

Loss of lysosomal acidity is observed in multiple cellular models of NDs. For example, a
mouse neuroblastoma line expressing human APOE4, the most common genetic risk for sporadic
AD, exhibits a loss of lysosomal acidity when compared to a line expressing APOE3.""* Similar
results have also been shown in cell lines expressing disease-associated mutants of PSEN1,
LRRK2 and ATP13A2.295780.131 | ysosomal pH alkalinization has also been observed in eukaryotic
models of aging; studies have found that the lysosomal pH of intestinal cells and neurons of C.
elegans increases with age.'®'9"192 This observation is relevant because aging is the greatest

risk factor for NDs, implicating aging defects as critical for their progression.'®

Lysosomes are the most acidic compartments in cells due to the proton-pumping activity
of the vacuolar ATPase (v-ATPase), and their pH is critical to their proteolytic function.'94-"9
Cathepsins, a family of lysosomal proteases, tend to be most active near basal lysosomal pH.?
Autolysosomes have been observed to be deacidified in the brains of several AD mouse models

and this change appears to occur prior to the accumulation of amyloids.'” Thus, the loss of

lysosomal acidity may occur early in NDs and be a major driver of their progression.

Re-acidifying lysosomes could thus be beneficial to treat NDs, but only a limited number
of compounds are known to do so. Previously, our labs conducted a phenotypic high throughput
screen to find small molecules that lower lysosomal pH.%¢ The screen found that two compounds
with similar structures, OSI-027 and PP242, acidified lysosomes and increased Cathepsin D
activity. These compounds both inhibit mTOR, a known pathway in lysosomal pH regulation.**
Identification of compounds that acidify lysosomes via previously unrecognized mechanisms

would provide new tools that could deepen understanding of the basic biology of lysosomal pH

regulation and be adapted for the treatment of NDs. With that goal, we conducted another high-
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throughput screen with a larger library of bioactive small molecules and identified WNK kinases

as new targets for lysosomal pH regulation.

Results

High-content imaging screen identifies WNK463 as a
lysosomal acidification compound

Modest modifications were made to the parameters of our prior high-content imaging
screen for novel lysosomal acidification compounds®. To measure changes in lysosomal pH, we
again used FIRE-pHLy, a genetically encoded lysosomal pH sensor."® FIRE-pHLy is targeted to
the lysosome by LAMP1, which is fused to two fluorescent proteins: mTFP1 faces the lysosomal
lumen where its fluorescent signal gets quenched at a low pH (pKa ~4.3), while mCherry faces
the cytosol where its fluorescent signal remains constant. Lysosomal pH can thus be reported
through the ratio of mTFP1 to mCherry signal (subsequently referred to as FIRE-pHLy ratio), with

more acidic pH resulting in a lower ratio.

We used the same FIRE-pHLy expressing cell line as the previous study, SH-SY5Y, which
is a neuroblastoma line that can be terminally differentiated into neuronal-like cells.'®® Testing the
hits from the previous screen revealed that the FIRE-pHLy assay had a higher dynamic range in
undifferentiated SH-SY5Y cells than in differentiated ones.®® Thus, to maximize the number of
potential hits, we utilized undifferentiated SH-SY5Y cells in this screen. In addition, it facilitated
assay scale-up, allowing the screening of a larger library with 7372-bioactive compounds.®® Each
compound was tested on a single well at a 10 uM dose and 6-hour time point. Screening controls
included an acidifying compound (OXA-01) and an alkalinizing molecule (Bafilomycin-A; BaF) that

inhibits the v-ATPase.?® OXA-01, an analog of OSI-027, was chosen as the acidifying control in
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the screen because it led to a slightly greater decrease in FIRE-pHLy ratio (lysosomal

acidification) than OSI-027 or PP242 (Figure 2.1.A).%""
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Figure 2.1- Dose response curves related to TargetMol compound screen

(A) FIRE-pHLy ratio of SH-SY5Y cells treated with mTOR inhibitors (4 h, n=3).

(B-C) Example compounds from screen of 190 candidate compounds. Compounds with dotted lines were
eliminated based on different filters (6 h, n=2).

(B) Candidate compound screen filter based on dose-dependent decrease in FIRE-pHLy ratio.

(C) Candidate compound screen filter based on a large decrease in cell count fold change as a proxy for
compound toxicity.

(D) Candidate compound screen ratiometric filter. Compounds with an mCherry signal per cell fold-
change curve top plateau of 2.5 (black dotted line) or greater were eliminated.

(E) FIRE-pHLy ratio fold change curves of re-ordered compounds that did not acidify cells (6 h, n=3).

(F) FIRE-pHLy ratio of differentiated SH-SY5Y cells treated with pH-modulating compounds (4 h, n=3).
Represented as mean + SEM, fitted to 4PL curves. Normalized to DMSO-treated wells.
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To select hits, the FIRE-pHLy ratio was normalized to OXA-01-treated wells (100%) and
DMSO-treated wells (0%; Figure 2.2.A). A relatively modest threshold of 30% FIRE-pHLy ratio
relative effect was chosen because the compounds could lead to a greater degree of acidification
at higher concentrations, and because even mild lysosomal acidifiers could also be useful hits.
We then considered fluorescence artifacts; a compound that increased mCherry fluorescence
could have decreased the FIRE-pHLy ratio without affecting lysosomal pH, so compounds that
increased the mCherry signal per cell more than 2.5-fold were removed from further analysis as
a ratiometric control filter (Figure 2.2.B). The remaining compounds were then ranked by FIRE-
pHLy ratio b-score to consider row and column effects within each plate (Figure 2.2.C). The top

190 compounds were advanced for further testing.

The 190 candidate compounds were tested at a 6-hour time point in a dose response
ranging from 0.1 to 40 uyM. The fold-change in FIRE-pHLy ratio, mCherry signal per cell, and
nuclear count was quantified for each compound. We selected active compounds based on the
following properties: dose-dependent decrease in FIRE-pHLy ratio, low toxicity (changes in cell
count were used as a proxy), and no large increase in the mCherry signal per cell (Figures 2.1.B-

D). Eleven compounds passed all filters and were repurchased from commercial vendors.
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Figure 2.2 - High-content imaging screen for lysosomal acidifiers

(A) Scatterplot of the mTFP1 to mCherry ratio (FIRE-pHLy ratio) relative effect scores from the primary
screen of the TargetMol (TM) compound library. FIRE-pHLy ratio was normalized to OXA-01 treated wells
(100%) and DMSO-treated wells (0%; 10 uM, 6 h, n = 1).

(B) Ratiometric filter based on mCherry signal per cell in primary screen. Compounds with an mCherry
signal per cell score over 2.5-fold change (blue dashed line) were removed from further analysis (10 uM,
6 h,n=1).

(C) Top 190 compounds from primary screen that were selected as candidates for further testing. The
blue dashed line depicts the cutoff for the minimum FIRE-pHLy ratio percent relative decrease, 30%.
Remaining compounds were then ranked by their FIRE-pHLy ratio b-score (10 uM, 6 h, n = 1).

(D) FIRE-pHLYy ratio dose-response curves of top four re-ordered compounds at 6 hours of treatment.
Normalized to DMSO-treated wells (n=2).

(E) Cell count dose-response fold-change curves of top four re-ordered compounds treatment (24h, n=3).
(F) Workflow of screen that resulted in WNK463 emerging as the top hit.

(G) Time course of WNK463 treatment’s effect on FIRE-pHLy ratio. Normalized to DMSO-treated wells (1-
6 h, n=3).

(D,E,G) Represented as mean + standard error of measurement (SEM). Data fitted to four-parameter
logistic (4PL) curves.

The top eleven compounds were re-tested at 6 hours with 14 doses (Figures 2.2.D-E).

Only the following four compounds acidified lysosomes in a dose-responsive manner: WNK463,
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Homoharringtonine, TAS-120, and XL999 (Table 2.1).2°2-2% The four compounds were re-tested
at 24 hours; WNK463 was the only compound that did not induce a drastic reduction in nuclear
count, and it thus emerged as the screen’s top hit (Figures 2.2.E-F and Table 2.1). Atime course
from 1-6 hours was performed with this compound, showing lysosomal acidification reaching its
maximum level within a 4-hour treatment (Figure 2.2.G). Terminally differentiated FIRE-pHLy-
expressing SH-SY5Y cells were treated with WNK463, which resulted in a decrease in FIRE-pHLy
ratio (Figure 2.1.F). This result confirmed that WNK463’s lysosomal acidification activity is not

limited to cycling cells since it is active in neuronal-like cells.

WNK463 is an ATP-competitive inhibitor of with-no-lysine kinases (WNKs), which are
characterized by the idiosyncratic location of their catalytic lysine.?> The WNKs are sensors of
osmotic pressure and regulate ion homeostasis by modulating the activity of cation-chloride
cotransporters.?® There are four WNK isoforms found in mammals and they are nearly
ubiquitously expressed across tissues.?®” Connections between WNK defects and nervous
system disorders have already been established; WNK1 mutations cause hereditary sensory and
autonomic neuropathy type Il, a degenerative peripheral nervous system disease, and WNK3
mutations lead to a rare form of X-linked intellectual disability.2°®2%° However, there is no reported

connection between WNK activity and lysosomal pH regulation.
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Table 2.1 - Summary of top 4 compounds from TargetMol screen

Fire-pHLy Ratio at 6 hours | Cell Count Curve at 24 hours
Bottom Bottom
Compound | Target Description ECy (M) Plateau EC;(uM) | Plateau
% relative to OXA’s % fol%i:;ggg: ton
WNK463
(] N‘/O\/L{F ATP titive inhibitor of WNK
A -competitive inhibitor o 0
N/AN/Q WNKs kinase family.202 0.1 0.92 27 70%
Ry
Tas-120
=T i Highly selective, and o
. Q\Iix{j( FGFR1-4 irreversible FGFR inhibitor.2% 2.5 0.89 8.7 40%
p 5
Homoharringtonine
HO, HO, a
0 oq a a q A
0 P : Inhibits protein synthesis by binding to o
ik Ribosome | ™ P e of the ribasorme 205 0.020 0.81 0.048 10%
S »
(o)
XL999
"
N N Promiscuous tyrosine kinase inhibitor.
o
O\u O W \Igl?)%ll__:l:\l;, Potent against KDR, Flt-1, FGFR1 and 58 0.93 25 55%
~ W PDGFRa.2®

Validation of WNK463 as a lysosomal acidifier due to its WNK
inhibition activity

ATP-competitive kinase inhibitors often have off-target activities, so two approaches were
taken to determine whether WNK463 acidifies lysosomes through WNK inhibition.?'® First, two
additional commercially available WNK inhibitors, WNK-IN-11 and WNK1-IN-1, were tested for
lysosomal acidification activity in the FIRE-pHLy assay.?'"?'2 WNK-IN-11 acidified lysosomal pH,
while WNK1-IN-1 had no effect (Figures 2.3.A-B). The WNK inhibition activity of these
compounds was confirmed by measuring the phosphorylation levels of SPAK (phos-SPAK), one
of the main WNK substrates, via immuno-blotting. One and four hours of WNK463 and WNK-IN-
11 treatment led to a significant decrease in the ratio of phos-SPAK to full-length SPAK at doses
that led to lysosomal acidification (Figure 2.3.C). Meanwhile, WNK1-IN-1 had no significant effect
on SPAK phosphorylation levels, indicating that it was a poor inhibitor of the WNKs in the tested

SH-SYSY cell line, correlating with its inability to acidify lysosomes in this assay.
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Figure 2.3 - Validation of WNK463 as a lysosomal acidifier through WNK inhibition

(A) Dose response curves of FIRE-pHLy ratio normalized to DMSO of SH-SY5Y cells treated for four
hours with WNK inhibitors. Represented as mean + SEM, curves fitted to 4PL curves (n=3).

(B) Representative images of FIRE-pHLy-expressing SH-SY5Y cells treated with DMSO or WNK463 (5
MM) for four hours (scale bar = 50 um).

(C) Western blot analysis of phosphorylation levels of WNK substrate SPAK at Serine 373 in SH-SY5Y
cells after WNK inhibitor treatment. Representative images (Left). Bar plots with quantification at one
(middle) and four (left) hours of treatment (n=3). Statistical test: ordinary one-way (OOW) ANOVA,
Dunnett’'s multiple comparisons (DMC).

(D) Bar plot of the estimated endolysosomal pH of SH-SY5Y cells treated for four hours with DMSO, BaF
(100 nM), WNK463, WNK-IN-11, or OXA-01 (20 pM). Measured with Dojindo lysosomal pH dye kit.
Represented as mean + SEM (n=3).

(E) Dot plot of FIRE-pHLy ratio relative to control in response to genetic knockdown of wnk-1 via RNAi in
C. elegans strain expressing FIRE-pHLy in neurons. Each data point represents one animal. Statistical
test: nested t-test (3 replicates with n=20).

(F) Bar plot of FIRE-pHLy ratio relative to control of C. elegans strain expressing FIRE-pHLy in neurons
treated with DMSO or WNK463 for 24 hours. Each point represents one animal. Statistical test: OOW
ANOVA, DMC (n=12).

(C, E-F) Represented as mean + SEM. Significance labels: *p<0.05, *xp<0.01, **%p<0.001,
*xxx0p<0.0001.
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The identification of two WNK inhibitors as lysosomal acidification compounds supports a
role for WNK activity in regulating lysosomal pH. WNK463 and WNK-IN-11 are structurally and
mechanistically dissimilar, and thus unlikely to have the same off-target activity (Table 2.2).
Moreover, both compounds appear to have similar ECso’s in the SPAK phosphorylation and FIRE-
pHLy assays. These results are consistent with existing literature, since published KINOMEscan

data shows that both compounds have very little activity against other kinases.%?"

WNK463 leads to a greater decrease in FIRE-pHLy ratio than WNK-IN-11, which might be
due to differences in their mechanism of action; WNK463 is a competitive inhibitor and has a
similar activity against all four human WNKs, while WNK-IN-11 is allosteric and is selective
towards WNK1 and WNKS (Table 2.2). If more than one WNK isoform is involved in lysosomal
pH regulation, then inhibiting all of them may lead to greater changes in lysosomal pH (Figure
2.3.A).2"

Table 2.2 - Inhibition and lysosomal acidification activity of 3 WNK inhibitors

NNF o] o]
I (o]
m o>\€FF Br>k,,3// Nto-
/O\‘ \N O \(:[

]
7 N NN cl NH
N\?an o N Qﬁ
O he cm3
Mode of inhibition ATP-competitive Allosteric Allosteric
Reported Target WNK1,2,3,4202 WNK1,321 WNK1 > WNK3212

FIRE-pHLy assay (ECso) at 4hr 0.5-2 uyM 1-2 yM N/A
Active concentrations of SPAK 1and 5 uM 2 and 10 M None at

inhibition at 4 hr concentrations tested

To provide an orthogonal measure of the effects of WNK463 and WNK-IN-11 on lysosomal
pH, we used a dye-based lysosomal pH quantification kit. The kit consists of two dyes that
selectively label lysosomes, pHLys Red (pRed) and LysoPrime Green (LP-Green). The

fluorescence intensity of pRed increases with decreasing lysosomal pH, while that of LP-Green
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remains constant. Thus, the ratio of pRed to LP-Green signal is negatively correlated with
lysosomal pH, with higher ratios representing more acidic compartments. The kit can also be used
to estimate absolute lysosomal pH by treating stained cells with buffers of different pH’s and
ionophores that equilibrate intracellular and extracellular pH. Using this method, we measured
the absolute pH of lysosomes from SH-SYS5Y cells treated with lysosomal pH-modulating
compounds. To validate the assay, we first tested BaF and OXA-01 as alkalinizing and acidifying
controls, respectively (Figure 2.3.D). Interestingly, the estimated pH of DMSO-treated wells was
5.4, which is higher than the reported average lysosomal pH of 4.5 to 5.%2' Thus, the Dojindo
kit dyes may be labeling cellular compartments other than lysosomes, such as endosomes.
Nevertheless, the assay appears to serve as a useful orthogonal measure of what may be
endolysosomal pH. WNK463 and WNK-IN-11 were confirmed as lysosomal acidifiers with this
assay, with the highest tested concentrations lowering pH by approximately 0.55 and 0.4 pH units,

respectively.

Lastly, we sought to determine if genetic WNK knockdown also led to lysosomal
acidification. We assessed that knockdown of WNKs would be difficult to achieve in human cells
because they express four WNKs, and knockdown of one can affect the concentration levels of
the rest.?'® Alternatively, C. elegans only has one WNK orthologue, wnk-12'". C. elegans’ wnk-1
was knocked down via RNA interference (RNAI) in a strain with stable expression of FIRE-pHLy
in neurons. Animals with wnk-1 RNAi knockdown exhibited a lower FIRE-pHLy ratio than control
animals (Figure 2.3.E). The same effect was induced with WNK463 treatment of FIRE-pHLy
worms (Figure 2.3.F). These results further support the role of WNK activity in modulating

lysosomal pH.

WNK inhibitors upregulate autophagy

Next, we wanted to understand the mechanism by which WNK inhibition leads to

lysosomal acidification. In their best-characterized pathway, the WNKs phosphorylate and

46



activate two structurally similar kinases, SPAK and OXSR1, which in turn regulate the activity of
several ion channels.?”"?'® To determine whether lysosomal acidification was occurring through
this canonical pathway, we treated SH-SY5Y cells expressing FIRE-pHLy with an allosteric
SPAK/OXSR1 inhibitor, ZT-1a.?'® The inhibitory activity of this compound was confirmed by
detecting a decrease in the phosphorylation level of NKCC1, one of the substrates of SPAK, via
immuno-blotting (Figures 2.4.A-C). Treatment with the same dose of ZT-1a increased FIRE-pHLy
ratio, corresponding to an alkalinization rather than acidification of lysosomal pH (Figure 2.5.A).
This is the opposite effect we would expect if the WNKs regulated lysosomal pH via SPAK and
OXSR1 activation. Therefore, the WNKs are likely lowering lysosomal pH via alternative
pathways, potentially involving one or more of the dozens of WNK substrates that have been

reported.213220
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Figure 2.4 - ZT-1a is active as a SPAK/OXSR-1 inhibitor

(A-C) Western blot analysis of the effect of ZT-1a on the SPAK/OXSR-1 activity of SH-SY5Y cells, as
measured by phosphorylation levels of SPAK and its substrate NKCC1 (4 h, n=3).

(A) Images of Western blots used to quantify relative levels of phosphorylated SPAK (Ser373), SPAK,
phosphorylated NKCC1 (Thr212/217), NKCC1, NKCC1 and GAPDH.

(B) Quantification of SPAK phosphorylation levels at Ser373 over full-length SPAK, normalized to
DMSO-treated samples.

(C)Quantification of NKCC1 phosphorylation levels at Thr212 and Thr217 over full-length NKCC1,
normalized to DMSO-treated samples.

(B, C) Represented as mean + SEM. Statistical test: OOW ANOVA, DMC. Significance labels: *p<0.05,
*%x0p<0.01, **%p<0.001, ***xp <0.0001.
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Although literature on the connection between WNKs and lysosomes is limited, two
studies report WNK involvement in autophagy induction.?'®??" They demonstrate that chemical
inhibition of the WNKs and genetic knockdown of wnk1, oxsr1 and spak leads to an upregulation
of autophagy.?'®??! To determine whether WNK463 and WNK-IN-11 induce autophagy, autophagy
flux changes were measured with two probes, DAPRed and DALGreen.?? Both bind to
autophagosomes, but the fluorescence signal of DAPRed is insensitive to pH while DALGreen
only fluoresces at a low pH; hence, the probes can be used to detect autophagosome and
autolysosome formation, respectively. SH-SY5Y cells were incubated with these dyes and
subsequently treated with lysosomal pH-modulating compounds (Figures 2.5.B-D). OXA-01
increased the fraction of the cell area covered by DAPRed and DALGreen, which was expected
because mTOR complex 1 inhibition is known to induce autophagy.?*' WNK463, WNK-IN-11 and
ZT-1a had the same effect as OXA-01 on DAPRed and DALGreen, corroborating the reports that

WNK inhibition leads to an upregulation of autophagy.
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Figure 2.5 - WNK inhibitors upregulate autophagy by increasing autophagy initiation
(A) FIRE-pHLy ratio of SH-SY5Y cells treated with DMSO, BaF (100 nM), OXA-01 (20 uM), WNK463 (5

HMM), WNK-IN-11 (5 uM), or SPAK/OSR-1 inhibitor ZT-1a (20 uM) for four hours.
(B-G) Assays monitoring autophagy in SH-SY5Y cells by staining autophagosomes with DAPRed stain

and autolysosomes with DALGreen stain.
(B) Representative images of SH-SY5Y cells treated with DMSO or WNK463 (5 uM) for six hours (scale

bar =50 ym).
(C-D) SH-SHSY cells were treated with DMSO, BaF (100nM), OXA-01 (uM), WNK463 (5 uM), WNK-IN-

11(5 uM), or ZT-1a (20 uM) for six hours. Fractional cell area stained by DAPRed (C). Fractional cell area

stained by DALGreen (D).
(E-F) Cells were co-treated with DMSO or BaF (100nM) and DMSO, WNK463 (5 uM) or OXA-01 (20 pM)

for four hours. Fractional cell area stained by DAPRed (E). Fractional cell area stained by DALGreen (F).
(A, C-F) Normalized to DMSO-treated wells. Statistical test: OOW ANOVA, DMC. Represented as mean +

SEM (n=3). Significance labels: *p<0.05, **p<0.01, ***p<0.001, ***+p<0.0001.
The effect of WNK463 upon markers of autophagy was also measured and were
compared to that of mTOR inhibitor OXA-01. Phosphorylated mTOR Ser2448 is correlated with
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mTOR complex 1 inhibition and autophagy upregulation.??® A 6-hr treatment with WNK463 led to
a decrease in mTOR phospho-Ser2448 (Figures 2.6.A-B). Phosphorylation of mTOR complex 1
substrates p70 S6 kinase and S6 ribosomal protein also decreased with WNK463 treatment
(Figures 2.6.A, C-D).?** The effect of WNK463 on these readouts was more modest than that
induced by OXA-01, which is a direct inhibitor of mTOR.?°' However, phosphorylation levels of
Akt, a substrate of mMTOR complex 2, increased with WNK463 treatment; this is often observed in
response to mTOR complex 1 inhibition and is thought to act as a negative regulator of its activity
(Figures 2.6.A,E).?*® Surprisingly, phosphorylation levels of Ulk1 and 4E-BP1, two other

substrates of mMTOR complex 1, did not change upon WNK463 treatment (Figures 2.6.A, F-G).?**

Overall, these data demonstrate that WNK inhibition upregulates autophagy, albeit in a

manner distinct from direct mTOR inhibition.

To confirm that the observed changes in autophagy were due to increased autophagy
induction rather than a block in autophagic flux, WNK463 treatment was combined with BaF or
VPS34-IN1, compounds that block autophagosome-lysosome fusion and autophagosome
formation, respectively.?°%2?%6227 Co-treatment with BaF reduced the autolysosome fraction area
per cell relative to WNK463-only but had no effect on WNK463-mediated increase in
autophagosomes (Figures 2.5.E-F). Co-treatment with VPS34-IN1, an inhibitor of the autophagy
initiation complex protein VPS34, reduced the fractional area per cell of both autolysosomes and
autophagosomes compared to WNK463 alone (Figures 2.6.H-1).2%%2%" |nterestingly, WNK463
partially reversed the autophagy-blocking effects of VPS34-IN1. Together, these data showed that
the increased levels of autophagosomes and autolysosomes induced by WNK463 treatment
resulted from increased autophagosome formation. In addition, the lysosomal pH of VPS34-IN1-
treated cells was still reduced with WNK463 treatment, indicating that WNK inhibition still induces

lysosomal acidification when autophagosome formation is blocked (Figure 2.6.J). This result
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suggests that WNK inhibition leads to both autophagy upregulation and lysosomal acidification

but potentially through distinct molecular pathways.
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Figure 2.6 - WNK463 is inducing autophagy by increasing autophagosome formation

(A-G) Western blot analysis of the effect of WNK463 and OXA-01 on the phosphorylation status of mMTOR
and some of its substrates. SH-SY5Y cells were treated with pH-modulating compounds (6h).

(A) Representative western blots.

(B) Quantification of phos-mTOR (Ser2448) over full-length mTOR.

(C) Quantification of phos-p70S6 kinase (Thr389) over full-length p70S6 kinase.

(D) Quantification of phos-S6 ribosomal protein (Ser240/244) over full-length S6 ribosomal protein.
(E) Quantification of phos-Akt (Ser473) over full-length Akt.

(F) Quantification of phos-Ulk1 (Ser757) over full-length Ulk1.

(G) Quantification of phos-4EBP1 (Thr70) over full-length 4EBP1.

(H-J) Co-treatment of autophagy blocker VPS34-IN-1 and pH-modulating compounds. SH-SY5Y cells
were co-treated with DMSO or VPS34-IN1 (5 uM) and DMSO, WNK463 (5 pM) or OXA-01 (20 uM) for
four hours.

(H) Autophagosome area per cell area of SH-SY5Y cells stained with DAPRed fluorescent dye.

(I) Autolysosome area stained per cell area of SH-SY5Y cells stained with DALGreen fluorescent dye.
(J) FIRE-pHLy ratio of SH-SY5Y cells.

(B-J) Normalized to DMSO-treated cells. Represented as mean + SEM (n=3). Statistical test: OOW
ANOVA, DMC. Significance labels: *p<0.05, **p<0.01, ***p<0.001, ***%p<0.0001.
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WNK inhibitors enhance lysosomal v-ATPase levels

To gain insight into the molecular mechanisms underlying lysosomal acidification by WNK
inhibition, we performed quantitative proteomics of isolated lysosomes. SH-SY5Y cells expressing
an HA-tagged TMEM192—a lysosomal membrane protein—were immunoprecipitated with anti-
HA antibody beads in a process known as Lyso-IP.??2 Purified lysosome fractions and whole cell
lysate were then analyzed via LC-MS/MS. Comparing lysosomal protein abundance between the
lysosome and whole cell fractions of DMSO-treated cells revealed that the Lyso-IP method was

successful in enriching for lysosomal proteins (Figures 2.7.A-B).
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Figure 2.7 - Lyso-IP method successfully enriches lysosomal proteins

SH-SY5Y TMEM192-3xHA cells were treated with DMSO for four hours, then lysosomes were isolated
via Lyso-IP method. Proteins that have GO cellular component annotations containing “lysosome” or
“lysosomal” were classified as lysosomal proteins.

(A) Volcano plot comparing protein abundance in samples isolated through the Lyso-IP method and
those obtained from whole cell lysates. Lysosomal proteins in green, rest of proteins in gray.

(B) Logz fold change of abundance of lysosomal proteins in Lyso-IP fraction compared to whole cell
lysates. Lysosomal proteins were ranked from most to least enriched.

Represented as mean of replicates (n = 3).

Next, we compared the Lyso-IP fraction from WNK463-treated cells with that from DMSO-
treated ones. Notably, WNK463 significantly increased the lysosomal levels of almost all subunits
of the v-ATPase, the molecular motor responsible for acidifying lysosomes.'* Both the

membrane-bound Vo and the cytosolic V1 subunits were enriched in the Lyso-IP fraction (Table
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2.3, Figure 2.8.A). This enrichment was unlikely to be caused by increased protein expression,
since there was no significant difference in v-ATPase subunit abundance between the whole cell
fractions (Figure 2.8.B). WNK-IN-11 treatment also led to an enrichment of lysosomal v-ATPase
subcomponents without affecting their cellular levels (Figures 2.9.A-B). Conversely, WNK1-IN-1
did not increase lysosomal v-ATPase levels, which was consistent with the fact that it did not

induce lysosomal acidification according to the FIRE-pHLy assay.

Table 2.3 - — WNK463 enhances lysosomal levels of v-ATPase subunits

Gene vATPase | Fold % P-value -log10, p value
complex |Change increase
ATP6V1C1 V1 2.35 135 0.003 2.52
ATP6V1H V1 2.19 119 0.0010 3.02
ATP6V1A V1 217 117 0.000005 5.29
ATP6VOC V1 1.93 93 0.002 2.79
ATP6V1B2 V1 1.92 92 0.00008 4.10
ATP6V1F V1 1.65 65 0.01 2.01
ATP6V1D V1 1.57 57 0.006 2.22
ATP6V1E1 V1 1.56 56 0.22 0.65
ATP6V1E2 V1 1.52 52 0.05 1.29
ATP6V1G1 V1 1.39 39 0.02 1.63
ATP6VOA1 \/0] 2.15 115 0.003 2.47
ATP6VOC VO 1.93 93 0.002 2.79
ATP6VOD1 VO 1.55 55 0.002 2.69
ATP6AP1 VO 1.50 50 0.02 1.61
ATP6VO0A2 VO 1.26 26 0.01 1.98
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Figure 2.8 - WNK463 enhances lysosomal v-ATPase levels

(A-B) Proteomic analysis of whole cell lysates and isolated lysosomes from SH-SY5Y TMEM192-3xHA
cells treated with DMSO or WNK463 (5 uM) for four hours. V-ATPase complex Vo and V1 subunits
represented by teal and dark blue dots, respectively. Represented as mean of replicates (n=3).

(A) Volcano plot comparing abundance of proteins in isolated lysosomes from WNK463-treated cells to
those from DMSO-treated cells. Dotted lines represent significant enrichment thresholds, set at a p value
of 0.05, and fold change in abundance of 1.5.

(B) Comparison of abundance of v-ATPase subunits in whole cell lysates (y-axis) and isolated lysosomes
(x-axis) between WNK463 and DMSO-treated cells.

(C-G) SH-SY5Y cells expressing V1B2-mNeonGreen and VOA3-mScarlet stained with lysosomal dye,
LysoPrime Deep Red, and treated with DMSO or 5 yM of WNK463 for four hours.

(C) Representative images (scale bar = 20 ym).

(D-E) Total signal of V1B2-mNeonGreen (D) and VOA3-mScarlet (E) per area in segmented LysoPrime
Deep Red-stained lysosomes. (F-G) Signal of V1B2-mNeonGreen (F) and VOA3-mScarlet (G) per cell.
(D-G) Represented as mean = SEM (n=3). Statistical test: OOW ANOVA, DMC. Significance labels:
*0<0.05, *xp<0.01, **%p<0.001, ***+xp< 0.0001.

To confirm this finding, we stably expressed two v-ATPase subcomponents conjugated to

fluorescent proteins, V1B2-mNeonGreen and VOA3-mScarlet, in SH-SY5Y cells and treated them
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with WNK463. The signal of V1B2-mNeonGreen in DMSO-treated cells was diffuse throughout
the cell because the V; complex alternates between the cytosol and binding to the membrane-
bound Vo domain. WNK463 treatment resulted in a visible increase in the number of observable
V1B2-mNeonGreen puncta and an increase in the intensity of mNeonGreen signal within
segmented VOA3-mScarlet puncta; suggesting an increase in V1 complexes bound to Vo (Figures
2.8.C and 2.9.C). To confirm that this corresponded to greater co-localization with lysosomes, the
cells were stained with the lysosomal dye LysoPrime Deep Red (Figure 2.8.C). In segmented
lysosomes, the integrated intensity per area of both V1B2-mNeonGreen and VOA3-mScarlet
increased with WNK463 treatment (Figures 2.8.D-E). In VOA3-mScarlet puncta, the intensity of
LysoPrime Deep Red dye signal per area also increased, indicating greater co-localization
between the two (Figure 2.9.D). Simultaneously, the intensity of VOA3-mScarlet and V1B2-
mNeonGreen per cell was not altered (Figures 2.8.F-G). This supported the proteomic data that
vATPase subcomponents were being enriched in lysosomes with WNK463 treatment, while their

overall cellular abundance remained constant.
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(A-B) SH-SY5Y TMEM192-3xHA cells were treated with DMSO or WNK inhibitors for four hours, then
lysosomes were isolated via Lyso-IP method. Data represented as mean of replicates (n = 3).
(A) Volcano plot comparing protein abundance in isolated lysosomes from cells treated with WNK

inhibitors to those from cells treated with DMSO.

(B) Comparison of abundance of v-ATPase subunits in whole cell lysates (y-axis) and isolated
lysosomes (x-axis) between WNK463 and DMSO-treated cells.
(C-D) SH-SY5Y cells expressing V1B2-mNeonGreen and VOA3-mScarlet stained with lysosomal dye,

LysoPrime Deep Red, and treated with DMSO or WNK463 (1 or 5 uM) for four hours.
(C) Total signal of V1B2-mNeonGreen per area in VOA3-mScarlet segmented puncta.

(D) Total signal of LysoPrime Deep Red per area in VOA3-mScarlet segmented puncta.
Represented as mean + SEM (n=3). Statistical test: OOW ANOVA, DMC. Significance labels: *p<0.05

Given that WNK inhibitor treatment did not appear to alter cellular v-ATPase subunit
expression, the observed lysosomal enhancement is likely to have been due to changes in their
subcellular distribution. Gene enrichment analysis of the lysosomal proteomics data revealed that
Rab GTPases, the master regulators of intracellular vesicle trafficking, were also enriched in
lysosomes upon WNK463 treatment (Figure 2.10.A).?*° Gene enrichment analysis of the Lyso-IP
data also revealed that WNK463 treatment increased the levels of ER membrane proteins found

in lysosomes and—to a much lesser extent—that of endosomal membrane and late endosome
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proteins (Figure 2.10.B). This finding suggested that the enriched vATPase subunits may have

originated from these compartments.?'®

An increased number of assembled v-ATPase complexes on lysosomes would promote
proton pumping into the lysosomal lumen and is therefore likely to be the main driver of lysosomal

acidification that occurs with WNK inhibition.
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Figure 2.10 - WNK463 enhances lysosomal abundance of Rabs and ER proteins

Gene enrichment analysis of lysosomal fractions of SH-SY5Y TMEM192-3xHA cells treated with
DMSO or WNK463 (5 uM) for four hours. Lysosomes were isolated via Lyso-IP method.

(A) Enrichment analysis of protein domains according to SMART database.

(B) Gene ontology enrichment analysis of subcellular localization.
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WNK inhibitor treatment increases lysosomal proteolytic
activity in cellular models

WNK463 and WNK-IN-11 were tested in lysosomal activity assays to determine whether
the increased acidification correlates with enhanced proteolysis. First, their effect on the activity
of individual cathepsins was assessed. BODIPY-pepstatin A is a probe for active cathepsin D as
pepstatin A binds to the catalytic site of cathepsin D that is only accessible in the active form of
the enzyme.'® SH-SY5Y cells treated with WNK463 and WNK-IN-11 exhibited a significantly
greater BODIPY-pepstatin A signal per cell, which was comparable to the effect induced by OXA-
01 (Figure 2.11.A). This finding suggested that treatment with WNK inhibitors promoted cathepsin
D activity.

Magic Red substrates (MgRS) are conjugated peptides used to probe the activity of
individual cathepsins.?*® The substrate peptide sequence is designed for specific cleavage by its
target cathepsin, resulting in the dequenching of the conjugated fluorophore. WNK463 and WNK-
IN-11 treatment led to a significant increase in cathepsin B MgRS signal per cell, but only WNK463
increased cathepsin L MgRS signal per cell (Figures 2.11.B-C). However, this increase in signal
was lower than that induced by OXA-01. This suggests that WNK463 treatment leads to a modest
increase in the activity level of cathepsins B and L, which are among the most abundant

cathepsins.?®'
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Figure 2.11 - WNK463 enhances lysosomal v-ATPase levels

(A-B) Proteomic analysis of whole cell lysates and isolated lysosomes from SH-SY5Y TMEM192-3xHA
cells treated with DMSO or WNK463 (5 uM) for four hours. Lysosomes were isolated via Lyso-IP
method. V-ATPase complex VO and V1 subunits represented by teal and dark blue dots, respectively.
Represented as mean of replicates (n=3).

(A) Volcano plot comparing abundance of proteins in isolated lysosomes from WNK463-treated cells to
those from DMSO-treated cells. Dotted lines represent significant enrichment thresholds, set ata p
value of 0.05, and fold change in abundance of 1.5.

(B) Comparison of abundance of v-ATPase subunits in whole cell lysates (y-axis) and isolated
lysosomes (x-axis) between WNK463 and DMSO-treated cells.

(C-G) SH-SY5Y cells expressing V1B2-mNeonGreen and VOA3-mScarlet stained with lysosomal dye,
LysoPrime Deep Red, and treated with DMSO or 5 yM of WNK463 for four hours.

(C) Representative images (scale bar = 20 ym).

(D-E) Total signal of V1B2-mNeonGreen (D) and VOA3-mScarlet (E) per area in segmented LysoPrime
Deep Red-stained lysosomes.

(F-G) Total signal of V1B2-mNeonGreen (F) and VOA3-mScarlet (G) per cell.

(D-G) Represented as mean = SEM (n=3). Statistical test: OOW ANOVA, DMC. Significance labels:
*p<0.05, *xp<0.01, ***p<0.001, ***+xp< 0.0001.

Next, we tested the WNK inhibitors in a lysosomal proteolytic activity assay that measures
the signal of DQ-BSA.?*? This reagent consists of BSA molecules conjugated to an excess of
fluorescent dyes that self-quench. DQ-BSA molecules are transported to lysosomes via
endocytosis, where their cleavage leads to de-quenching of the conjugated dyes. SH-SY5Y cells

were pre-treated with various pH-modulating compounds for three hours, DQ-BSA was added,
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and its signal was monitored for 5.5 hours. WNK463 and WNK-IN-11 both led to a significant
increase in DQ-BSA signal per cell, which was greater than that induced by Torin1, another ATP-
competitive mTOR inhibitor (Figures 2.11.D-E). These results showed that lysosomal acidification
induced by WNK inhibitors could increase lysosomal proteolytic activity, which is often impaired
in ND models.?*® Surprisingly, OXA-01 treated cells exhibited lower DQ-BSA signal than DMSO-
treated cells, even though the compound increased cathepsin D, B and L activity according to the

previous assays. This may be due to decreased DQ-BSA endocytosis in OXA-01 treated cells.

In the previous assays, WNK463 and WNK-IN-11 were tested in models exhibiting basal
lysosomal pH, whereas many aging and ND models exhibit an elevated lysosomal pH. We wanted
to test these compounds in a neurodegenerative disease-associated model with alkaline
lysosomes to determine whether WNK inhibition could re-acidify this compartment and rescue
downstream defects. We obtained Neuro2a (N2a) cells, murine neuroblastoma lines, expressing
human ApoE3 or AD-linked ApoE4 (subsequently referred to as hAPOE3 and hAPOE4,
respectively). Published work has shown that compared to the hAPOE3-expresing line, the
hAPOE4-expressing line exhibits more alkaline lysosomes, lower cathepsin B proteolytic levels,
and reduced basal and stress-induced mitochondrial autophagy (mitophagy).'™ The latter is
significant because mitochondrial defects, including an accumulation of damaged mitochondria
due to a downregulation of mitophagy, have been shown to be early cellular changes in AD.?3*

We first used the Dojindo lysosomal pH kit to confirm the pH-modulating activities of
various compounds in both N2a lines. Treatment with OXA-01, WNK463 and WNK-IN-11
increased the ratiometric signal of the kit’s dyes in both hAAPOES3- and hAPOE4-expressing cells,
indicating that they acidified lysosomes in both lines (Figure 2.12.A). Next, we probed lysosomal
proteolytic activity with DQ-BSA and cathepsin B MgRS. We found that hAPOE4-expressing cells

exhibited lower cathepsin B MgRS and DQ-BSA signal per cell, both of which were increased
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through treatment with WNK inhibitors to levels comparable to those of hAPOE3-expressing cells

(Figures 2.12.B-C).
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Figure 2.12 - WNK inhibitors rescue lysosomal defects of hAPOE4-expressing Neuro-2a cells

(A) Relative lysosomal pH of N2a cells expressing human hApoE3 or human hAPOE4 and treated with
pH-modifying compounds for four hours. Measured by the ratiometric signal of lysosomal dyes pHLys
Red and LysoPrime Green. Data normalized to DMSO-treated cells of corresponding cell line.

(B-C) Probe signal per cell of N2a lines treated with lysosomal pH-modifying compounds for four hours
and DQ-BSA for three hours (B) or magic red substrate for cathepsin B for one hour (C). Data normalized
to the signal per cell of DMSO-treated hAPOE3 cells.

(D-E) Monitoring of mitophagy in N2a lines. Cells were stained with Mtphagy dye, then treated with
DMSO, WNK463 (5 uM), or BaF (100 nM) for four hours and subsequently treated with either DMSO or
FCCP and oligomycin (FCCP/OM, 10 uM) for 1.5 hours.

(D) Representative images: Mtphagy dye signal in red and Hoescht-stained nuclei in blue (scale bar = 50
pm).

(E-F) Mtphagy dye signal per cell. Basal mitophagy (E) and stress-induced mitophagy via treatment with
FCCP and oligomycin (F). Data normalized to the signal per cell of DMSO-treated hAPOE3 cells
experiencing basal mitophagy.

(A-C, E, F) Statistical test: OOW ANOVA, DMC. Represented as mean + SEM (n=3). Significance labels:
*0<0.05, *xp<0.01, **%p<0.001, ***xp<0.0001.
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Mitophagy levels were measured with Dojindo’s Mtphagy probe. This dye localizes to
mitochondria and exhibits fluorescence at a low pH, so its signal correlates with the fusion of
mitochondria and autolysosomes, a key step in the mitophagy pathway.?*® Mitophagy was
upregulated via co-treatment with FCCP, which de-polarized mitochondrial membranes, and
oligomycin, an inhibitor of the mitochondrial H+-ATP-synthase.?**?*" This mitochondrial stress
increased Mtphagy signal levels per cell in both hAPOE3- and hAPOE4-expressing cells and was
lowered with BaF-treatment, which validates the mitophagy assay (Figures 2.12.D-F). The
hAPOE4-expressing cell line exhibited lower levels of both basal and stress-induced mitophagy,
as previously reported."* Treatment with WNK463 alone did not affect basal levels of Mtphagy
signal intensity of either line but increased it in both cell lines when mitochondrial damage was
induced via FCCP and oligomycin treatment (Figures 2.12.E-F). This result demonstrated that
WNK463 did not affect basal mitophagy but increases stress-induced mitophagy levels. Defects
in stress-induced mitophagy are correlated with AD progression; hence, lysosomal acidification

via WNK inhibitors could be a beneficial treatment in these diseases.''#234

Discussion

The major advance of this study was the identification of WNK463 as a novel lysosomal
acidification compound, which uncovers a connection between WNK activity and lysosomal pH
regulation and in addition, provides a tool molecule to study the effects of lysosomal acidification
in ND and aging models (Figure 2.13). WNK inhibition was confirmed to lead to lysosomal
acidification pharmacologically and genetically, because the allosteric inhibitor WNK-IN-11 and
knock-down of the C. elegans WNK orthologue both phenocopied the effect of WNK463 on

lysosomal pH.

Inhibition of the WNKs and their downstream kinases, SPAK/OXSR1, has been

demonstrated to lead to an upregulation of autophagy.?'®#' We confirmed that our two WNK
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inhibitors and an inhibitor of SPAK/OXSR1 upregulate autophagy initiation by observing an
accumulation of autophagosomes and autolysosomes after WNK463 and WNK-IN-11 treatment.
Interestingly, the SPAK/OXSR1 inhibitor alkalinized lysosomes and thus had the opposite effect
that would be expected if lysosomal acidification were downstream of the canonical WNK-
SPAK/OXSR pathway. In addition, inhibiting autophagy initiation through a VPS34 inhibitor
blocked most of the upregulation of autophagy of WNK463 but did not block its lysosomal
acidification effects. These findings suggest that the WNKs regulate autophagy initiation and

lysosomal pH through distinct molecular pathways.

We demonstrated that WNK463 treatment leads to an enhancement of fully assembled v-
ATPases in lysosomes, which is likely the main mechanism of lysosomal acidification through
WNK inhibition (Figure 2.13). This increase is likely due to changes in the subcellular localization
of the v-ATPase complexes, since no changes in abundance of their subunits was observed in
the whole cell lysates. The Voand V1 domains are assembled in the endoplasmic reticulum (ER)
and cytosol, respectively, and bind together in the Golgi and endosomes; making these
compartments the likeliest sources of the enriched v-ATPases.?'® WNK463 treatment was also
shown to lead to an increase in ER proteins found in lysosomes, which suggests that the enriched
Vo subunits originate from the ER, and it is plausible that they are in turn recruiting V4 domains
from the cytosol.?'®> The WNKs have been reported to regulate the subcellular localization of
several membrane proteins, making it likely that they could also affect that of v-ATPases.?'323-
241 Further work measuring changes in the abundance of v-ATPase subcomponents in different

cellular compartments is required to determine the source of enriched vATPases in response to

WNK inhibition.

A possible mechanism of WNK involvement in v-ATPase holoprotein assembly is direct
phosphorylation of one of the subcomponents. A plant orthologue of the WNKs, AtWNKS8, was

shown to be able to bind and phosphorylate vATPase domain V1c¢1.24?> However, other WNK
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isoforms of the same species did not have the effect and this result has not been reproduced in
other organisms, making this mechanism less likely in the mammalian cell lines used in our work.
Nevertheless, phosphorylation changes in v-ATPase domains, perhaps through intermediatory
kinases, may be involved in this pathway. A recent study reports that calcium/calmodulin-
dependent protein kinase type 2 delta (CAMK2D) phosphorylates V0a1, and elevated
phosphorylation levels of this subunit inhibit the trafficking of the Vo complex from the ER to
lysosomes.?** Rab14 suppresses CAMK2D activity, and the Rabs were also found to be enriched
in lysosomes upon WNK inhibition, so it is possible that a Rab is involved in v-ATPase regulation
by the WNKs. Measuring v-ATPase phosphorylation levels in response to WNK inhibition might

reveal a new phosphorylation site involved in v-ATPase complex assembly and trafficking.

The discovery of WNK463 and WNK-IN-11 as lysosomal acidifiers makes them useful tool
molecules. An endolysosomal pH assay was used to quantify the absolute pH changes induced
by different lysosomal acidification compounds, showing that WNK463 and WNK-IN-11 treatment
led to a decrease of 0.56 and 0.43 pH units, respectively, which was more modest than the 1.3
pH unit decrease induced by OXA-01 treatment. This subtlety was not particularly concerning to
us, because the mild decrease in lysosomal pH nonetheless boosted proteolytic activity, and too
drastic of a pH reduction might even reduce it by falling outside the optimal pH range of lysosomal
hydrolases. Indeed, WNK463 and WNK-IN-11 treatment induced cathepsin D maturation,
increased cathepsin B and L activity levels, and enhanced lysosomal proteolysis in SH-SY5Y cells
(Figure 2.13). More importantly, the two WNK inhibitors enhanced cathepsin B activity, lysosomal
proteolysis, and stress-induced mitophagy in human apoE4-expressing Neuro2a cells that exhibit
an elevated lysosomal pH, demonstrating that they can rescue phenotypes associated with

lysosomal deacidification in ND-models. In addition, WNK463 was shown to acidify neuronal
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lysosomes in C. elegans and could thus also be useful to study lysosomal acidification in animal

models.
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Figure 2.13 - Graphical abstract summarizing chapter.

Lysosomal alkalinization has been observed in several cellular models of NDs and animal
models of aging. Since lysosomal acidity is crucial for its proteolytic efficiency, a loss of lysosomal
acidification likely contributes to the pathobiology of neurodegenerative diseases like PD and AD.
Thus, lysosomal re-acidification via small molecules could represent primary or adjunctive

therapies for neurodegeneration and other diseases of aging. WNK463 was developed by
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Novartis as a treatment for hypertension, but did not reach clinical trials due to an undisclosed
toxicity issue in pre-clinical studies.?®? Thus, WNK463 itself is unlikely to be a viable therapeutic
for NDs. However, a compound that exclusively targeted the WNK isoform involved in lysosomal
pH regulation could minimize side effects. Therefore, further characterization of the pathway
between WNK inhibition and lysosomal acidification could potentially lead to promising

therapeutics against NDs.
Limitations

This FIRE-pHLy screening campaign is the largest of its size and resulted in the
identification of lysosomal acidifying molecules. We chose to screen SH-SYS5Y cells because they
are a commonly used cell model in ND research and balance scalability with physiological
relevance. However, there are phenotypes observed in other cellular models, such as iPSC-
derived neurons, that are not recapitulated in these cells; thus, we might have missed compounds
that exclusively acidify lysosomes of terminally differentiated neurons.?**?** Future screening of
other neuronal cellular models might uncover other molecules of interest. The mechanism of
lysosomal acidification via WNK inhibition was characterized but the specific WNK isoforms and
substrates involved in this process remain unclear. Future work deconvoluting downstream
pathways would further our understanding of lysosomal pH regulation. Acute WNK inhibitor
treatment was shown to increase lysosomal function in an AD-linked mutant cell line model.
Future work treating animal models chronically with WNK inhibitors would determine whether the

WNK pathway is a viable target of therapeutic efforts.
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Methods

Experimental model details

Cell Lines

SH-SYSY (human female, RRID: CVCL_0019) and HEK293FT (human female, RRID:
CVCL_6911) cell lines were obtained from ATCC and Invitrogen, respectively. Neuro-2a (mouse,
male) lines were obtained from Krogan lab at UCSF.""* SH-SY5Y FIRE-pHLy and TMEM-192-3x-
HA were generated for previous published studies in the Kao lab.'%24¢ All cell lines were incubated
in a humidified 5% CO- incubator at 37 °C. SH-SY5Y cells were cultured in Eagle's Minimum
Essential Medium (EMEM)(ATCC, cat# cat#30-2003) : F12 (Gibco, cat#11765054) with 10% Fetal
Bovine Serum (FBS) (ATCC, cat#30-2020) and 1% Penicillin-Streptomycin (10,000 U/mL) (Gibco,
cat#15140-122). Neuro2a (N2a) cells were cultured in MEM with glutaMAX supplement (Fisher,
cat#41090036) with 10% FBS, 1% MEM non-essential amino acids (NEAA) (Gibco,
cat#11140050), and 1 mM sodium pyruvate (Gibco, cat# cat#11-360-070). HEK 293-FT cells were
cultured in Dulbecco's Modified Eagle Medium (DMEM) (Gibco, cat#11995073) with 10% FBS
and 1% Penicillin-Streptomycin (10,000 U/mL). Cell cultures were fed once every 2-3 days, grown
to 90% confluence and then passaged 1:5 by trypsinization. Cell density was estimated with an

automatic cell counter (Bio-Rad cat# 1450102) when cells were being plated for experiments.

C. elegans

The following strains were used for experiments described in this manuscript:

e AWK®611 rocls11 (rab-3p::mTFP1::LMP-1::mCherry)

e AWK®613 rocls11; rocls12 (aex-3p::SID-1;unc-119p:UNC-119)
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The strains described were generated in this study. All plasmids were generated using
Gibson assembly. AWK611 was created through microinjection of AK358 (rab-3p::mTFP1::LMP-
1::mCherry; 50ng/uL) and the co-injection plasmid AK362 (myo-3p::BFP; 10ng/ul) into N2E.
Stable transgenic lines were selected based on the blue fluorescent phenotype and integrated by
UV mutagenesis and backcrossed 10 times. AWK613 was created by crossing AWK611 with
AWKG612, which was created through microinjection of AK364 (aex-3p::SID-1; 50ng/uL) into unc-
119(-). Stable transgenic lines were selected based on rescue of the uncoordinated phenotype
and integrated by UV mutagenesis and backcrossed 10 times.

C. elegans strains were maintained at 20°C on nematode growth medium (NGM) (Fisher,
cat# NCO9270887) agar plates seeded with Escherichia coli strain OP50 (RRID:WB-

STRAIN:WBStrain00041974).24

Method Details

FIRE-pHLy assay

For the FIRE-pHLy primary screen and dose-response curves: SH-SYS5Y Fire-pHLy cells
were plated in collagen-coated 384-well plates (Greiner cat#781956) at a seeding density of 8
thousand cells in 25 uL of media per well. The next day, compounds in DMSO were added to the
plates with an Echo liquid dispenser (Beckman Coulter, Echo 655T). Plates were placed in an
incubator for the stated treatment time (1-24 hours) and then fixed by adding 25 uL of 4%
Paraformaldehyde to each well with a plate washer dispenser (Biotek, EL406). The plates were
incubated at room temperature for 15 minutes and then washed with 25 uL per well of DPBS with
calcium and magnesium (subsequently referred to as DPBS +/+) (Gibco, cat# 14040216). Next,

25 ulL of 2 uM of Hoescht (Invitrogen, cat#33342) in DPBS +/+ were added, plates were incubated
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again at room temperature for 15 minutes, washed again with DPBS +/+, followed by a final

addition of 50 uL of DPBS +/+.

The primary screen was composed of 24 384-well plates, which were split into 2 batches
of 12 completed on two subsequent weeks. 32 wells of each plate were treated with DMSO (as a
negative control); 16 wells per plate were treated with 100 nM of BaF (Fisher, cat#AAJ61835MCR)
as a control for lysosomal alkalinization; and 16 were treated with 20 uM of OXA-01 (Medchem
Express, cat#HY-111065) as a control for lysosomal acidification. One well was treated per
compound from the TargetMol Bioactive Compound Library (Target Mol, cat#L4000) with a final
concentration of 10 uM. The final concentration of DMSO in each well was 0.1% and the treatment

time was 6 hours.

Dose-response curves with the FIRE-pHLy assay were generated in a similar manner. The
Echo liquid dispenser was used to add 2.5 — 100 nL of compounds to each well, followed by
addition of DMSO at a volume that would result in a total DMSO composition per well of 0.4%.
The 190 “candidate” compounds were cherry-picked from Targetmol’s bioactive compound library.
Dose response curves from the screen of candidate compounds were composed of 16 doses
ranging from 0.1 to 40 uM in duplicate. Treatment time was 6 hours. All other dose response

curves were generated in triplicate.

Experiments where compounds were tested at 1-3 doses were done in collagen-coated
96-well plates (Revvity, cat#6005810) and imaged live. SH-SY5Y cells were seeded at a density
of 30,000 cells per well and incubated overnight. Cells were then incubated with media containing
1 uM of Hoescht for 5 minutes. Cells were washed twice with SH-SYS5Y live imaging media, which
consisted of EMEM without phenol red (Quality-biological, cat# 112-212-101): F-12 without phenol
red (Innovative research, cat#lIHAMSF120813500ML) with 10% FBS. Compounds in live imaging
media were added with electronic multi-channel pipette with a total DMSO concentration of 0.1%.

Cells were incubated for 4 hours and then imaged.
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Imaging for FIRE-pHLy assay

Primary screen and candidate compound screen were imaged with an IN Cell 6500 HS
Analyzer (General Electric Life Sciences/Cytiva) with a NIKON 20x%/0.75, Plan Apo, CFI/60
objective lens with the following excitation lasers: 405 nm (Hoescht), 488 (mTFP1) 561 nm

(mCherry). Four frames per well were obtained.

Images were analyzed with high-content image analysis software (IN Cell Developer
Toolbox v1.9, GE Life Sciences), as previously described.'®® In short, Nuclei were segmented
using a preset nucleus-type segmentation module, which was used to count the number of cells
imaged per well. To quantify FIRE-pHLy fluorescence, a vesicle segmentation module was applied
on the mCherry channel to segment lysosomes, with the following acceptance criteria: (Dens-
levels >300), min/max granule size (1-10 ym), scales = 2, sensitivity = 33, low background, and
no shape constraint settings. These settings created an object “mask” for lysosomes. FIRE-pHLy
ratio was calculated by dividing the integrated signal of mTFP1 within the lysosome mask by that

of mCherry.

Subsequent FIRE-pHLy assay experiments were imaged with an Opera Phenix high
content imager (Revvity, B97236) with the imaging chamber set at 5% CO, and 37 °C. 12 frames
per well were taken with a 40x water-objective. Confocal images were obtained with the following
excitation lasers and emission filters: 405 nm / 435-480 nm (Hoescht), 488 nm / 500-550 nm

(mTFP1), and 561 nm / 570-630 nm (mCherry).

Images taken with Opera Phenix were analyzed on Revvity’s Harmony software. The “Find
Nuclei” module with method “C” was used to segment nuclei in the Hoescht channel, and the cell
count was estimated by summing the number of segmented nuclei in a well. The “Find Cytoplasm”
module with method “B” was used with the mCherry to segment the cell body. The “Find Spots”
module with method “D” was used to segment lysosomes within the cytoplasm in the mCherry
channel. The exact criteria of each of these modules was modified depending on cell type to
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generate accurate segmentation. The “Calculate Intensity Properties” module was used to
calculate the total signal of mTFP1 and mCherry within the segmented lysosomes, “FIRE-pHLy

ratio” was calculated by diving the former by the latter.

Differentiation of SH-SY5Y FIRE-pHLYy cells

FIRE-pHLy-expressing SH-SY5Y cells were seeded in collagen-coated 96-well plates with
a density of 3,000 cells per well. The next day (day 0), the media of the cells was replaced with
SH-SY5Y culturing media containing 10 uM of Retinoic acid (Sigma-Aldritch, Cat#R2625). On day
3, cells were fed by removing media and adding fresh media with retinoic acid. On day 6, the
media was replaced FBS-free EMEM:F12 media with 50 ng/mL of BDNF (Gibco, cat# 450021).
Compounds in BDNF-containing FBS-free media were added on day 10, and cells were fixed four
hours later with the addition of PFA to a final concentration of 2%. Cells were then washed, stained

with Hoescht, imaged on Phenix and segmented as explained previously.

Absolute lysosomal pH quantification with Dojindo kit

Cells were seeded in collagen-coated 96-well plates with density of 30,000 cells per well
for SH-SY5Y cells and that of 8,000 cells per well for N2a cells. The next day, cells were washed
twice with FBS-free media. FBS-free media containing 0.05% LysoPrime Green dye (Dojindo,
cat#L.266-10) were added and the cells were left in incubator for 30 minutes. A vial of pHLys red
dye (Dojindo, cat#L266-10) was dissolved in 20 yL of DMSO. The plates were then washed three
times with FBS-free media. Followed by the addition of 0.1% pHLys Red dye and 1 uM of Hoescht
in culturing media. The cells were again placed in an incubator for 30 minutes, after which they
were washed once with culturing media and twice with live-imaging media. For SH-SY5Y cells,
live-imaging media was composed of EMEM without phenol red: F-12 without phenol red with

10% FBS, and for N2a cells it was composed of EMEM without phenol red, 10% FBS, 1%
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GlutaMAX supplement (Fisher, cat#41090036), 1% NEAA and 1% sodium pyruvate. Compounds

in live imaging media were added to each well and the plate was left in an incubator for 4 hours.

To make pH titration curve, the pH of buffers from Invitrogen’s intracellular pH
quantification kit (Invitrogen, cat#P35379) were adjusted by adding potassium hydroxide or
potassium chloride to obtain buffers with the following pH'’s: 3.7, 4.1, 4.5, 4.9, 5.6, 6.2, and 6.5.
Valinomycin and nigericin were added fresh to all buffers to a final concentration for both of 10

WM. Cells were incubated with buffers with valinomycin and nigericin for 5 minutes.

Plates were then imaged live with an Opera Phenix high content imager, with the imaging
chamber set at 5% CO; and 37 °C, while utilizing a 40x objective. Confocal images were obtained
with the following excitation lasers and emission filters: 405 nm / 435-480 nm (Hoescht), 488 nm

/ 500-550 nm (LysoPrime Green), and 561 nm / 570-630 nm (pHLys Red).

Images were analyzed on Revvity’s Harmony software. The “Find Nuclei” module with
method “C” was used to segment nuclei in the Hoescht channel, and the cell count was estimated
by summing the number of segmented nuclei in a well. The “Find Cytoplasm” module with method
“B” was used with the LysoPrime Green channel to segment the cell body. The “Find Spots”
module with method “D” was used to segment lysosomes within the cytoplasm in the LysoPrime
Green channel. The exact criteria of each of these modules was modified depending on cell type
to generate accurate segmentation. The “Calculate Intensity Properties” module was used to
calculate the total signal of pHLys Red and LysoPrime Green within the segmented lysosomes,
the ratio of the former to the latter was used as a relative estimate of lysosomal pH. For absolute
pH quantification, a pH titration curve was generated in Prism 11 (Graphpad) by fitting an
asymmetric sigmoidal 5-parameter curve to the pHLys Red to LysoPrime Green ratiometric signal
of all the pH buffers. The estimated lysosomal pH of all treatment conditions was calculated by

extrapolating from this pH titration curve.
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Western Blots

SH-SYSY cells were seeded in 6-well plates at a density of 1 million cells per well. They
were treated the next day with the corresponding compounds for 1 to 6 hours. Cells were
detached from plates by scraping and collected into Eppendorf tubes. The samples were washed
once with pre-chilled DPBS (Gibco, cat#14190250) and then lysed by suspending the cells in
RIPA buffer (Thermo Fisher Scientific, cat#89900) with 1X HALT phosphatase and protease
inhibitor cocktail (Thermo Fisher Scientific, cat#89900) and incubated for 30 minutes on ice.
Samples were then spun down at 17,000xg for 15 minutes at 4°C and then the supernatant was
transferred into new tubes. The concentration of the protein lysate was quantified with a BCA
assay (Thermo Fisher Scientific, cat#23225). Equal amounts of protein from each sample were
then denatured by adding NuUPAGE reducing agent (Thermo Fisher Scientific, cat#NP0009) and
NuPAGE LDS sample buffer (Thermo Fisher Scientific, cat#NP0007) to 1X and placing them on
a heat block at 95°C for 5 minutes. Samples were separated via SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane (Bio-Rad,
cat#1620112) through wet transfer at 300 mA for 1 hour. The blots were blocked by gently shaking
them in Intercept TBS blocking buffer (LI-COR, cat#927-60010) for 1 hour at room temperature.
Blots were incubated overnight with primary antibodies with gentle shaking at 4°C, and then
washed three times with TBS (Teknova, cat#T1680) with 0.1% Tween-20 (Thermo Fisher
Scientific, cat#78444) (TBS-T) buffer. They were then incubated with secondary antibody for 1
hour at room temperature with gentle shaking and then washed three times with TBS-T. All primary
antibodies were diluted by 1000, except for anti-GAPDH, which was diluted by 4000. Secondary
antibodies were diluted by a factor of 10,000. Blots were imaged with a LI-COR Odyssey ClIx
imager.

To quantify the degree of phosphorylation of proteins, blots were first incubated with

primary antibody against the phosphorylated version of the protein. After imaging, the primary and

73



secondary antibodies were stripped by incubating in NewBlot Nitrocellulose Stripping buffer
(LICORDio, cat#928-40030) at 1X for 10 minutes and washed 3 times with TBS. Blots were re-
blocked for 1 hour at room temperature and then incubated overnight with gentle shaking at 4°C
in primary antibody against the full-length version of the protein. Washing, incubation in secondary

antibody, and imaging steps carried out as before.

Western Blots were quantified in Image Studio Lite version 5.2.5 (LI-COR).
Rectangles around bands of interest were drawn with the “Add Rectangle” function, and the
border width of the surrounding rectangle was adjusted to avoid other bands. The background
was defined as the median signal at the top and bottom of the larger rectangle. To estimate
phosphorylation levels, the phosphorylated signal was divided by that of the full-length protein,

which was then normalized to the mean of the DMSO-treated samples within the same blot.

C. Elegans drug treatment

WNK463 (MedChem Express, cat#HY-100626) was added to plates at final
concentrations of 0.5 and 1 pM. Plates were seeded with concentrated 10x OP50 that had been
UV-treated with a dose sufficient to arrest bacterial growth. L4-stage animals were transferred

onto drug-containing plates and imaged 24 hours later as Day 1 Adults as described below.

C. Elegans RNAI Treatment

Strain used for RNAIi experiments over-expressed dsRNA transporter SID-1 under a
neuronal promoter to ensure successful wnk-1 in neurons.?*® NGM plates for RNAi experiments
were supplemented with 100ug/mL carbenicillin (Fisher, cat#BP26485) and 1mM IPTG (Sigma,
cat#15502). Plasmids for the RNAi for wnk-1 was obtained from the Ahringer RNAI library, a
common whole-genome library for C. elegans.?*®* RNAI cultures were grown overnight and then

diluted 1:10 into fresh Luria Broth (LB) (Research products international, cat#¥L24040) containing
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100ug/mL carbenicillin and grown at 37 °C with shaking at 200 rpm for 2 hours. IPTG was then
added to a final concentration of 2 mM, and 150 uL of the induced culture was immediately spotted
onto pre-warmed plates. Plates were dried overnight at 30°C. Worms were egg prepped allowed
to hatch overnight in M9 buffer (Fisher scientific, cat#11006516) while rocking at 20 °C. Fourteen
hours after spotting the bacteria, 30-50 synchronized L1-stage animals were transferred to the

RNA. plates. Animals were imaged as Day 1 Adults three days later as described below.

Fluorescent imaging of FIRE-pHLy-expressing C. Elegans

All imaged animals were hermaphrodites and the fluorescence imaging of mTFP1::LMP-
1::mCherry was performed as follows. Images were collected on a Leica TCS SP8 confocal
microscope with a 20x objective using LasX software (Leica). Day 1 young adult animals were
immobilized in a droplet of M9 buffer containing 5mM Levamisole (Fisher Scientific,
cat#AC187870100) and placed on a 2% agarose pad (Precision Biosystems, cat#PBSA1705).
Images were acquired with the 488-nm laser set to 2.5% power and the 561-nm laser set to 5%
power. To quantify mTFP1 and mCherry fluorescence, the background threshold was first defined
on the mCherry image with a minimum threshold of 20 and a maximum threshold of 255 using
Imaged version 2.14.0/1.54p (NIH). This threshold was then used to create a mask to measure
fluorescence intensity from mTFP1 and mCherry images. All values were normalized to the
average intensity measured for the negative control (L4440-treated for RNAi experiment and

DMSO-treated for drug treatment experiments) before graphing.

Autophagy flux assay

SH-SY5Y cells were seeded in 96-well plates at a density of 30,000 cells per well and
incubated overnight. Staining media consisted of 1 pug/mL of Hoescht, 0.2 yM of DAPRed stain
(Dojindo, cat#A562-10), and 1 uyM of DALGreen stain (Dojindo, cat#A562-10) in SH-SY5Y

culturing media. Cells were washed once with culturing media before addition of staining media
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and placed in incubator for 30 minutes with staining media. Cells were then washed twice with
culturing media and once with EMEM without phenol red: F-12 without phenol red with 10% FBS
(live-imaging media). Compounds in live-imaging media were then added to cells and then placed
in an incubator for 4-6 hours. Plates were then imaged live with an Opera Phenix high content
imager, with the imaging chamber set at 5% CO. and 37 °C, while utilizing a 40x objective.
Confocal images were obtained with the following excitation lasers and emission filters: 405 nm /

435-480 nm (Hoescht), 488 nm / 500-550 nm (DALGreen), and 561 nm / 570-630 nm (DAPRed).

Images were analyzed on Revvity’s Harmony software. The “Find Nuclei” module with
method “C” was used to segment nuclei in the Hoescht channel, and the cell count was estimated
by summing the number of segmented nuclei in a well. The “Find Cytoplasm” module with method
“B” was used with the DAPRed channel to segment the cell body. The “Calculate Morphology”
module was used to measure the area of each cell. The “Find Spots” module with method “D”
was used with the DAPRed channel to segment autophagosomes and autolysosomes and with
the DALGreen channel to segment autolysosomes. The “Calculate Morphology” module was used
to measure the area of segmented puncta generated by both the DAPREd and DALGreen
channel. Dividing the area of segmented puncta with the DAPRed channel over the cell area was
used to estimate the volume of autophagosomes and autolysosomes per cell, while that of the
puncta generated in the DALGreen channel over the cell area was used to estimate the volume

of autolysosomes per cell.

Lysosomal Immunoprecipitation

This protocol was adapted from Park et al. 2022.2° SH-SY5Y cells expressing TMEM-
192-3x-HA were plated onto 15 cm plates at a density of 35 million cells per plate and left in
incubator overnight.?*® Cell media was then changed to that containing DMSO or a WNK inhibitor

and placed in incubator for 4 hours. The plates were then washed with 3 mL of cold DPBS, and
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then 1 mL if cold DPBS with 1X Halt protease and phosphatase inhibitor cocktail was added. Cells
were then collected by scrapping them into 1.5 mL tubes and pelleted at 4°C by centrifugation at
600xg. The supernatant was removed and the cells were resuspended in 1 mL KPBS buffer [136
mM Potassium chloride, 10 mM potassium phosphate, 300 mM, sodium chloride, 50 mM sucrose,
1X Halt protease and phosphatase inhibitor cocktail in HPLC-grade water (Honeywell,
cat#AH365-4)] and then homogenized with 30 strokes of a Dounce homogenizer (Sigma,
cat#D8938-B). Samples for whole cell lysate analysis were collected by saving 50 pL of
homogenate, while the rest was spun down at 1000xg for 5 minutes at 4°C. The supernatant was
moved to a new tube containing 50 pL of anti-HA beads (Thermo Fisher Scientific, cat#P188837).
The samples were incubated at 4°C for 1 hour with gentle rotation. The beads were then washed
three times with cold KPBS buffer by using a magnetic stand to pull down the beads. Lysosomal
proteins were then precipitated by incubating the beads with gentle rotation for 20 minutes at 4°C
in 100 uL of 0.05% v/v NP-40 in KPBS buffer (Thermo Scientific, cat#28324). The concentration
of proteins in the whole-cell lysate and Lyso-IP samples were determined with BCA assays

(Thermo Fisher scientific, cat#23225) and flash-frozen for later analysis.

The whole cell lysate and Lyso-IP samples were then purified for mass spectrometry
analysis by using the solved precipitation single-pot, solid-phase-enhanced sample preparation
(SP4) method.?*! To perform the protocol, glass spheres were prepared as follows: 100 mg of 9-
13 um glass spheres (Millipore Sigma, cat#440345) were suspended in ultrapure water by
vortexing, and spun down at 500xg for 1 minute. Supernatant, including floating beads, was
removed and wash step was repeated once with acetonitrile, once in 100 mM of ammonium
bicarbonate (Millipore Sigma, cat# S2454) and twice with ultrapure water. Beads were finally re-
suspended in 0.9 mL of acetonitrile to a final concentration of 50 mg/mL. After Lyso-IP and whole
cell lysate samples were thawed, TCEP (Sigma Aldritch, cat#T2556) and 2-Chloroacetamide

(Millipore Sigma, cat#C0267) were added for a final concentration of 10 mM and 40 mM,
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respectively. Samples were then incubated at 95°C for 5 minutes. Four-times the volume of glass
beads in acetonitrile were then added so that the final concentration of glass beads was 2.5-fold
higher than that of the proteins in samples. Samples were then mixed by vortexing for 5 seconds,
and centrifuged at 16,000xg for 5 minutes. The supernatant was removed and 1 mL of ethanol
was added, and then samples were again centrifuged at 16,000xg for 2 minutes. Wash steps with
ethanol were repeated twice. Next, as much ethanol was removed and glass beads were re-
suspended in 100 mM of ammonium bicarbonate buffer. Trypsin (Worthington Biochemical
Corporation, cat#LS003740) at a 1:30 trypsin:protein ratio was then added, and samples were
incubated in a thermomixer with shaking at 1000 rpm and at 37°C for 18 hours. Next, samples
were spun down at 16,000xg for 2 minutes, and the supernatant was collected and filtered through

a cellulase acetate filter in spin cups (Thermo Fisher Scientific, cat# 69702).

Mass spectrometry data acquisition

Samples were separated over a 10-minute linear gradient of 2-35% solvent B (solvent A:
0.1% formic acid water, solvent B: 0.1% formic acid acetonitrile) for 10 minutes, and 35-95%
solvent B for 2 minutes on a PepSep MAX HT (150um, 1.9um) column (Bruker, 1903885) using
a nanoElute 2 system (Bruker) and injected into a timsTOF HT mass spectrometer (Bruker).
Experiments were run as data-independent acquisitions (DIA) with parallel accumulation-serial
fragmentation (PASEF) and enabled trapped ion mobility spectrometry (TIMS). MS and MS/MS

spectra were collected with a mass range from 100 to 1700 m/z.

Mass spectrometry data processing

Mass spectrometry files were processed using Biognosys’ Spectronaut software (version
19). Peptides were searched against Uniport's human proteome (Uniprot, Proteome ID:
UP000005640). Enzyme cleavage rules were set to Trypsin, with at most two missed cleavages.

The peptide length was restricted to 7-52 amino acids. Accepted peptide modifications were set
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up as follows: carbamidomethyl in cysteine residues as a fixed modification, and oxidation in
methionine residues and acetylation in the N-terminus as variable modifications. MS2 peak area
quantification was used, and the imputation strategy was set up as background signal. The
differential abundance grouping was calculated at the protein level. Logz ratio candidate filter was

set at 0.58. Unpaired t-tests were used to calculate significance.

Lentiviral packaging

HEK293FT were seeded in 10 cm plates with a density of 2 million cells per plate. The
next day, 48 uL of Xtreme HP transfection reagent, 4 ug of PsPAX2 plasmid, 4 ug VSVG envelope
plasmid and 8 ug of pLV_3xFLAG-ATP6VOA3-mScarlet (Addgene, cat#228867) or pLV_3XHA-
ATP6V1B2-mNeonGreen (Addgene, cat#228865) were added to 1 mL of OptiMEM (Gibco,
cat#31985062) media. Transfection reagent was added first and left to incubate for 5 minutes,
followed by addition of the DNA and a 15-min incubation. Media was removed from the plates
containing the HEK293FT cells, 9 mL of fresh media was added, followed with the drop-wise
addition of 1 mL of OptiMEM containing the transfection reagents. Cells were left to incubate
overnight, and the media was changed the next day. The media was collected 2 and 3 days after
transfection and pooled. The pooled media was spun down for 500xg for 10 minutes. The
supernatant was collected and 1/3 of its volume in Lenti-X concentrator (Takara bio, cat#631231)
was added and then mixed gently by inversion. The samples were incubated on ice for 1 hour,
and then spun down at 1,500xg for 15 minutes at 4°C. The pellet was then re-suspended in DPBS

with 1% of its original volume.

Generation of fluorescent vATPase SH-SY5Y cell line

SH-SY5Y cells were seeded at a density of 200-thousand cells per well in 6-well plates
and incubated overnight. Concentrated lentivirus of ATP6VOA3-mScarlet and ATP6V1B2-

mNeonGreen was diluted by a factor of 100 in SH-SY5Y media containing 6 ug/mL of polybrene
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(Millipore Sigma, cat#TR-1003-G). Four 3-fold dilutions of the lentivirus-containing media were
then performed with media containing 6 ug/mL of polybrene, which were then used to treat 1-well
of SH-SY5Y cells. Cells were left in incubator overnight, and the media was changed to regular
culturing media the following day. Cell selection was begun 3 days after infection, with media
containing 50 ug/mL of Hygromycin (Fisher Scientific, cat#10-687-010) and 5 ug/mL of Blasticidin
(Fisher Scientific, cat#R21001). The well with surviving cells with that was infected with the lowest

virus titter was expanded and used for future experiments.

Fluorescent-vATPase imaging assay

SH-SY5Y cells expressing ATP6VOA3-mScarlet and ATP6V1B2-mNeonGreen were
seeded in collagen-coated 96-well plates at a density of 30,000 cells per well and incubated
overnight. Cells were stained with 1 ug/mL of Hoescht and 0.1% LysoPrime Deep Red dye
(Dojindo, cat#L264-10) in culturing media for 30 minutes. They were then washed once with
culturing media and once with SH-SY5Y live-imaging media, which was composed of EMEM
without phenol red: F-12 without phenol red with 10% FBS. WNK464 was then diluted by a factor
of 1000 in live imaging media and added to the corresponding wells for a final concentration of 1
or 5 uM. Wells treated with media containing 0.1% DMSO were used as the negative control. Four
hours after compound treatment, the cells were imaged live with an Opera Phenix high content
imager, with the imaging chamber set at 5% CO, and 37°C, while utilizing a 40x objective.
Confocal images were obtained with the following excitation lasers and emission filters: 405 nm /
435-480 nm (Hoescht), 488 nm / 500-550 nm (mNeonGreen), 561 nm / 570-630 nm (mScarlet),

and 640 nm / 650-760 nm (LysoPrime Deep Red).

Images were analyzed on Revvity’s Harmony software. The “Find Nuclei” module with
method “C” was used to segment nuclei in the Hoescht channel, and the cell count was estimated

by summing the number of segmented nuclei in a well. The “Find Cytoplasm” module with method
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“B” was used with the LysoPrime Deep Red channel to segment the cell body. The “Find Spots”
module with method “C” was used to segment lysosomes within the cytoplasm in the LysoPrime
Deep Red channel and VOA3-puncta in the mScarlet channel. The “Calculate Intensity Properties”
module was used to measure the total signal of V1B2-mNeonGreen, VOA3-mScarlet and
LysoPrime Deep Red in total within a cell, in segmented lysosomes and in segmented VOA3-
puncta. The “Calculate Morphology Properties” module was used to measure the area of
segmented VOA3-puncta and segmented lysosomes. The total signal of V1B2-mNeonGreen and
VOA3-mScarlet within cells was divided by the cell count to measure changes of total V1B2 and
VOAS3 subunit abundance within cells, respectively. The total signal of V1B2-mNeonGreen and
LysoPrime Deep Red within segmented VOA3-puncta were divided by the total area of segmented
VOAS3-puncta as an estimate of Voand Vi complexes bound together and lysosomal overlap with
Vo, respectively. The total signal of V1B2-mNeonGreen and VOA3-mScarlet within lysosomes
were divided by the area of segmented lysosomes as an estimate of Vi and Vo complexes

localized within lysosomes, respectively.

Cathepsin activity and lysosomal proteolytic activity assays

Cells were seeded in collagen-coated 96-well plates with density of 30,000 cells per well
for SH-SY5Y cells and that of 8,000 cells per well for N2a cells. After an overnight incubation, the
cells were stained with 2 ug/mL of Hoescht in culturing media for 5 minutes, followed by one wash
in culturing media and one wash with live-imaging media. For SH-SY5Y cells, live-imaging media
was composed of EMEM without phenol red: F-12 without phenol red with 10% FBS, and for N2a
cells it was composed of EMEM without phenol red, 10% FBS, 1% GlutaMAX supplement, 1%
NEAA and 1% sodium pyruvate. The compounds being tested were diluted in live imaging media
to a final concentration of DMSO of 0.1%, which were added to cells and placed in incubator. 50
uL of each compound was added per well. For measure of active cathepsin D, cells were treated

with compounds for 4 hours. Then 12.5 pL of 2.5 yM BODIPY-Pepstatin A (Thermo Fisher
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Scientific, cat#P12271) in live-imaging media were added to each well for a final concentration of
0.5 pM. The cells were incubated for 45 minutes, then washed once with live imaging media and
then imaged. For magic red substrate assays, cells were treated with pH-modifying compounds
for 4 hours, after which 5.5 yL of 2 uyM magic red substrate for cathepsin B (Abcam,
cat#ab270772) or for cathepsin L (Abcam, cat#ab270774) in live-imaging media were added to
each well for a final concentration of 0.2 uM. Cells were incubated for 1 hour and then imaged.
For DQ-BSA assays, cells were treated with pH-modifying compounds for 3 hours, after which 5.5
uL of 100 ug/mL DQ-BSA (Thermo Fisher, cat#D12051) in live imaging media was added for a
final concentration of 10 ug/mL. For the time-course with SH-SY5Y cells, cells were imaged every
30 minutes starting 1 hour after DQ-BSA addition for 5.5 hours. For the experiment with N2a cells,
cells were imaged 3 hours after DQ-BSA addition. Confocal images were obtained with the
following excitation lasers and emission filters: 405 nm / 435-480 nm (Hoescht), 488 nm / 500-

550 nm (BODIPY), and 561 nm / 570-630 nm (DQ-BSA and magic red substrates).

Images were analyzed on Revvity’s Harmony software. The “Find Nuclei” module with
method “C” was used to segment nuclei in the Hoescht channel, and the cell count was estimated
by summing the number of segmented nuclei in a well. The “Find Cytoplasm” module with method
“B” was used with the BODIPY, Magic Red substrate, or DQ-BSA channels to segment the cell
body. The “Find Spots” module with method “C” was used to segment puncta in the BODIPY and
magic red channels, and with method “D” to segment puncta in the DQ-BSA channel. The
“Calculate Intensity Properties” module was used to measure the total signal within segmented
puncta of BODIPY-pepstatin A, magic red substrate or DQ-BSA within their respective channels.
Each of these was divided by the number of cells within a well to estimate the total signal of each
of the probes per cell as an estimate of mature cathepsin D for BODIPY-pepstatin A, cathepsin B

or L activity for magic red substrates, and lysosomal proteolytic activity for DQ-BSA.
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Mitophagy assay

N2a cells were seeded in collagen-coated 96-well plates at a density of 8,000 cells per
well. After an overnight incubation, the cells were incubated in 1 pg/mL of Hoescht and 100 nM of
Mtphagy dye (Dojindo, cat#MT02) in FBS-free media for 30 minutes. Cells were then washed
once with FBS-free media and twice with live-imaging media, which was composed of EMEM
without phenol red, 10% FBS, 1% GlutaMAX supplement, 1% NEAA and 1% sodium pyruvate.
Next, 50 uL of live-imaging media containing 0.1% DMSO, 100 nM BaF or 5 yM WNK463 were
added to each well. Mitophagy was then induced with the addition of 5.5 pL of live-imaging media
containing 100 uM of FCCP (MedChem Express, cat#HY-100410) and 100 uM of oligomycin
(MedChem Express, cat#HY-N6782) for a final concentration of 10 uM for both. Cells were then
incubated for an additional 4 hours and then imaged live with an Opera Phenix high content
imager. Confocal images were obtained with the following excitation lasers and emission filters:

405 nm / 435-480 nm (Hoescht), and 561 nm / 570-630 nm (Mtphagy dye).

Images were analyzed on Revvity’s Harmony software. The “Find Nuclei” module with
method “C” was used to segment nuclei in the Hoescht channel, and the cell count was estimated
by summing the number of segmented nuclei in a well. The “Find Cytoplasm” module with method
“B” was used with the Mtphagy dye channel to segment the cell body. The “Find Spots” module
with method “D” was used to segment puncta in the Mtphagy dye channel. The “Calculate
Intensity Properties” module was used to measure the total Mtphagy signal within the segmented
puncta. This measure was divided by the number of cells per well to measure the Mtphagy signal
per cell to measure the volume of acidified mitochondria per cell which is correlated to the amount

of mitophagy occurring.
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Quantification and statistical analysis

Quantification of FIRE-pHLy primary screen

FIRE-pHLy primary screen data was analyzed on SMDC HiTS version 2.4 (UCSF), where
FIRE-pHLy Ratio percent relative effect, FIRE-pHLy Ratio fold-change, FIRE-pHLy Ratio b-score,

and mCherry signal per cell fold-change values were calculated for every screened compound.

Selection of Active compounds from candidate compound screen

We selected “active” compounds based on the following four properties: a) bottom plateau
of FIRE-pHLy ratio FC curve of 0.85 or 65% relative to OXA-01 (b) dose-dependent decrease in
FIRE-pHIly ratio (c) bottom plateau of nuclear count greater than 0.3 fold-change or an ECsq for
nuclear count that was at least 5-times greater than that for FIRE-pHLy ratio d) top plateau of
mCherry signal per cell FC curve less than 2.5 fold-change. Thirty-two compounds passed the
activity threshold. Eight compounds were removed due to weak or poor-quality dose-responses,
a further nine compounds were toxic, and four increased mCherry signal per cell. Eleven

compounds remained and were ordered from commercial vendors for further testing.

Quantification of proteomics data

Lyso-IP method was validated by showing that most lysosomal proteins were enriched in
Lyso-IP fraction compared to whole cell lysate. Proteins were classified as “lysosomal” if their

Gene Ontology Cellular component annotations contained “lysosome” or “lysosomal’.

Gene enrichment analysis was performed using STRING version 12.0 (Swiss Institute of
Bioinformatics). Comparison between the lysosomal fraction of WNK463-treated cells and the

lysosomal fraction of DMSO-treated cells was used as the data set, with proteins ranked by loga
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protein abundance values. V-ATPase proteins were removed from dataset because if they were

included most significantly enriched categories reached significance due to them.

Statistical Analysis

All other statistical analyses were performed using GraphPad Prism 8. The experimental
data were presented in the form of mean + standard error (SEM), unless otherwise specified.
Information on statistical tests used and the number of biological replicates analyzed (n) in each
experiment is found in the figure legends.

Plots were designed on Prism, the graphical abstract and screen workflow from Figure

2.2.F were designed with BioRender, and figures were arranged with Adobe lllustrator.
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