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Exploring Lysosomal pH as a
Therapeutic Strategy for Neurodegeneration

Marcus Chin

Abstract

Lysosomes are a type of functional compartment, or organelle, that is responsible for crucial
cellular processes such as protein homeostasis, nutrient sensing, molecular signaling, and
secretion. These biochemical pathways ultimately dictate the intricate balance between health
and diseases, including neurodegeneration and cancer. Despite decades of research on
lysosomes, their role in devastating disorders such as Alzheimer’s disease remains largely
unknown. In order to achieve a better understanding of lysosomes, specifically in the context of
therapeutics for neurodegeneration, my thesis aimed to (1) describe the exciting field of
organelle probe development for phenotypic discovery campaigns, (2) engineer a novel
biochemical probe that measures lysosomal pH, a crucial aspect of lysosomal function in cells
and (3) launch a high-throughput drug screen focused on identifying small molecules and
possible molecular pathways that govern lysosomal function. Ultimately, this work contributes to
the actively expanding field of phenotypic drug discovery, with specific focus on lysosomal pH

and development of cell-based quantitative techniques.
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ABSTRACT

Organelles are responsible for biochemical and cellular processes that sustain life and
their dysfunction causes diseases from cancer to neurodegeneration. While researchers are
continuing to appreciate new roles of organelles in disease, the rapid development of specifically
targeted fluorescent probes that report on the structure and function of organelles will be critical
to accelerate drug discovery. Here, we highlight four organelles that collectively exemplify the
progression of phenotypic discovery, starting with mitochondria, where many functional probes
have been described, then continuing with lysosomes and Golgi and concluding with nascently
described membraneless organelles. We introduce emerging probe designs to explore organelle-
specific morphology and dynamics and highlight recent case studies using high content analysis
in order to stimulate further development of novel probes and high-content approaches for

organellar high throughput screening.



INTRODUCTION

Organelles are the main structural and functional subunits within our cells. They are the
cellular factories and powerhouses involved in maintaining cell health and homeostasis.
Disruption of specific organelle functions can be a cause or a symptom of cancer,
neurodegeneration, and rare genetic diseases, among others. To discover compounds that correct
these disruptions, phenotypic screens can take advantage of automated microscopy (high-content
imaging or high-content analysis; HCA) and clinically relevant in vitro models such as those
using patient-derived, induced pluripotent stem cells (iPSCs). Ideally, such sophisticated screens
would include organelle-specific probes that report on the structure, function, and dynamics of
organelles in live cells.

Fluorescent probes that target specific organelles include chemical dyes that bind based
on particular biological features, such as net charge or lipophilicity, and genetically encoded
protein sensors with fluorescent proteins (FPs) fused to an organelle-specific tag (Fig. 1.1A).
Small-molecule probes tend to be bright and easy to use, while genetically encoded sensors have
the advantages of high organellar specificity, controlled expression, low toxicity (for extended
live-cell imaging), and use in higher order models. Chemical and biological probes can be used
to monitor structural features such as size, shape, number, and dynamics of the organelle.
Functional probes also report on the organelle’s biological function, such as the pH and protein
degradation capacity of the lysosome or protein transport across the Golgi apparatus. HCA-based
screens take advantage of structural and functional probes to discover and characterize molecules
or genes that modulate organelle dysfunction. For HCA, ideal fluorophores have high

photostability for live imaging, high quantum yield for sensitivity, and narrow excitation and



emission spectra to allow multi-color imaging. Furthermore, fluorescence-based sensors should
show low toxicity and minimally perturb organelle function.

For some organelles, an array of functional probes are already available; for others,
organelle-specific sensors are being actively developed or sit on the more distant horizon
(Rosania et al., 2003; Thompson et al., 2017; Valm et al., 2017; Zhu et al., 2016). For example,
functional probes to quantify mitochondrial health have been utilized throughout the drug
discovery industry, particularly to predict hepatotoxicity (Iannetti et al., 2019). For other
organelles such as lysosomes, probes have largely concentrated on interrogating one functional
aspect (e.g. pH) (Yue et al., 2016), but recent efforts aimed at improving probe specificity,
encompassing other lysosomal functions into probe design and translating existing ones into
screening paradigms. Functional probes for organelles such as the Golgi apparatus (herein
known as the Golgi) and membraneless organelles (MLOs) are in development, and are just
beginning to be utilized in high throughput applications.

Here, we introduce the state-of-the-art for the design and HCA application of organelle-
specific sensors for these four organelles (Fig. 1.1B; Table 1.1). Additional organelles have been
the subject of recent reviews (Daemen et al., 2015; Fam et al., 2018; Kempfer and Pombo, 2020;
Lajoie et al., 2014; Panda et al., 2019; Weiss et al., 2018). The emergence of new probes will
facilitate a better understanding of organellar biology and provide a platform to launch

phenotypic screens with organelle-specific readouts that are directly correlated with diseases.
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Figure 1.1 Organelle-specific probes elucidate intricate networks and a multitude of foci within the animal
cell.

(A) Maximum intensity projection of images captured by a multispectral lattice light sheet microscope of a COS-7
cell either expressing fluorescent proteins or labeled with dyes targeting different organelles including the
endoplasmic reticulum (ER), lipid droplets (LDs), the Golgi, lysosomes, mitochondria, and peroxisomes (adapted
with permission from Cohen et al., 2018). (B) A schematic depicting the major organelles in an animal cell and
highlighting the organelles that are the focus of this review. See also Table 1.1. Created with BioRender.com.

MITOCHONDRIA

Mitochondrial structure, function, and disease relevance

Mitochondria, often called “powerhouses™ of the cell, produce adenosine triphosphate
(ATP), the energy currency of most cellular processes. Mitochondria are composed of an outer
and inner membrane, which is the site of ATP-generating oxidative phosphorylation. Highly
convoluted cristae structures of the inner membrane increase surface area to maximize ATP yield
through the electron transport chain (ETC). As electrons are shuttled through the ETC, the
mitochondrial membrane potential (AY) forms between the negatively-charged matrix and
positively-charged intermembrane space to maintain ATP production and storage (Fig. 1.2A).
Additionally, mitochondria have important roles in regulating apoptosis, cellular redox

homeostasis, intracellular calcium signaling, and neurogenesis (Ji et al., 2020; Khacho and Slack,



2018; Liu et al., 2020; Vringer and Tait, 2019). Interestingly, mitochondria are not synthesized
de novo; instead, they are recycled through regulated cycles of fission and fusion (Mclnnes,
2013). Finally, mitochondria are the only non-nuclei organelles in animal cells with their own
DNA (mtDNA) that codes for RNAs and proteins involved in oxidative phosphorylation.
Mitochondrial dysregulation has broad implications in disease, particularly in
neurodegeneration and myopathies. Neurons and muscle cells may be particularly vulnerable
because their functions depend heavily on ATP consumption (Chanséaume and Morio, 2009;
Mattson et al., 2008). Specific mutations in mitochondria-related proteins lead to myopathies
such as Duchenne muscular dystrophy, where excessive calcium exposure leads to mitochondrial
swelling, overproduction of reactive oxygen species (ROS), and increased mitochondrial
permeability (Vila et al., 2017). Additionally, mitochondrial damage is also an effect of
environmental toxins and drugs, particularly in the liver (drug-induced liver injury, or DILI)
(Aleo et al., 2014). The diversity of mitochondrial dysfunctions in disease justifies the design of

probes that monitor these different functions.

Structural and functional probes for mitochondria

The development of fluorescent dyes and genetically encoded probes to monitor
mitochondrial function is advanced compared to many other organelles. Probes cover a broad
array of mitochondrial features, including A¥Y, mtDNA, ATP and ROS (Fig. 1.2A-D). Many of
these are suitable for live imaging, allowing the measurement of dynamics. Furthermore,
multiple probes have been used in combination to discover and characterize molecules that

modulate mitochondrial function.
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Figure 1.2. Examples of biomarkers used in live-cell readouts to quantify mitochondrial health.

(A) Cationic fluorophores that target the negative mitochondrial membrane potential (A¥) in the matrix.
Tetramethylrhodamine methyl ester (TMRM) is a functional probe that uses electrostatic interactions with the
polarized AY to directly measure changes in AY (Elmore et al., 2004). (E)-1-dodecyl-4-(2-(9-(2-ethoxyethyl)-9H-
carbazol-3-yl)vinyl)pyridin-1-ium iodide (ECPI-12) is a structural probe that uses reaction-free lipophilic
interactions with the mitochondrial inner membrane (Zhang et al., 2019). MitoTrackers are structural probes that
irreversibly bind to thiol groups to permanently stain mitochondria independent of AY fluctuations (Chazotte, 2011).
(B) The proprietary mitochondrial DNA (mtDNA) probe SYBR Gold binds directly to mtDNA present in
mitochondrial nucleoids (Jevtic et al., 2018). (C) Probes designed to target ATP include charged rhodamine-based
spirolactams (RSL") and Adenosine 5-Triphosphate indicator based on Epsilon subunit for Analytical Measurements
(ATeam) (Imamura et al., 2009). ATeam is shown with the epsilon (¢) subunit flanked between Cyan Fluorescent
Protein (CFP) and Yellow Fluorescent Protein (YFP). (D) MitoSOX Red targets reactive oxygen species (ROS)
within live mitochondria (De Biasi et al., 2016). Created with BioRender.com.

Cationic lipophilic dyes, such as tetramethylrhodamine methyl ester (TMRM) are
functional probes that report on changes in AY. TMRM accumulates inside live mitochondria

and forms temporary electrostatic interactions with the polarized AY (Fig. 1.2A). When



mitochondria are depolarized or damaged, these ionic interactions are lost, TMRM diffuses
away, and mitochondrial fluorescence intensity decreases. TMRM also shows fast membrane
equilibration, high specificity, low ETC inhibition, and low toxicity (Elmore et al., 2004).
TMRM has been extensively used to investigate mitochondrial AY in cancer cells; for instance,
lung (A549, H446, SPC) and breast (MCF-7) cancer cells were shown to have higher AY
compared to noncancerous control cells (Creed and McKenzie, 2019; Zhang et al., 2015). More
recent AW probes like ECPI-12 (named after its modified Cj;-alkyl chain) rely on hydrophobic
interactions to localize to the inner mitochondrial membrane without permanently binding to
thiol groups (Fig. 1.2A). Therefore, ECPI-12 is highly A¥-independent and allows for high
biocompatibility in situ and long-term tracking of mitochondria with fewer mitotoxic side-effects
(Zhang et al., 2019) compared to commercially available dyes such as MitoTrackers that are
reaction-based (Chazotte, 2011; Zhang et al., 2019).

Visualizing mtDNA provides another avenue to probe mitochondrial structure and
function (Fig. 1.2B). Jevtic et al. tested whether a positively charged cyanine dye called SYBR
Gold could selectively label mitochondrial nucleoids, the region within the mitochondria that
houses mtDNA (Jevtic et al., 2018; Tuma et al., 1999). At low concentrations, SYBR Gold
preferentially accumulated within unperturbed mitochondria in live cells. Super-resolution
structured illumination microscopy (SIM) (Gustafsson et al., 2008) was then used to track
mitochondrial nucleoid motion. Though at an early stage of development, mtDNA-binding dyes
like SYBR Gold could eventually probe mtDNA-related pathologies, such as systemic lupus

erythematosus (Caielli et al., 2016), and be multiplexed with other functional dyes.



ATP levels are an important indicator of mitochondrial health. ATP is commonly measured by
bioluminescent assays that detect the ATP-dependent luciferin-luciferase reaction (Crouch et al.,
1993). These assays require cell lysis and are not selective for mitochondrial ATP; by contrast,
an ideal ATP probe would work in living systems and bind specifically to mitochondrial ATP.
To address these challenges, de la Fuente-Herreruela et al. introduced a small-molecule dye
called rhodamine-based spirolactam (RSL") that accumulated specifically in mitochondria and
measured mitochondrial ATP levels in live cells (de la Fuente-Herreruela et al., 2017) (Fig.
1.2C). Hydrogen bonding between the polyphosphates in ATP and the diethylenetriamine moiety
in RSL" led to opening of the spirolactam ring, resulting in increased fluorescence. RSL"
measured baseline ATP levels in human skin fibroblasts as well as ATP depletion in mouse
embryonic fibroblasts treated with a mitochondrial toxin.

Adenosine 5-Triphosphate indicator based on epsilon (¢) subunit for analytical
measurements (ATeam) is a genetically encoded ATP sensor based on fluorescence resonance
energy transfer (FRET) (Fig. 1.2C). ATP binding causes a conformational change in the ¢
subunit of Bacillus subtilis FoF-ATP synthase, bringing cyan-FP (CFP) and yellow-FP (YFP)
variants in proximity to activate a FRET signal (Imamura et al., 2009). One in vivo study used
ATeam to report mitochondrial ATP levels in a peripheral neuropathy mouse model. ATeam was
fused to the mitochondrial targeting sequence of cytochrome ¢ oxidase VIII (COX VIII) and was
expressed in the demyelinated axons of mice (van Hameren et al., 2019). Van Hameren et al.
concluded that in demyelinating neurodegenerative diseases, decreased mitochondrial ATP
levels were due to dysregulated ATP production and increased export rate of mitochondrial ATP

to the cytoplasm by ADP/ATP translocase. By localizing ATeam to the mitochondria, this study



provided novel insight on the role that axonal mitochondria had on the production of ATP under
pathological conditions.

Mitochondria are hotspots for the formation of ROS, which are important signaling
molecules at normal concentrations; however, when mitochondria are damaged, electron leakage
can result in the harmful overproduction of ROS (D’Autréaux and Toledano, 2007; Murphy et
al., 2016). MitoSOX Red is a commonly used dye that discriminates between cellular and
mitochondrial ROS production (De Biasi et al., 2016). MitoSOX Red targets the negatively
charged mitochondrial inner membrane through the addition of the lipophilic, cationic
substituent triphenyl phosphonium and fluoresces when it reacts with superoxide (Deshwal et al.,
2018; Kaludercic et al., 2014) (Fig. 1.2D). Genetically encoded ROS sensors such as HyPer are
based on yeast and bacterial ROS-detecting proteins and specifically measure hydrogen peroxide
within mitochondria (Ermakova et al., 2014; Markvicheva et al., 2011).

There are several genetically encoded sensors that measure mitochondrial redox state
(Liao et al., 2020). Fluorescent proteins roGFP1/2, rxYFP, and rxmRuby2 contain cysteine
mutations near the proteins’ chromophore (Banach-Latapy et al., 2014; Hanson et al., 2004;
Piattoni et al., 2019). Under oxidative environments, the cysteine residues form a disulfide bond
and the chromophore is protonated, leading to a shift in its excitation spectrum (from 488 nm to
405 nm for roGFP, for instance). Relative redox environment is thus determined by exciting the
protein at both wavelengths and measuring the fluorescence ratio. These probes can then be
targeted to different regions within mitochondria by adding mitochondrial localization signal
sequences. For instance, targeting rxYFP to the mitochondrial matrix and the intermembrane
space demonstrated that the latter is more oxidizing than the former; furthermore, these probes

showed that the redox properties of mitochondria and cytosol were independently regulated (Hu
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et al., 2008). Very recently, Werley et al. used the mitochondrial targeting sensor mito-roGFP2-
Grx1 as part of an array of 20 genetically encoded sensors that have the potential to elucidate
signaling cascades and mechanisms of action of chemical probes and drug leads (Werley et al.,

2020).

Multiplexing mitochondrial probes for high-content analysis and screening

Mitochondrial dysfunction has become a focus for early diagnosis and intervention for
neurodegenerative diseases (Peng et al., 2020). To study mitochondrial function in neurons,
Varkuti et al. measured AY and ATP levels, as reported by TMRM and luciferase respectively,
in wild-type primary mouse neurons. Primary screening of 2,400 drugs identified 120 hits that
promoted TMRM fluorescence and ATP generation, with a subset validated to promote
mitochondrial respiration, mitochondria branching, and overall neurite area. Under
neurodegenerative disease contexts such as oxidative stress and Alzheimer’s disease mutation,
several drugs also protected against AW decline (Varkuti et al., 2020). To develop a human-
relevant screening model for Parkinson’s disease (PD), Little et al. were the first to use HCA to
evaluate mitochondria in iPSC-derived neurons from patients with mutations in a-synuclein,
which is often mutated and aggregated in PD. In this assay, mitochondrial morphology and AY
were determined by measuring TMRM area and intensity, respectively. Cells were imaged and
individually analyzed using automated confocal microscopy. PD patient-derived cells displayed
reductions in AY and altered mitochondrial area and length compared to healthy control neurons
(Little et al., 2018).

Another study used amyotrophic lateral sclerosis (ALS) iPSC-derived motor neurons to
screen for small-molecule regulators that increased axonal transport of mitochondria (Shlevkov

et al., 2019) (Fig. 1.3A). In neurons, transport of mitochondria along the axon to distal dendritic
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networks is critical for neuronal function and communication; inhibition of axonal trafficking has
been linked to disorders such as ALS (Magrané et al., 2014; Wang et al., 2013). Shlevkov et al.
labeled mitochondria with the fluorescent protein Mito-DsRed, imaged every 2 seconds for 5
mins, and used an in-house analysis pipeline to quantify the percent of motile mitochondria and
the average distance mitochondria traveled along axons and dendrites (Fig. 1.3B). From a screen
of 3,200 molecules with known bioactivity, six compounds enhanced mitochondrial axonal
transport in the ALS motor neurons. These compounds were reported to inhibit F-actin, Aurora
Kinase B (AurKB) and Tripeptidyl peptidase 1 (TPP1); indeed, knocking down these genes
phenocopied the effect of the small molecules. It is noteworthy that both the ALS and PD studies
utilized patient-derived iPSCs differentiated into cell types relevant for the disease. Though
using patient-derived cells increases the complexity of high-throughput screening, these systems

may improve translation from assay to clinic.
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Figure 1.3. Examples of mitochondrial phenotypes amenable to HCA and HTS studies.

(A) High-throughput screening identified aurora kinase B (AurKB), tripeptidyl peptidase 1 (TPP1), and F-actin as
targets of mitochondrial axonal trafficking in iPSC-derived neurons from an ALS patient (Shlevkov et al., 2019). (B)
Minimum intensity projection of a time-lapse sequence showing stationary (red) versus motile (green) mitochondria.
White arrows indicate objects that exhibit significant movement. Images were adapted from (Shlevkov et al., 2019)
with permission. (C) Schematic of mitochondrial morphofunction. Structural parameters shown are mitochondrial
outer membrane (MOM), mitochondrial inner membrane (MIM), distance between MOM and MIM (labeled “a”)
and intercristac space (labeled “b”) (Bulthuis et al., 2019). Live imaging of mitochondrial morphology using
MitoTracker probes show fragmented mitochondria (post-fission; red arrow) and elongated mitochondria (post
fusion; yellow arrow). Scale bar represents 10 um. Microscopy images were adapted from (Harwig et al., 2018) with
permission. Created with BioRender.com.

Multiplexing of mitochondrial probes is widely used for studying drug-induced liver
injury (DILI). DILI is a major cause of failure in drug development with mitotoxicity being one
common cause of hepatotoxicity. Early testing for potential mitochondrial toxicity in high-

throughput models could therefore significantly increase drug discovery success. Recently,
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Pohan et al. optimized a suite of high-throughput assays to measure mitochondria-related
biomarkers indicative of DILI, including A¥Y, ROS, and ATP, along with other cell health
parameters including cell count, glutathione, and vacuolar density (Pohan et al., 2020). Although
the assays utilized live cells, the multiplexed dyes were toxic to cells after prolonged exposure
and were therefore incompatible for real-time cell monitoring. To enable live, kinetic monitoring
of mitochondrial damage, Chandrasekharan et al. developed a screen based on the genetically
encoded mt-roGFP2 to measure mitochondrial redox and TMRM to measure AY
(Chandrasekharan et al., 2019; Gutscher et al., 2008). Using time-lapse imaging, the authors
demonstrated that mitochondrial oxidation preceded loss of membrane potential and
mitochondrial permeability; this order of mitochondrial derangement was consistent for a library
of anticancer agents. These studies demonstrate the utility of multiplexing small-molecule and
genetically encoded probes for high-throughput and time-dependent measurement of
mitochondrial damage for in vitro toxicology prediction.

The bidirectional relationship between mitochondrial ultrastructure and function, or
morphofunction, is emerging as a crucial aspect of mitochondrial biology and disease (Bulthuis
et al., 2019). Mitochondria morphofunction includes the dynamic fission and fusion of the
mitochondrial outer and inner membranes, and the maintenance and regulation of cristae (Fig.
1.3C). These processes rapidly change given the physiological needs of the cell (Scott and
Youle, 2010) and are dysregulated in multiple diseases (Archer, 2013; Koch et al., 2016;
Waterham et al., 2007). For example, activating mutations in the protein-homeostasis regulator
valosin-containing protein (VCP) lead to excessive degradation of mitofusin — a protein essential
for mitochondrial fusion. VCP mutation thus leads to increased mitochondrial fission, decreased

function, and myopathy (Zhang et al., 2017). Interestingly, small-molecule inhibitors of the
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mitochondrial outer membrane protein GTPase dynamin-related protein 1 may be able to reverse
such excess fission (Bulthuis et al., 2019). In addition, morphofunction is phenotypically more
complex than fission and fusion alone and requires sophisticated quantitative tools to explore
mitochondrial phenotypic diversity. MitoGraph is an image analysis platform implemented by
Harwig et al. to measure individual morphometric characteristics that range from entirely
fragmented to hyper-elongated mitochondria (Harwig et al., 2018) (Fig. 1.3C). Mitochondria are
detected through image segmentation and then classified through machine learning. MitoGraph
has been validated to quantitatively analyze mitochondrial networks, volume, total length, and
degree of branching in live and fixed cells. As another example, lannetti et al. developed an
unbiased HCA workflow to compare TMRM-stained mitochondria from two primary human
skin fibroblast lines. Using confocal microscopy and multivariate analysis, over 30
mitochondrial descriptors were identified, including mitochondrial shape and branching (Iannetti
et al., 2016). Morphofunction analysis could be a compelling approach for unbiased phenotypic

drug screening for mitochondrial dysfunction.

Prospect of mitochondrial phenotypic discovery

Taking advantage of the unique structure, functions, and dynamics of mitochondria,
diverse chemical and genetically encoded sensors have been developed. Many of these probes
are active in live cells and have been incorporated into multiplexed screens and sophisticated cell
models. While there is always room for innovation, the maturity of sensor development for

mitochondria serves as inspiration for other organelles.
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LYSOSOME

Lysosomal structure, function, and disease relevance

Lysosomes are small membrane-bound organelles that serve as major cellular sites for
macromolecule degradation, a feat performed by lysosomal hydrolases that operate under acidic
conditions. Enzymatic activity is ensured by tight regulation of lysosomal pH, which is
profoundly acidic (pH~4.5) compared to other organellar compartments (Casey et al., 2010).
Low pH is set by the vacuolar-type H-ATPase (V-ATPase) pump that generates a proton
gradient by hydrolyzing ATP. Other ion channels and transporters are also involved with
balancing ion flux between the lysosomal lumen and cytosol (Mindell, 2012).

Lysosomes are part of the greater endolysosomal network that encompasses endocytosis,
membrane trafficking, membrane maturation, and autophagy. This network is critical to cellular
homeostasis and is implicated in many diseases. Compared to lysosomal assays, autophagy
screening is relatively mature and has been previously reviewed (Fleming et al., 2011; Panda et
al., 2019; Shu et al., 2012). In contrast to autophagy, endosomal probe development is more
nascent. Defining endosomes is difficult due to the heterogeneous characteristics of endosomal
types and biochemical markers (Naslavsky and Caplan, 2018). Lysosomes are positioned
between autophagosomes and endosomes in terms of sensor and HCA development and
represent an emerging target for phenotypic discovery.

For decades, lysosomes were regarded as static organelles that received and degraded
waste. Relatively recently, they have garnered attention as potential primary therapeutic targets
because of newly appreciated functions in protein homeostasis, cellular signaling, nutrient
sensing, immune response, and secretion (Appelqvist et al., 2013; Settembre et al., 2013). In

lysosomal storage disorders (LSDs), for instance, genetic mutations cause lysosomal enzyme

16



deficiencies and impede the degradation of lipids and proteins. Accumulated waste material,
such as cholesterol, is observed across different cell types, including those found in the central
nervous system (Bi and Liao, 2010). Additionally, lysosomal enlargement is thought to cause
lysosomal impairments, overall cellular dysfunction and cell death in LSDs. Likewise,
underperforming lysosomes are linked to the pathogenesis of neurodegenerative diseases. For
instance, lysosomal acidification defects are seen in Alzheimer’s disease models (Colacurcio and
Nixon, 2016; Harguindey et al., 2007; Wolfe et al., 2013). The expression and activity of
lysosomal enzymes such as cathepsins are also changed (Stoka et al., 2016). Together, these data
suggest that abnormal lysosomal pH reduces degradative efficiency, compromising protein
homeostasis and leading to neurodegenerative disease protein deposition. Cancers, by contrast,
are characterized by hyperactive lysosomal function, including alterations in lysosomal
positioning, composition and volume. Increased activity of lysosomal hydrolases and their
enhanced extracellular secretion degrades the extracellular matrix and allows cancer cells to

become invasive (Kallunki et al., 2013; Kirkegaard and Jaatteld, 2009).

Lysosome-based screening

Because abnormal lysosomal function is strongly linked to disease pathogenesis,
lysosome-specific probes are highly desirable for phenotypic screening. Several HTS studies
have explored phenotypes such as lysosomal size, positioning, and calcium regulation in relation

to LSDs and cancer (Fig. 1.4).
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Figure 1.4. Lysosomal phenotypes and diseases highlighted in recently developed probes and HTS studies.
References (from left to right): Lysosomal enlargement (Xu et al., 2014); substrate accumulation (Pugach et al.,
2018); calcium homeostasis (Colussi and Jacobson, 2016); pH and ion balance (Chen et al., 2015; Leung et al.,
2019; Chin et al., 2020; Ponsford et al., 2020; Webb et al., 2020); Positioning and trafficking (Circu et al., 2016;
Ishii et al., 2019). Created with BioRender.com.

A majority of lysosome-based phenotypic screens have focused on LSDs. For example,
to study Niemann-Pick disease type C (NPC), two independent groups developed HCA assays
using patient-derived NPC fibroblasts to screen against lysosomal morphology and cholesterol
accumulation (Fig. 1.4). NPC is caused by mutations in the cholesterol and lipid transporter
genes NPC1 or NPC2, which results in substrate buildup and enlargement of lysosomes. Xu et al.
measured the fluorescence and size of lysosomes using LysoTracker, a dye that accumulates in
acidic organelles. During assay validation, they found that methyl-B-cyclodextrin (MBCD),
which is known to sequester cholesterol (Ilangumaran and Hoessli, 1998; Rosenbaum et al.,
2010), reduced the size of enlarged lysosomes found in NPC cells (Xu et al., 2014). Pugach et al.
further profiled lysosomal size with LysoTracker and immunofluorescence staining of lysosome-
associated membrane protein 1 (LAMP1), a well-established marker of lysosomes. After
screening 3532 drugs, kinase inhibitors, and metabolites, twenty-three compounds rescued NPC
cholesterol accumulation, as stained by the cholesterol-binding dye fillipin. The antimicrobial
compound alexidine was the most active and functioned by increasing mRNA transcript and

protein levels of NPC1 (Pugach et al., 2018).
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Targeting lysosomal calcium release may also be a therapeutic approach for treating
LSDs (Fig. 1.4). Disruption of calcium homeostasis is common to multiple LSDs and causes
dysfunctional vesicle membrane dynamics and autophagy (Feng and Yang, 2016; Medina and
Ballabio, 2015; Scotto Rosato et al., 2019). Colussi et al. developed a HTS assay to identify
small molecules that restored lysosomal calcium function in Tay-Sachs disease (TSD) using
patient-derived fibroblasts, which released lower levels of calcium from lysosome stores
compared to wild-type cells (Colussi and Jacobson, 2019). Intracellular calcium was measured
using a calcium-sensitive indicator Fluo-8 AM after induction of lysosomal calcium release.
Primary screening of 1,200 FDA-approved drugs in TSD cells identified the antiparasitic drug
pyrimethamine as the most active to restore wild-type levels of calcium release. Pyrimethamine,
which accumulates in lysosomes (Clarke et al., 2011; Perrin, 1965), had been implicated in
autophagy regulation (Giammarioli et al., 2012; Tommasino et al., 2016) and lysosomal
activation (Jang et al., 2016).

Lysosomes traffic away from the perinuclear region towards the periphery during cancer
growth and metastasis (Fig. 1.4). Tumorigenic stimuli such as acidic extracellular
microenvironments promote anterograde lysosomal trafficking to the cell surface, where
cathepsins are secreted to initiate tumor invasion (Steffan et al., 2009, 2011). To discover
therapeutics that inhibited this lysosomal movement, one study developed a HCA platform and
identified modulators of lysosomal positioning in prostate cancer and glioma cells (Circu et al.,
2016). Lysosomal positioning, as visualized by LAMP1, was determined based on the number of
lysosomes that fell within a pre-designated ring region surrounding the nucleus compared to the
cytosol and/or cell surface. From a screen of 2,210 FDA-approved drugs, eighteen compounds

preferentially induced perinuclear lysosomal localization. Among the top hits was the
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antihelminthic drug niclosamide, which has previously been shown to affect cancer proliferation
and survival pathways (Lee et al., 2020; Wang et al., 2018). Niclosamide inhibited cathepsin B
secretion and blocked tumor cell migration in motility models. Interestingly, niclosamide altered
lysosomal pH, suggesting a correlation between lysosomal acidity and positioning. Taken
together, studies such as Pugach et al., Colussi et al., and Circu et al. exemplified the power of
drug repurposing campaigns focused on screening lysosomal-specific phenotypes in disease-

relevant cell models.

Functional probes targeted to lysosomes

Traditional lysosomal dyes are lipophilic, weak bases that pass through membranes and
preferentially target acidic compartments such as lysosomes and late endosomes. Compared to
their predecessors, newer generations of probes are organelle-selective and monitor lysosomal
functions, providing advantages for future applications in HTS.

Both small-molecule and genetically encoded probes have been designed to measure lysosomal
pH. Superior LysoProbes are rhodamine-based dyes that achieve specific lysosomal localization
and probe retention by exploiting N-linked glycosylation, a common post-translational
modification present on lysosomal membrane proteins that protects them from degradation
(Chen et al., 2015) (Fig. 1.5A). Superior LysoProbes were conjugated with N-linked glycan
moieties such as lactose and contained a fluorescent rhodamine spirolactam that was sensitive to
acidic pH in the range of 4.8 to 6.0. The authors applied this probe to map both lysosomal
position and pH changes in response to lobaplatin, a novel anticancer cisplatin analog that
induced apoptosis. Compared to control, lobaplatin-treated cells showed enlarged and less acidic
lysosomes that accumulated away from the perinuclear region. Thus, Superior LysoProbes were

applied to profiling multiple derangements in lysosomes during apoptosis.
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Very recently, three genetically encoded lysosomal pH probes have emerged, each
focused on a different application. Each included the lysosomal protein LAMP1 fused to
different fluorescent protein pairs to measure pH changes in the lysosomal lumen. One FP was
selected for sensitivity to pH, while mCherry was used as a reference to normalize protein
expression. Ponsford and colleagues created a probe called Ratiometric pHluorin (RpH)-
LAMPI1-3xFLAG, which detected pH from 4.0 to 7.0. The authors used this probe to map
lysosomal pH in cell lines and primary neurons as a function of culture times and learned that pH
was highly stable over several days in culture (Ponsford et al., 2020). Webb et al., designed
pHLARE (pH Lysosomal Activity REporter), which used superfolder (sf) GFP to sense pH from
4.0 to 6.0 in cancer cells. Interestingly, transfecting the non-transformed breast cell line MCF10a
with the oncogene hRASV12 lowered lysosomal pH from 5.23 to 4.67 (Webb et al., 2020).
Finally, Chin and colleagues developed Fluorescence Indicator Reporting pH of Lysosomes
(FIRE-pHLYy), using monomeric teal fluorescent protein 1 (mTFP1) as the pH sensor domain and
measured pH from 3.5 to 6.0 (Fig. 1.5B) (Chin et al., 2020). FIRE-pHLy was stably expressed
and demonstrated consistent response to the V-ATPase inhibitor bafilomycin in cancer cells,
neurons, and in Caenorhabditis elegans animals. Notably, FIRE-pHLy quantitation used
automated microscopy and analysis, demonstrating the potential for future HTS studies with this
and potentially with related ratiometric pH sensors.

Besides pH, intraluminal chloride (CI') concentration also plays a major role in lysosomal
acidification by balancing the positive transmembrane voltage gradient generated by protons
(Mindell, 2012). Deficits in chloride homeostasis lead to severe lysosomal pathologies. For
example, deficiency of CLC-7, an H'/CI antiporter, causes both bone resorption failure and

LSD-like neurodegenerative phenotypes (Kasper et al., 2005; Weinert et al., 2010). To better
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understand Cl'-mediated lysosomal dynamics, Leung et al. engineered a DNA-based ratiometric
biosensor called ChloropHore, which simultaneously measured pH and CI ions in lysosomes
using two independent sensor domains based on small-molecule dyes previously described (Saha
et al., 2015). An anionic integration domain aided in lysosomal targeting via receptor-mediated
endocytosis (Fig. 1.5C). ChloropHore reported pH from 4.5 to 6.5 and physiological CI’
concentrations from 5 mM to 120 mM (Chakraborty et al., 2017). Addition of ChloropHore to
patient-isolated NPC fibroblasts identified differences in diseased lysosomal subpopulations.
Compared to wild-type cells, NPC cells showed overall lower numbers of lysosomes with high
CI' concentrations. Furthermore, the luminal CI" concentrations in perinuclear lysosomes was
lower than in peripheral lysosomes, while pH was increased in both spatial types (Leung et al.,
2019). These data indicated the pathological consequences of aberrant lysosomal distribution,
pH, and chloride levels in NPC. This innovative study points the way to using dual ion
measurements in future HTS campaigns.

Finally, Ishii et al. developed a genetically encoded protein trafficking probe, lysosomal
MEasurement of protein Transporting integrity by Ratlo Quantification (METRIQ), that is
synthesized in the ER and traffics through the Golgi to lysosomes (Fig. 1.5D). The biosensor
consists of a lysosomal resident protein (e.g. LAMPI) attached to sfGFP, a T2A self-cleaving
peptide, and mCherry. Upon synthesis, lysosomal-METRIQ autocleaves and releases mCherry
into the cytosol, providing an internal control for expression. The remaining lysosomal sfGFP
fragment is shuttled into lysosomes where it is degraded and fluorescence is quenched.
Therefore, changes in red/green fluorescence ratios indicate alterations in trafficking and
lysosomal degradative function. 368 drugs known to inhibit intracellular signaling pathways

were added to HeLa cells stably transfected with lysosomal-METRIQ and ratios were measured
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by flow cytometry. The cyclin-dependent kinase (CDK) inhibitors Kenpaullone and purvalanol
A were among the top hits (Ishii et al., 2019). After target confirmation studies, CDK5 was
determined to decrease lysosomal biogenesis independently of cell cycle arrest, although the
exact mechanism remained to be elucidated. This study exemplified efforts to further elucidate

new targets involved in lysosomal function by screening with lysosome-specific probes.

Prospect of lysosomal phenotypic discovery

Recent studies suggest a deeper complexity to lysosomal biology than previously
imagined. Newer designs of probes bolster our understanding of lysosomes by providing more
accurate labeling and functional measurements for pH, chloride, protease activity (Cheloha et al.,
2019; To et al., 2015), and protein trafficking. Optimization of these functional sensors into HTS
platforms will pave the way for discovery of compounds that normalize lysosomal functions

altered in disease.
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Figure 1.5. Examples of lysosome- and Golgi-targeted probes.

(A) Superior LysoProbe, pH-sensitive rhodamine conjugated with N-linked glycan moieties for improved lysosomal
targeting; Chen et al., 2015. (B) FIRE-pHLy, ratiometric pH sensor chimera with cyan fluorescent protein, mTFP1,
and LAMP1 for targeting; Chin et al., 2020. (C) ChloropHore, DNA-based dual-ion reporter for lysosomal pH
(FRET-induced) and intraluminal chloride; Leung et al., 2019. (D) Lysosomal-METRIQ, self-cleaving ratiometric
probe for membrane trafficking and lysosomal integrity; Ishii et al., 2019. (E) L-cysteine carbon quantum dots (LC-
CQD) with functionalized cysteines for Golgi anchoring; R. S. Li et al., 2017. (F) Rhodamine-sphingosine (RSG),
pH sensor conjugated with lipid sphingosine for Golgi recognition; Fan et al., 2019. (G) Mnn2-pHIuorin, green
fluorescent protein pH sensor targeted to Golgi membranes; Deschamps et al., 2020. (H) Gol-SiRhoNox, Fe(II)
sensor with myristoyl motif for Golgi targeting; Hirayama et al., 2019. Created with BioRender.com.

GOLGI

Golgi structure, function, and disease relevance

The Golgi consists of interconnected stacks of flattened cisternae membranes that are
responsible for packaging, processing and sorting molecular cargoes (lipids and proteins) to
various cellular destinations. The Rab GTPases play master regulatory roles in cargo selection,
transport, and membrane fusion events. Newly synthesized cargoes undergo anterograde
trafficking from ER to the Golgi, where they are shuttled through the stacks, modified by
enzymes, and exported. Golgi matrix and tethering proteins ensure proper structural integrity and
movement through the Golgi, respectively. Retrograde Golgi-to-ER trafficking is also essential
for retrieving ER export factors and Golgi soluble N-ethylmaleimide-sensitive factor attachment
protein receptors (SNAREs) that allow for the fusion between membranes. The balance of
inward and outward membrane trafficking maintains normal ER and Golgi functions. Stressors
such as temperature, osmotic shock and drugs can disrupt this balance, causing the Golgi to
collapse into the ER and resulting in cell death (Hicks and Machamer, 2005; Spang, 2013).

Golgi structure dynamically disassembles and reassembles during mitosis (Fig. 1.6A).
Golgi dysregulation causes fragmentation or dispersal of the Golgi, a common disease

phenomenon (Hicks and Machamer, 2005; Li et al., 2019). In neurodegenerative disorders, Golgi
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fragmentation is promoted by diverse molecular mechanisms. In early-stage AD, amyloid-beta
peptides disrupt Golgi reassembly stacking proteins (Joshi et al., 2014, 2015). In PD, alpha-
synuclein aggregation interferes with anterograde trafficking (Lashuel and Hirling, 2006).
Finally in ALS, secretory vesicle trafficking is impaired (Atkin et al., 2014; Soo et al., 2015).
Dysregulation of Golgi is also found in cancer, with mechanisms including aberrant
glycosylation, overactivated Rab proteins, and elevated expression of Golgi-signaling kinases
(Petrosyan, 2015). However, despite numerous examples of Golgi dysfunction, the relationship

between Golgi morphofunction and disease remains unknown.

Phenotypic profiling of Golgi morphology using HCA methods

Since Golgi structure is complex and changes dynamically during healthy and disease
states, the information captured by imaging Golgi is multidimensional. Image analysis has
benefited from development of machine learning methods that allow images to be classified for
different phenotypes even when these phenotypes have not been pre-defined (Fig. 1.6B, C). The
use of machine learning in Golgi HCA provides an instructive example of how these methods
can be used for multiple organellar phenotypes.

Three studies utilized supervised machine learning to automatically classify Golgi
phenotypes in a high-throughput fashion (Fig. 1.6B) (Chia et al., 2012; Galea and Simpson,
2013; Galea et al., 2015). Galea et al. developed a supervised machine learning methodology
using GFP fused to GalNAc-T, a Golgi resident protein, to classify normal and damaged Golgi
phenotypes based on multiple features such as area and number of fragments. These authors then
applied this approach to screen RNAI in a kinetic assay to uncover synergies between retrograde
trafficking regulators (Galea et al., 2015). They stimulated retrograde transport with brefeldin A

and measured GalNAc-T distribution between ER and Golgi at three time points to define
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retrograde transport rates. From this screen and further mechanistic experiments, the authors

identified the critical roles of Rabs 1 and 6 in stimulating Golgi-ER trafficking.
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Figure 1.6. Golgi morphological states and HCA quantification methodologies.

(A) Schematic of Golgi structural dynamics during mitosis and disease or stress conditions. Images show
representative intact and fragmented Golgi phenotypes (courtesy of Dr. Yanzhuang Wang, University of Michigan).
Primary hippocampal neurons were treated with control or amyloid-beta peptides and stained for Golgi reassembly-
stacking protein of 65 kDa, GRASP65 (green) and neuron marker, NeuN (red). Scale bars in all images, 10 um. (B)
Example of supervised Golgi HCA workflow (Galea and Simpson, 2013). Reference samples were chosen to
manually pre-define Golgi phenotypes. Single vector machine (SVM), one type of machine learning algorithm, then
developed a classification model based on whichever features distinguished the phenotypes from each other. The
resulting model was then applied to new samples to quantify the presence of these phenotypes. (C) Example of
unsupervised method to classify and cluster Golgi fragmentation phenotypes in siRNA gene knockdown cells
(Hussain et al., 2017). Machine learning was applied on mock control cells to separate control-like and non-control-
like states without pre-specifying phenotypes. Non-control-like phenotypes were then clustered according to a
Gaussian mixture model (GMM), a probabilistic model that learns the differences between normally distributed but
potentially overlapping subpopulations, i.e. one specific Golgi phenotype, within an overall population, i.e. all Golgi
phenotypes. Created with BioRender.com.

Unsupervised machine learning may discover previously unrecognized Golgi
fragmentation patterns (Fig. 1.6C). Hussain et al. explored a diversity of Golgi morphologies, as

extracted from GalNAc-T staining and analyzed using an unsupervised clustering framework
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(Hussain et al., 2017). From this model, new Golgi phenotypes were described and protein-
protein interactions were predicted based on related phenotypic signatures. For example, the
SNARE proteins STX18, GOSR2, USE1, USO1, and STX5 were predicted to associate based on
phenotypic similarity; these proteins had previously been shown to affect ER and Golgi
trafficking (Dilcher et al., 2003; Shorter et al., 2002; Xu et al., 2000), and were predicted to form
physical complexes (Hussain et al., 2017). Thus, unsupervised clustering models described many

additional Golgi phenotypes that were useful for uncovering new biological associations.

Golgi probes with improved targeting and functionality

Small molecule probes targeting Golgi typically contain fluorophores conjugated to
sphingolipids that concentrate in the Golgi during trafficking and metabolism. For example, 7-
nitrobenz-2-oxa-1,3-diazole (NBD)-ceramide and BODIPY-ceramide dyes are used for imaging
Golgi in live cells. However, because ceramide analogs can localize to other compartments of the
cell, more specific Golgi-targeted probes are needed. Recent probes have focused on improving
Golgi-targeting while others use a combination of targeting and biosensor groups to
simultaneously measure Golgi function.

L-cysteine provides a novel Golgi targeting mechanism inspired by the cysteine-
dependent anchoring of abundant Golgi resident proteins (Aoki et al., 1992; Maeda et al., 2001).
Aoki et al. first demonstrated that cysteine residues within the membrane-anchoring domain of
galactosyltransferase are required for Golgi retention. Similarly, Maeda et al. reported that
protein kinase D, a key regulator of Golgi vesicle dynamics, is also recruited to the Golgi
network via its cysteine-rich domain. Applying this concept, Li and colleagues designed an L-
cysteine carbon quantum dot (LC-CQD) nanoprobe that targeted Golgi (Fig. 1.5E). LC-CQDs

significantly improved Golgi localization compared to D-cysteine-CQDs, indicating that cysteine
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chirality strongly influenced targeting capability. Other advantages of the probe included high
brightness and excellent photostability. Cells incubated with LC-CQD could be imaged
continuously for one hour, which was six times longer than the fluorescence of BODIPY-
ceramide or genetically encoded N-acetylgalactosaminyltransferase-GFP (Li et al., 2017).

Functional probes have been developed to measure Golgi luminal pH. Fan et al.
developed a small molecule probe that monitored changes in Golgi acidification in both live cells
and in vivo settings. The fluorescence probe, termed RSG, was composed of Golgi-targeting
sphingosine conjugated to pH-sensitive rhodamine spirolactam (Fig. 1.5F) (Fan et al., 2019).
Another Golgi pH sensor was synthesized by Deschamps et al. The genetically encoded probe
was composed of a fusion between pHluorin, a pH-sensitive GFP-based sensor, and Mnn2, a
Golgi membrane-associated enzyme (Fig. 1.5G). Golgi pH varies along the stack to govern
normal protein glycosylation (Kellokumpu et al., 2002), changing from pH 6.7 near the ER (cis)
to 6.0 near the plasma membrane (¢rans) (Paroutis et al., 2004). The pHluorin probe was used to
map cis- and medial-Golgi pH and to differentiate the roles of yeast V-ATPase subunits
(Deschamps et al., 2020). Since defects in Golgi pH are linked to cancer and cystic fibrosis,
among other diseases (Rivinoja et al., 2012), screening for compounds that modulate Golgi pH
could yield important chemical probes and new drug targets.

One group developed an iron-sensitive probe with the goal of elucidating the emerging
role of Golgi in iron metabolism. Iron homeostasis is crucial for controlling oxidative damage of
labile, or unbound, Fe(Il) in the cell. Furthermore, missorting of the iron transporter DMT1 is
linked to neurodegenerative diseases (Belaidi and Bush, 2016). Using their previously developed
Fe(Il)-specific chemical switch, Hirayama and colleagues synthesized Gol-SiRhoNox to measure

labile Fe(II) Golgi pools. Gol-SiRhoNox consisted of a myristoyl motif to aid in Golgi targeting
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and a silicon-fused rhodamine modified with N-oxide that fluoresced after Fe(II)-mediated
cleavage (Fig. 1.5H) (Ishida et al., 2013). Gol-SiRhoNox measured Fe(II) distribution in protein-
sorting deficient systems. While Fe(II) distribution was normally Golgi dominant, deletion of the
protein-sorting machinery shifted Fe(Il) and DMT]1 localization to lysosomes. However, rescue
by a molecular chaperone led to redistribution of DMT1 and Fe(II) to the Golgi (Hirayama et al.,
2019).

Anterograde trafficking from ER to Golgi can be challenging to study because
anterograde and retrograde transport occur in tandem. Boncompain and colleagues have built an
innovative system called Retention Using Selective Hook (RUSH) to synchronize transport of a
protein cargo by controlling its release from a donor compartment, e.g., ER (Boncompain et al.,
2012). The RUSH system uses two fusion proteins. One fusion protein includes streptavidin
attached to a signal sequence “hook” that localizes streptavidin to the donor compartment; the
second fusion protein contains cargo fused to a fluorescent protein and a streptavidin-binding
peptide (SBP). The fluorescent cargo is held in the donor compartment by SBP binding to
streptavidin. When biotin is added to cells, SBP is released and the cargo traffics normally to the
acceptor compartment, thus allowing imaging of uni-directional protein trafficking. The RUSH
assay was adapted to screen for small-molecule regulators of anterograde trafficking in HelLa
cells (Boncompain et al., 2019). In this screen, Manll, a Golgi glycosylase, was tagged with
eGFP and SBP; streptavidin was fused with the ER-retention signal peptide KDEL as the hook.
Upon treatment with biotin, Manll was released and transported to the Golgi acceptor
compartment within thirty minutes. From a library of 640 FDA-approved drugs, two epithelial
growth factor receptor (EGFR) inhibitors, BML-265 and Tyrphostin AG1478, caused cargo to

remain in the ER; these effects were reversible when the compound was removed. Both
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compounds also inhibited anterograde trafficking of EGFR to prevent its localization on the cell

surface, which has clinical implications in cancer (Tomas et al., 2014).

Prospect of Golgi phenotypic discovery

Golgi phenotypic discovery is being accelerated by powerful HCA techniques, which
allow visualization of the complex relationship between Golgi structure, dynamics, and
trafficking. Additionally, innovative probes that achieve better Golgi specificity and the ability to

sense pH and Fe(II) provide ripe opportunities for phenotypic screening.

MEMBRANELESS ORGANELLES

Membraneless organelles (MLOs) structure, function, and disease relevance

Membraneless organelles (MLOs) are non-membrane-bound subcellular compartments
that perform specialized biochemical functions (Crabtree and Nott, 2018) (Fig. 1.7A, B). MLOs
exist in both the nucleus and cytoplasm as liquid foci caused by liquid-liquid phase separation
(LLPS) of specific RNAs and proteins (Alberti et al., 2019; Boeynaems et al., 2018; Chong et al.,
2018; Weber and Brangwynne, 2012). MLOs play various roles in RNA processing,
ribonucleoprotein (RNP) assembly, and cellular stress response (Anderson and Kedersha, 2002;
Chang et al., 2018; Fan and Leung, 2016; Galganski et al., 2017; Kimball et al., 2003; Lafarga et
al., 2016; Lallemand-Breitenbach and de Thé, 2010; Luo et al., 2018; Morris, 2008; Pederson,
2011; Spector and Lamond, 2011; Tripathi et al., 2012; Waris et al., 2014). They are also highly
dynamic structures; in many cases, proteins and RNAs exchange with MLOs on the seconds-
minutes time scale, allowing these bodies to respond quickly to changes in cell state (Chang et

al., 2018; Moon et al., 2019). A summary of the different MLOs, their functions, constituents,
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and detection probes can be found in Table 1.2. Interest in MLOs for chemical biology and drug
discovery has dramatically increased in the past five years, and methodologies for visualizing
MLOs were recently reviewed (Mitrea et al., 2018). Due to their small size (~0.1 - 5 um) and
highly dynamic nature, these structures are the vanguard for design of functional HCA probes
and high-throughput phenotypic screens.

Given the important roles of MLOs in cellular homeostasis, perturbations in organellar
constituents could affect their function and dynamics, leading to progression of diseases such as
ALS and cancer. For instance, promyelocytic leukemia nuclear bodies (PML-NBs) contain ca.
30 proteins, including tumor suppressors (p53, PML), DNA repair factors, and apoptotic
inducers. PML-NBs are often down-regulated in cancer, suggesting a resistance to DNA
damage-mediated cell death and apoptosis (Chang et al., 2018; Guan and Kao, 2015; Gurrieri et
al., 2004; Lallemand-Breitenbach and de Th¢, 2010; Reineke and Kao, 2009). Stress granules
(SGs) are another MLO that form in the presence of a wide array of cellular stresses, and contain
translationally stalled mRNA and stalled 48S preinitiation complexes (Anderson and Kedersha,
2002; Fan and Leung, 2016; Kimball et al., 2003; Waris et al., 2014). In ALS, patient cells have
been found to contain mutant fused in sarcoma (FUS) and/or mutant TAR-DNA binding protein
of 43 kDa (TDP-43) in SGs. This recruitment may impact cellular defense mechanisms and lead
to disease progression (Baron et al., 2013; Wolozin and Ivanov, 2019). Mutations of FUS and
TDP-43 occur in low-complexity domains, protein regions with a low diversity of amino acid
composition, perhaps leaving them more vulnerable to self-association and phase-separation

(Conicella et al., 2016; Elbaum-Garfinkle, 2019; Murakami et al., 2015).
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Figure 1.7. Membraneless organelle (MLO) localization, function, and organization examples.

(A) Schematic diagram of MLOs. (B) Three-dimensional stochastic optical reconstruction microscopy (STORM) of
stress granule (SG) with green dots showing the area with high G3BP protein concentration (core) and grey surface
showing area with less concentrated material (granule shell), scale bar: 500 nm. SG assembly increases in response
to cellular stress. (C) Structured illumination microscopy (SIM) of nuclear speckle components. Three speckles
confined in white squares were enlarged for better visualization, revealing spatial organization of U2 snRNAs,
MALAT long noncoding RNAs (IncRNAs), and SC35 proteins. STORM and SIM images were adapted from (Jain
et al., 2016) and (Fei et al., 2017), respectively, with permissions. (D) Example of small molecule probes for
nucleoli rDNA detection: A thiazole orange (TO)-based dye with a styryl substituent (Styryl-TO), and for rRNA
detection: hybridized coumarin and pyronin moieties (CP) (Liu et al., 2015; Lu et al., 2016). Colors represent dyes’
emission wavelengths. See also Table 1.2. Created with BioRender.com.

MLO-based screening

Two of the drivers for HCA technology development for MLOs are their associations
with disease pathology and their novel properties compared to membrane-bound organelles. Due

to their small size and complex dynamics, MLOs require careful image analysis protocols
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(Caragine et al., 2019; He et al., 2018; Major et al., 2017). Here, we highlight a few imaging-
based screening studies that either show relevance of MLOs in chemical biology/drug discovery
or employ advanced imaging techniques. These screens use structural probes, including
fluorescence in situ hybridization (FISH) to identify RNAs (Jain et al., 2016; Wang et al., 2019),
and immunofluorescence or FP fusions to monitor proteins in MLOs (Marrone et al., 2018;
Platani et al., 2000). Of these three methods, only genetically encoded fusion proteins are
amenable to live-cell screening.

Yip et al. developed a phenotypic screening assay to identify compounds that induced
PML-NBs formation as an anticancer strategy (Yip et al., 2011). They noted that the beneficial
effects of interferon (INF) and arsenical (As;O;) treatments in cancer are due to PML-NB
formation, but their high toxicities dampen their effectiveness as anticancer treatments. The
authors hypothesize that compounds inducing PML-NB formation directly would restore the
tumor suppressor activity of PML with lower toxicity. For the screen, PML-NBs were visualized
by immunofluorescence staining of PML protein in fixed HeLa cells and were identified as
stained puncta within the nucleus. A library of 1280 drugs and a pooled combinatorial library
containing millions of compounds were screened, using IFN-gamma as a positive control.
Additionally, since DNA-damaging agents upregulate PML-NBs, markers for direct DNA
damage (phosphorylated H2AX histone and phosphorylated Chkl kinase) were included as
counter screens. The high-content screen of the combinatorial library identified N-methyl
triamine-containing compounds that induced PML-NB formation without causing
phosphorylation of H2AX and Chkl. This early example of an HCA screen for MLOs also

demonstrated the feasibility of counting these small objects in high throughput.
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As noted above, the recruitment of FUS to SGs is associated with impaired stress
responses in ALS. Disease-causing mutations such as P525L in the nuclear localization signal
(NLS) of FUS are particularly prone to SG recruitment (Marrone et al., 2018). To discover drugs
and mechanisms to reduce FUS localization to SGs, Marrone et al. developed HCA assays in
iPSCs and iPSC-derived motor neurons using fusion proteins containing eGFP fused to wild-type
(wt) or P525L-FUS. These FUS-eGFP fusions were added via CRISPR/Cas9 gene-editing,
leading to near-wild-type expression levels. Under stress, SGs containing P525L-FUS-eGFP
appeared larger and brighter than granules containing wtFUS-eGFP, indicating an impairment in
SG dynamics. Screening 1600 existing drugs in P525L-FUS-eGFP cells identified several
autophagy inducers, including rapamycin and known CNS-active drugs, that minimized size,
number, and intensity of mutant SGs. Interestingly, the authors showed that fewer than 5% of
SGs co-stained for the autophagy marker LC3, suggesting that FUS-eGFP itself, rather than
FUS-eGFP-containing SGs, were degraded by autophagy. This conclusion was in agreement
with one published study (Ganassi et al., 2016), and in contrast to another one that found
colocalization of autophagosomes and FUS+ SGs (Ryu et al., 2014). In addition to the biological
insight provided by this screen, several technical features are noteworthy. This manuscript
appears to be the first to report an HCA screen measuring endogenous SGs in live iPSCs and
motor neurons. Also, adding fluorescent fusions into the endogenous locus of the protein-of-
interest via gene editing allowed wild-type regulation and expression. This study thus represents
a significant advancement towards the goal of measuring membraneless organelle function and
dynamics in human-relevant cell models.

Nuclear speckles are among the most complex MLOs; they are involved in mRNA

processing and contain hundreds of proteins and RNAs. Remarkably, Fei et al. demonstrated
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sub-organellar spatial organization (Fei et al., 2017) within the nuclear speckle using single-
molecule FISH (smFISH) and immunofluorescence, coupled with superresolution microscopy
(SIM) (Fig. 1.7C). Furthermore, Wang et al. used FISH technology to develop an imaging-based
pooled-CRISPR screening methodology to identify proteins that modulated localization of long
noncoding RNA (IncRNA) to nuclear speckles (Wang et al., 2019). They used lentiviral
transfection to co-deliver bar-coded single guide RNAs (sgRNAs) targeting potential regulatory
RNA-binding proteins and a FISH-based reporter for the IncRNA of interest. They then
performed single-cell, multiplex error-robust FISH (MERFISH) to read the barcodes of the
corresponding sgRNA that induced or inhibited recruitment of the IncRNA into the nuclear
speckles. To demonstrate the potential of this technology, they screened 162 sgRNAs targeting
54 RNA binding proteins and successfully identified known positive and negative regulators of
the IncRNA MALATI. Two of these RNA-binding proteins, heterogeneous nuclear (hn)RNPH]1
and hnRNPK, were also shown to affect localization of other nuclear speckle constituents such
as U2 small nuclear (sn)RNA, poly-A-containing RNAs, preribosomal RNA, and MRP,
suggesting that perturbations of hnRNP genes could lead to abnormal nuclear speckle formation.
Interestingly, a few studies have shown that different MLOs work together in processing
RNAs and RNPs. For example, assembled snRNPs are transported from Cajal bodies to nuclear
speckles for protein modification, and mRNAs are transported from SGs to processing bodies (p-
bodies) for degradation (Fan and Leung, 2016; Morris, 2008). Other linkages between MLOs are
yet to be discovered. Using pools of siRNAs targeting 1354 human genes, Berchtold et al.
developed a multiplexed HCA platform to immunostain six different MLOs and identified genes
regulating MLO formation, as well as shared regulatory pathways (Berchtold et al., 2018). For

example, down-regulation of cAMP phosphodiesterases increased the number of p-bodies, while
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cAMP-dependent protein kinase (PKA) was required for formation of Cajal bodies. Furthermore,
genes regulating nucleolar morphology were also found to be involved in splicing-related
functions of nuclear speckles. This finding was in agreement with previous studies where
follicular cells with a mutation in a splicing factor gene SRRM?2 exhibited smaller nucleoli
(Policarpio-Nicolas and Sirohi, 2013; Tomsic et al., 2015). Thus, MLOs are not only highly
dynamic organelles, but also form a complex network for RNA and protein processing in the

cell.

Development of MLO-targeted probes

Fluorescent probe development for MLOs is rapidly expanding. Small-molecule
fluorophores and RNA sensors for live-cell applications will offer advantages and
complementarity to current methods for high-content and high-throughput applications.

To our knowledge, chemical probes targeting MLOs have so far only been demonstrated
for ribosomal (r)DNA and rRNA detection (Fig. 1.7D). Several reported dyes, however, suffer
from poor photostability, selectivity, and/or cell permeability (Li et al., 2006, 2013; Song et al.,
2014). A thiazole orange (TO)-based dye with a styryl substituent creates a highly selective
probe called styryl-TO that intercalates into the G-quadruplex structures of rDNA in live PC3
cells (Lu et al., 2015, 2016). The probe exhibits high rDNA-to-dsDNA selectivity due to its
styryl moiety. The deep red fluorescence probe CP and a naphthalimide dye called probe 1 are
also demonstrated to have good rRNA-to-DNA selectivity, photostability, and compatibility with
live-cell imaging (Cao et al., 2019; Liu et al., 2015; Zhou et al., 2015). Both CP and probe 1 bind
to rRNA through hydrophobic interactions. CP has been used to monitor live nucleoli dynamics
prior, during, and after mitosis in HeLa cells (Zhou et al., 2015). As reported by other studies

(Dundr et al., 2000; Leung et al., 2004), nucleoli were found distorted and reduced in size, finally
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disappearing during mitosis and reassembling during telophase. This study exemplified the
potential of small-molecule probes to monitor MLO dynamics.

Advanced RNA-detection methodologies, largely focused on single-molecule detection,
have generated deep insight into RNA dynamics in MLOs and provide an exciting opportunity
for live-cell HCA for screening applications. These probes were very recently reviewed
(Braselmann et al., 2020). Briefly, approaches include fluorescent-protein fusions with RNA-
binding proteins, molecular beacons, and dye-binding RNA-based aptamers. Aptamers are
nucleic acid sequences that are selected for binding to particular targets. Since Jaffrey and co-
workers described aptamers that bind to small-molecule dyes (Filonov et al., 2014; Paige et al.,
2011), several groups have developed genetically-encoded RNA sensors that bind to cell-
permeable dyes in live cells (Cawte et al., 2020; Yatsuzuka et al., 2018). As a recent example,
Cawte et al. used a FRET-based aptamer fused to a reporter mRNA to demonstrate detection of

single mRNA molecules in MLOs called paraspeckles.

Prospects for MLOs phenotypic discovery

MLO-based screens have focused on structure and composition. Emerging small-
molecule and RNA-based probes could enable high-throughput screening platforms in live cells
to visualize dynamic readouts such as rates of organelle fusion, trafficking, and colocalization of
RNAs and proteins on a much larger scale. Both the biology and technology to study MLOs are

rapidly co-evolving.

OUTLOOK

Phenotypic screening has become increasingly prevalent as a means to identify active

small molecules in human-relevant disease models. However, after primary screening,
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determining a compound’s mechanism of action often becomes a major obstacle; approaches that
accelerate this process are needed. Looking forward, organellar-based phenotypic discovery may
fill this gap by incorporating higher specificity of mechanistic information, while maintaining
clinically-relevant cellular phenotypes in assay design. Exciting new developments are on the
horizon with the emergence of improved chemical and genetically encoded probes for
organelles. Effective designs target probes to specific organelles - and even suborganellar
compartments - while measuring organelle-specific functions. By combining newer generations
of functional probes with powerful HCA and patient-derived cells, future HTS studies have the
capacity to generate large amounts of disease-relevant multi-parametric data that can be explored

to identify not only new molecular targets but also therapeutic leads for drug discovery.

SIGNIFICANCE

Organelles are defined cellular compartments, each with its own unique structure and
function. Past technologies were tremendously useful in elucidating these properties; however, as
our understanding of organellar functions and dynamics deepens, so will the need to develop
more specific tools. As exemplified in this review, organelles are not static structures —
mitochondria undergo fusion and fission, lysosomes traffic to and from the nucleus, Golgi
disperses and reforms during mitosis and stress, and MLO constituents assemble rapidly in
response to different cellular states. Specific probes are enabling accurate labeling of organelles
and even suborganellar structures, and will allow for multiplexed measurements of organelle
systems. Recently, there has been an emphasis on organelle-specific screens using primary and
patient-derived cells that recapitulate the cellular contexts of disease, promising better translation
from bench to clinic. Taken together, organellar phenotypic discovery is brimming with novel

probes and technologies that are only just being applied to HTS platforms. In this review, we
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introduced several key organelles where we see active and innovative phenotypic discovery with

emphasis on tool development and HTS case studies.
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TABLES

Table 1.1. Summary of organelle detection probes.

Probe

type
TMRM small
molecule
ECPI-12 small
molecule
MitoTracker small
molecule
SYBRGod _Small
molecule
RSL+ small
molecule
genetically
ATeam encoded
MitoSox Red small
molecule
LysoTracker small
molecule
Superior small
LysoProbes  molecule
Ifil;:))]- _ genetically
3xFLAG encoded
genetically
PHLARE encoded
genetically
FIREpHLy encoded
DNA-
ChloropHore based
Lysosomal  genetically
METRIQ encoded

GFP-GalNAc- genetically

T encoded
NBD-Cer small
molecule
BODIPY-Cer T2l
molecule
LC-CQD small
molecule
RSG small
molecule
Mnn2- genetically
pHluorin encoded
Gol-SiRhoNox small
molecule
ManlI-SBP-  genetically
eGFP encoded
anti-PML antibody

Targeting strategy

electrostatic interaction with
polarized AY

lipophilic interactions with
MIM

irreversible binding to thiol
groups in MIM

direct mtDNA binding

direct binding to
mitochondrial ATP

fused to mitochondrial
targeting sequence of COX
VIII

reacts with superoxide

ion
trapping/lysosomotropism

functionalized with N-linked
glycan moieties

fused to LAMP1

fused to LAMP1

fused to LAMP1

trafficked to lysosomes via
scavenger receptors

fused to lysosomal resident
proteins (i.e. LAMP1,
ASAHI, DNase Ila)

fused to GalNAc-T

fluorophore-labeled
ceramide

fluorophore-labeled
ceramide

anchoring in Golgi
membranes via L-cysteine
residues

conjugated with sphingosine

fused with Mnn2

conjugated with myristoyl
motif

fused to ManlI

Structure- Function- Live/Fixed
based? based? conditions?
MITOCHONDRIA

No Yes Live
Yes No Live
Yes No Live
Yes No Both
No Yes Live
No Yes Live
Yes No Live
LYSOSOMES

Yes No Both
Yes Yes Live
No Yes Both
No Yes Both
No Yes Both
No Yes Live
No Yes Both

GOLGI APPARATUS

Yes No Both
Yes No Both
Yes No Both
Yes No Both
No Yes Live
No Yes Both
No Yes Live
No Yes Both

MEMBRANELESS ORGANELLES

PML targeted

Yes

No

Fixed

Dynamic/Endpoint?

Dynamic
Dynamic
Endpoint

Dynamic

Dynamic

Dynamic

Endpoint

Dynamic

Dynamic

Dynamic

Dynamic
Dynamic

Dynamic

Dynamic

Dynamic

Dynamic

Dynamic

Dynamic

Dynamic
Dynamic
Dynamic

Dynamic

Endpoint

Cell

toxicity?

N/R**

No

No

No

No

N/R

No

No

No

No

No

No

No

N/A***

Reference(s)

(Elmore et al.,
2004)
(Zhang et al.,
2019)
(Chazotte,
2011)
(Jevtic et al.,
2018)

(de la Fuente-
Herreruela et
al,, 2017)

(Imamura et
al., 2009)

(De Biasi et
al., 2016)

(Pugach et al.,
2018; Xu et
al., 2014;
Zhang et al.,
1994)
(Chen et al.,
2015)

(Ponsford et
al., 2020)

(Webb et al.,
2020)
(Chin et al.,
2020)

(Leung et al.,
2019)

(Ishii et al.,
2019)

(Galea and
Simpson,
2013; Galea et
al.,, 2015)
(Lipsky and
Pagano, 1985)
(Pagano et al.,
1991)

(Lietal,
2017)

(Fanetal.,
2019)
(Deschamps et
al., 2020)
(Hirayama et
al.,, 2019)
(Boncompain
etal., 2012)

(Yipetal.,
2011)
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Probe Targeting strategy ~ Structure Function Live/fixed = Dynamic/ Cell Reference(s)

type based? based? conditions Endpoint toxicity?
Added via CRISPR/Cas9
_ genetically  gene-editing, leading to . (Marrone et
FUS-eGFP encoded = near-wild-type expression Yes No Both Dynamic No al., 2018)
level
rRNA targeted, hydrophobic
small group allows for nuclear (Liu et al.,
cp molecule permeability and crescent Yes No Both Dynamic No 2015; Zhou et
shape facilitates molecular al., 2015)
docking
Probel rRNA targeted, molecular
. small docking by hydrophobic . (Caoetal.,
(naphthalimide . ; Yes No Both Dynamic No
dye) molecule interactions and hydrogen 2019)
Y bonds
small rDNA G-quadruplexes . (Luetal.,
Styryl-TO molecule intercalator Yes No Both Dynamic NR 2015,2016)
Mango II . . .
aptamer genetically ~ Single mRNA transcript Yes No Both Dynamic NR (Cawte et al.,
(M2x24) encoded tagging 2020)

*No = reported no toxicities under the conditions of this study; **N/R = not reported; ***N/A = not applicable.



Table 1.2. Membraneless organelles (MLOs) functions and detection probes.

recognition particle (SRP) RNA
synthesis

Fibrillarin (FBL): m-Cerulean/GFP/Ab,
NPM1: DsRed/RFP, Nucleolin (NCL): Ab,
B23: Ab, UBTF, UTP6, RPF1, and Nop56
Chemical probes for RNA detection
SYTO RNASelect, NUCLEOLAR-ID,
Styryl dyes: E36/PY/IN, Neainfra-red dyes:
Hsd/Hsd-CB7, Crescent-shape dye: CP,
Naphthalimide dye: Probe 1, Ligand
integrated dye: Styryl-TO, Two-photon
excited fluorescence (TPEF) dye: DBF, and
Carbon dots

Membraneless Functions Major Scaffolding Constituents and Available Ref.
Organelles Detection Probes*
(MLOs)
Nucleolar MLOs
Nucleolus Ribosomal RNA synthesis, signal | Proteins (Brangwynne et al., 2011; Cao et

al., 2019; Caragine et al., 2019;
He et al., 2018; Li et al., 2006,
2013; Lu et al., 2015; Pederson,
2011; Shishova et al., 2011; Song
et al., 2014; Zhou et al., 2015)

Cajal body

Small nuclear ribonucleoproteins
(snRNP) assembly, small nucleolar
(sno)RNA metabolism, and post-
transcriptional modification of
spliceosomal U small nuclear
(sn)RNAs

Proteins
SMN complex (geminl-8 and unr
interacting protein): GFP/Ab, Coilin:
GFP/Ab, and WRAP53B

(Bergstrand et al., 2019; Dundr et
al., 2004; Morris, 2008; Platani et
al., 2000)

Nuclear speckle

snRNP modification and storage,
gene transcription, regulation of
pre-mRNA alternative splicing, i.e.
phosphorylation, cellular
distribution, splicing activity

RNA
MALAT1: smFISH and U1, U2: smFISH
Proteins
SC35: eYFP/Ab, U2B”: YFP/Ab, and SON:
Ab

(Fei et al., 2017; Galganski et al.,
2017; Spector and Lamond, 2011;
Tripathi et al., 2012)

against viral infection

NEAT1: smFISH/ Mango aptamer
Proteins

PSPC1: YFP/Ab, NONO: eGFP/Ab, SFPQ:

Ab, FUS, HNRNPK, HNRNPH3, DAZAP1,

and RBM 14

PML nuclear Tumor suppressor, sensing DNA Proteins (Guan and Kao, 2015; Guo et al.,
body damage, DNA repair, apoptosis, SUMOylated PML isoforms: GFP/Ab 2000; Gurrieri et al., 2004;
Hoischen et al., 2018)
stem cell renewal, telomere
elongation
Paraspeckle RNA retention in nucleus, defense | RNA (Bond and Fox, 2009; Cawte et

al., 2020; Fox and Lamond, 2010;
Fox etal., 2018; Wang et al.,
2018)

Nuclear stress
body

Defense against cellular stresses

RNA
satellite I1I (Sat III): biotinylated antisense
oligonucleotide

Proteins
HSF1: Ab, HSF2, SAFB, Sam68, and SRSF

(Biamonti, 2004; Chatterjee et al.,
2019)

Histone locus
body

Histone mRNA biosynthesis

Proteins

FLICE-associated huge (FLASH): Ab,
NPAT: Ab, and Mxc: GFP/Ab
RNA-protein complexes

U7 snRNP

(Duronio and Marzluff, 2017;
Kurihara et al., 2020)

Cytoplasmic MLOs

Stress granule

Storage of translationally stalled
mRNA, defense against cellular
stresses

Proteins
FUS: eGFP/Ab, G3BP: GFP/mRFP/Ab,
TIA: GFP/mRFP, TDP43, 48S preinitiation
complexes (small ribosomal subunits and
translation initiation factors, i.e. eIF2, eIF3,
elF4E, and elF4G)

(Baron et al., 2013; Fan and
Leung, 2016; Marrone et al.,
2018; Waris et al., 2014)

Processing body

mRNA decay, storage of mRNA
decay enzymes

Proteins
Lsm14A: GFP, Dcpl/ Dep2: mCherry, Cerd-
Not, Lsm1-7, Edc3, Edc4, Patl, DDX6, and
Xl

(Hubstenberger et al., 2017; Luo
et al., 2018; Sachdev et al., 2019)
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MLO(s)

Functions

Major Scaffolding Constituents and
Available Detection Probes*

Ref.

Germ granule

mRNA translation regulation in
germ cells

RNA
Nanos

Proteins
PGL-1: GFP/RFP/SNAP-tag, PGL-3, MEG-
3, MEG-4, Vasa and related DEAD box RN,
helicases(GLH-1 to 4): GFP/Ab, Argonaute
family (Aubergine, PIWI), Tudor domain
proteins, and Nanos

(Aoki etal., 2019; Lev et al.,

2019; Trcek and Lehmann, 2017;

Voronina et al., 2011)

*Bolded text represents MLOs constituents with available detection probes.
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ABSTRACT

Lysosomes are important sites for macromolecular degradation, defined by an acidic
lumenal pH of ~4.5. To better understand lysosomal pH, we designed a novel, genetically
encoded, fluorescent protein (FP) based pH biosensor called FIRE-pHLy (Fluorescence Indicator
REporting pH in Lysosomes). This biosensor was targeted to lysosomes with lysosomal-
associated membrane protein 1 (LAMPI1) and reported lumenal pH between 3.5 and 6.0 with
monomeric teal fluorescent protein 1 (mTFP1), a bright cyan pH sensitive FP variant with a pKa
of 4.3. Ratiometric quantification was enabled with cytosolically oriented mCherry using high-
content quantitative imaging. We expressed FIRE-pHLy in several cellular models and
quantified the alkalinizing response to bafilomycin Al, a specific V-ATPase inhibitor. In
summary, we have engineered FIRE-pHLy, a specific, robust and versatile lysosomal pH
biosensor that has broad applications for investigating pH dynamics in aging and lysosome-

related diseases, as well as in lysosome-based drug discovery.
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INTRODUCTION

Lysosomes support diverse cellular functions by acting as sites of macromolecular
degradation, nutrient recycling, pathogen clearance and signaling events that regulate cellular
functions (Huynh et al., 2007; Lawrence & Zoncu, 2019; Mony et al., 2016; Settembre et al.,
2013). Mammalian cells eliminate misfolded proteins using either the ubiquitin-proteasome
system or autophagy-lysosome pathway. Both play indispensable roles in protein quantity and
quality control in the cell (Ballabio & Bonifacino, 2020; Rousseau & Bertolotti, 2018). The
degradative abilities of lysosomes are conferred by an acidic lumen (pH ~4.5-4.7) (Casey et al.,
2010; Ohkuma, 1989) which contains more than fifty hydrolytic enzymes, also known as “acid
hydrolases” that break down major macromolecules into building blocks that are recycled for
cellular reuse (de Duve & Wattiaux, 1966; Ishida et al., 2013; Rudnick, 1987). Lysosomal
acidity is maintained through the vacuolar-type H'-ATPase (V-ATPase) proton pump, an
evolutionarily conserved electrogenic pump that generates a proton gradient across membranes
by coupling proton translocation with ATP hydrolysis (Beyenbach & Wieczorek, 2006).
Additional contributions to lysosomal pH setpoint are made by a number of counter-ion channels
and transporters (Mindell, 2012).

Lysosomal pH dynamics are broadly implicated in biological and disease pathways.
Loss-of-function mammalian V-ATPase mutations are embryonic lethal (Inoue et al., 1999),
highlighting the significance of lysosomal function, in particular pH, to the sustainment of life.
In cancer, aberrant V-ATPase activity is linked to hyper-acidic lysosomes that promote tumor
proliferation and invasion (Kallunki et al., 2013; Liu et al., 2018; Webb et al., 2011). Even
relatively small alterations in the proton concentration (~0.5 — 0.9 pH units) can have dramatic

effects on tumor aggressiveness (Anderson et al., 2016; Gallagher et al., 2008). In contrast, loss
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of lysosomal acidity is observed in aging. Yeast vacuoles (metazoan homolog of lysosomes) and
C. elegans lysosomes lose their acidity with increasing age (Baxi et al., 2017; Hughes &
Gottschling, 2012; Sun et al., 2020), but can be rescued with caloric restriction that upregulates
V-ATPase activity (Hughes & Gottschling, 2012). Additionally, neuronal health is highly
regulated by lysosomal function, as demonstrated by insights from human genetics that link
lysosomal dysfunction to a wide range of neurological diseases (Malik et al., 2019; Platt et al.,
2012). Notably, reduced lysosomal pH is a probable key factor in the pathogenesis of familial
forms of Alzheimer's disease, Parkinson's disease, prion diseases and amyotrophic lateral
sclerosis (Bourdenx et al., 2016; Coffey et al., 2014; Van Acker et al., 2019; Wolfe et al., 2013).
Furthermore, Alzheimer's disease-related presenilin-1 mutations have been shown to prevent
proper acidification of lysosomes by inhibiting assembly of V-ATPase subunits (Fang et al.,
2010; Lee et al., 2015; Wolfe et al., 2013). These studies highlight the importance of
investigating lysosomal pH regulatory mechanisms in disease. Collectively, these findings have
transformed our understanding of lysosomes from passive waste receptacles to dynamic
participants in regulating cellular health and disease, thus making them salient therapeutic targets
(Appelqvist et al., 2013).

Given the central role of pH in lysosomal function and overall cellular homeostasis,
numerous types of lysosomal probes have been developed. Several small-molecule pH-sensitive
dyes, organic fluorophores and synthetic probes (e.g. LysoSensor, LysoTracker, FITC-dextran,
pHrodo-dextran, DAMP, quantum dots) label and measure lysosomal pH within cells (Han &
Burgess, 2010; Jin et al., 2010; Ohkuma, 1989; Wan et al., 2014; X. Wang et al., 2020; Wolfe et
al., 2013; Zhang et al., 2013). Wolfe et al., 2013, compared the most frequently used pH probes

for their sensitivity, localization and reported the limitations encountered for accurately

73



quantifying the very low pH values of lysosomes. However, these probes have disadvantages due
to their poor specificity of subcellular targeting and cytotoxicity (e.g. LysoSensor Yellow/Blue
DND-160 function at shorter wavelengths, excitation-329nm/emission-440nm) that lead to
autofluorescence and imaging artifacts, modification of cellular metabolic activity, and leakage
from cells (Han & Burgess, 2010; Pierzynska-Mach et al., 2014; Tantama et al., 2011; Wolfe et
al., 2013).

On the other hand, genetically encoded pH biosensors based on fluorescent proteins (FP)
have many advantages such as (i) controlled expression in different cell types and tissues, (ii)
enhanced intracellular specificity and (iii) bypassing of dye-incubation steps to (iv) enable long-
term, live imaging studies in cells and animals. The first genetically encoded intracellular pH
biosensors (called 'pHluorins') were developed through directed mutations of specific residues of
green fluorescent protein (GFP) to pH-sensitive histidine residues (Miesenbock et al., 1998). The
chromophores of FP are sensitive to protons revealing correlations between pH and fluorescent
readout (Ashby et al., 2004). Genetically encoded biosensors have emerged as essential tools for
probing cellular ions including Ca™ (Miyawaki et al., 1997), H" (Miesenbdck et al., 1998), Zn*"
2 CI' (Arosio et al., 2010), Mg2+ (Lindenburg et al., 2013), and K" (Bischof et al., 2017). Several
pH-sensitive FPs have been described and targeted to inaccessible environments such as
organelle lumens to measure the pH of various intracellular compartments within the secretory-
endocytic pathway. Previously characterized biosensors include EGFP (pKa 6.0) to map
endosomal acidification (Serresi et al., 2009), pHRed (pKa 6.6) to measure intracellular pH
(Tantama et al., 2011), pHuji (pKa 7.7) for imaging exo- and endocytosis (Shen et al., 2014), and
Keima (pKa 7.7) (Katayama et al., 2011), GFP-LC3 (pKa 6) or mRFP-LC3 (pKa 4.5) for

detection of autophagy (Kimura et al., 2007). Additionally, Burgstaller ef al. utilized the cyan FP
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variant mTurquoise2 (pKa = 3.1) to develop a Forster resonance energy transfer (FRET) based
biosensor to measure pH throughout the endomembrane system (Burgstaller et al., 2019).

Recently, two ratiometric biosensors targeted to lysosomes using lysosomal-associated
membrane protein 1 (LAMP1) have been published with the following expression cassettes: (i)
mCherry-pHluorin-mouseLAMP1 (Ponsford et al., 2020) and (ii) sfGFP- ratLAMP1-mCherry
fusions (Webb et al., 2020). Both biosensors used LAMP1 for lysosomal targeting, but different
topologies of FPs for pH sensing. The described probes have a reported pKa of ~6.5 and ~5.9,
respectively. Topologically, the Ponsford et al. probe positioned both FP domains within the
lysosome lumen while in the design of Webb et al. the pH-sensing sfGFP and the mCherry
domain face the lumen and cytosol, respectively. Because the physiological pH of the lysosome
is ~4.5, a sensor with a more acidic pKa could be more suitable for reporting the acidic pH range
of lysosomes for wide-range applications.

Using the diverse toolkit of FPs (Lambert, 2019; Rodriguez et al., 2017), we engineered a
mTFP1-humanLAMP1-mCherry construct, which is a dual-fluorescent cyan/red fusion protein
that is targeted to lysosomes to report lysosomal pH. We call this biosensor Fluorescence
Indicator REporting pH in Lysosomes, or ‘FIRE-pHLY’ (Chin, Patwardhan, et al., 2021a).
FIRE-pHLy showed specificity with respect to lysosomal localization and for measuring pH
within a range of 3.5 to 6.0, with a calculated pKa of 4.4. The biosensor responded to /ysosome
alkalinizing agents and demonstrated a dynamic pH response in a variety of cell types. High-
content imaging of FIRE-pHLy allowed us to measure thousands of cells per condition and
precisely quantify these responses. Given the emerging attention to lysosomal pH in
neurodegeneration and aging, we explored the utility of FIRE-pHLy in the context of primary

neurons, human induced pluripotent stem cells (iPSCs), and neuroblastoma cells. To our
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knowledge, FIRE-pHLy is the first lysosome-targeted pH biosensor that incorporates mTFP1 as
its pH-sensing domain, allowing for pH measurements within the highly acidic range of
physiological lysosomes. FIRE-pHLy was adapted to in vitro cellular models using both

traditional imaging and high-content analysis.
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RESULTS AND DISCUSSION

Design principles for a ratiometric lysosomal pH biosensor

To develop a reliable lysosomal pH biosensor, we have selected a ratiometric system in
which the relative brightness of two reporters is used to quantify pH measurements. In this type
of ratiometric, dual-reporter system, one fluorophore changes its signal in response to proton
concentration while the other serves as a stable reference point for identifying lysosomes and
normalizing fluorescent signals. This capability represents a significant advantage over single
fluorophore biosensors that can lead to biased measurements between samples or experiments
(Grillo-Hill et al., 2014; O’Connor & Silver, 2013).

For our purposes, a ratiometric lysosomal pH reporter required the following features: (1)
a domain for lysosomal targeting, (2) a cytosolically facing fluorescent protein that exhibits
stable brightness at physiological intracellular pH (pH range 6.8 to 7.2) (Casey et al., 2010) and
(3) a lysosomal lumen-facing fluorescent protein that provides dynamic lysosomal pH sensing at
highly acidic pH (pH <5.0). For lysosomal targeting, we utilized LAMP1, a type 1 membrane
protein harboring a tyrosine-based lysosomal sorting motif in its short cytoplasmic tail (last 5
amino acids ‘GYQTTI’) (Braulke & Bonifacino, 2009; Rohrer et al., 1996). For the cytosolic, pH-
insensitive domain of the reporter, we tested a number of candidates and ultimately chose
mCherry for its brightness and fluorescent stability at physiological intracellular pH ranges and
is described in previous ratiometric studies (Cho et al., 2017; Choi et al., 2013; Grillo-Hill et al.,
2014; Shaner et al., 2004).

The success of a lysosomal pH biosensor depends upon identifying a fluorescent protein
that accurately reflects the highly acidic pH of the lysosome. The ideal fluorescent protein for

this purpose required a low pKa to allow for pH sensing within the anticipated lysosomal pH
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range from ~3.5 to 6.0. Additional major attributes in choosing a pH-sensitive fluorescent protein
include high brightness, photostability and the ability to maintain proper protein folding and
integrity within the acidic lysosomal environment. After testing different candidates, we selected
mTFP1 (monomeric teal fluorescent protein 1). A variant of cyan fluorescent protein, mTFP1
possesses a pKa of 4.3 as well as a robust sigmoidal pH response, as measured in cell-free
conditions, across a broad acidic and alkaline pH range (Ai et al., 2006). Additionally, mTFP1
resists common FP pitfalls such as photobleaching and aggregation (Shinoda et al., 2018). Thus,
mTFP1 offers a suitable balance of favorable attributes for the pH-sensitive aspect of a
ratiometric pH biosensor. The physicochemical properties of mTFP1 and mCherry are described

in Table 2.1 (Ai et al., 2006; Cranfill et al., 2016; Shaner et al., 2004).

Table 2.1. Physicochemical properties of mTFP1 and mCherry.

mTFP1 mCherry
Excitation Maximum Amax (ex) (nm) (a) 462 587
Emission Maximum Amax (em) (nm) (b) 492 610
Extinction Coefficient ¢ (M~ lcm—1) max(c) 64,000 72,000
Quantum Yield (QY) (d) 0.85 0.22
Filter set (¢) FITC, GFP, Alexa488 TRITC, mCherry, CY3
Brightness (1) 54.4 15.84
pKa (g) 4.3 4.5
Photostability t1/2 (s) (h) 163.0 68.0
Oligomerization Monomer Monomer
Origin Clavularia sp. Discosoma sp.
References 33,63 >3 02

FITC, fluorescein isothiocyanate; GFP, green fluorescent protein; TRITC, tetramethylrhodamine; CY3: cyanine-3.

(a)
(b)
(©)
(d)
(e)
®
©®
(hy

Excitation wavelength in nanometers
Emission wavelength in nanometers

Ratio of photons emitted to photons absorbed

Fluorescence filter cubes compatible for measurements

Product of Extinction Coefficient and Quantum Yield

pH at which fluorescence intensity drops to 50% of its maximum value
Time (seconds, s) to bleach to 50% emission intensity, at an illumination level that causes each molecule to emit 1,000

A measure of how strongly the protein absorbs light at a given wavelength

photons/s initially, that is, before any bleaching has occurred
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The assembled chimeric fluorescent protein construct consisted of an N-terminal,
lysosomal lumen-facing, pH-sensitive mTFP1 fused to the transmembrane portion of human
LAMP1 (hLAMP1) and a C-terminal, pH-insensitive mCherry outside the lysosome (Fig. 2.1A,
2.1B). A flexible linker (GGSGGGSGSGGGSG), rich in small and polar amino acids, was added
between mTFP1 and LAMP1 to promote correct protein folding and retention of biological and
fluorescence properties (X. Chen et al., 2013). To allow correct sorting, maintain a fixed distance
between the two proteins and minimize mCherry aggregation, a rigid linker (PAPAPAP) was
placed between LAMP1 and mCherry (X. Chen et al., 2013; Shemiakina et al., 2012).
Expression of the construct was driven by the human cytomegalovirus (CMV) or human
ubiquitin C (UbC) promoter cloned within pLJMI1 lentivirus backbone. We designated the

resulting chimeric fluorescent protein as FIRE-pHLy, for Fluorescence Indicator REporting pH

in Lysosomes.
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Figure 2.1. Design of FIRE-pHLYy, a ratiometric lysosomal pH biosensor

(A) Design of FIRE-pHLy expression cassette driven by the CMV promoter (in HEK293FT cells) or human UbC
promoter (in SH-SYSY cells) cloned in the lentiviral pJLM puromycin-resistant plasmid. Chimeric protein (N- to C-
terminus) mTFP1-hLAMP1-mCherry is targeted to lysosomes via the type-1 transmembrane human LAMP1 peptide
sequence. Linker regions 1 (GGSGGGSGSGGGSG) and 2 (PAPAPAP) allow proper folding and expression of each
protein portion. (B) Representation of FIRE-pHLy expressed on lysosomal membranes and mTFP1 fluorescence
levels in acidic and alkaline conditions. Lysosomal pH-sensitive mTFP1 located within the lumen and lysosomal
pH-insensitive mCherry is located on the cytosolic side. (C) Excitation (solid lines) and emission spectra (dashed
lines) for mTFP1 and mCherry. The 470 nm and 587 nm laser lines were used to excite mTFP1 and mCherry,
respectively. Spectra values were obtained and adapted from FPbase (Lambert, 2019). Refer to Table 2.1 for
physicochemical properties of FIRE-pHLy FPs. (D) Workflow of generating stable FIRE-pHLy cell lines using
lentiviral vectors. Representative low magnification confocal fluorescence images of brightfield (BF), mTFP1
(green), mCherry (red) and merged channels (yellow) in stable FIRE-pHLy-expressing HEK293FT cells. Scale bar
=25 pm (E-F) Live imaging frames of FIRE-pHLy expressing stable cells (E) HEK293FT and (F) SH-SY5Y with
zoomed inset highlighting mTFP1 and mCherry puncta (white arrowhead) and corresponding linescan intensity
profile measured along the white line (right panel). Scale bars = 10 pm.

Spectral compatibility is important in dual-color, ratiometric reporters. Fig. 2.1C shows
the reported peak excitation and emission wavelengths for mTFP1 (462 and 492 nm,
respectively) and mCherry (587 and 610 nm, respectively) (Ai et al., 2006; Lambert, 2019;
Shaner et al., 2004). To assess bleed-through, we experimentally compared the crosstalk and
cross-excited mTFP1 and mCherry with both 470 nm and 587 nm laser lines. mTFP1 was
excited at 470 nm and detected in the mCherry channel. Similarly, mCherry was excited at 587
nm and detected in the mTFP1 (green) channel (Fig. 2.2). In both the cases, the results show
minimal crosstalk, demonstrating that mTFP1 and mCherry exhibited suitable spectral

compatibility for ratiometric imaging.
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Detect 475-580nm Detect 592-780nm

Excite 470nm

Excite 587nm

Figure 2.2. Cross excitation of mTFP1 and mCherry.

Confocal images of FIRE-pHLy-expressing HEK293FT cells. mTFP1 is excited at 470 nm and detected between
475-580 nm, but not between 592-780 nm. Conversely, mCherry is excited at 587 nm and detected between 592-780
nm, but not between 475-580 nm. Scale bar = 10 um.

Using lentiviral transduction, FIRE-pHLy was stably expressed in human embryonic
kidney 293 (HEK293FT) cells and SH-SY5Y neuroblastoma cells (Fig. 2.1D). We then
investigated the subcellular expression pattern with live imaging (Fig. 2.1E, 2.1F). Live imaging
frames of the basolateral imaging section showed that mTFP1 puncta localized to the same
structures as mCherry as highlighted by line scan analysis (Fig. 2.1E, 2.1F). Furthermore,
simultaneous two-channel live acquisition video shows colocalization of mTFP1 and mCherry-
positive structures and their concomitant movement over time (Fig. 2.3). Finally, we probed the
lysates of FIRE-pHLy-expressing cells with an anti-LAMP1 antibody to confirm the size of the
sensor between ~130-160kD (Fig. 2.4). The two broad bands seen in the LAMP1 immunoblot
suggest that the sensor is glycosylated, which was also seen in the sensor by Webb and
colleagues(Webb et al., 2020). Taken together, the microscopic and biochemical evaluation
results confirm successful expression of the FIRE-pHLy cassette in HEK293FT and SH-SYS5Y

cells.
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Figure 2.3. Expression and live imaging of FIRE-pHly in HEK293FT stable cells.

Time-lapse merged video stills acquired using spinning-disc confocal microscopy on HEK293FT stable cells
expressing chimeric construct encoding FIRE-pHLy. Note the consecutive time-lapse images (first 8 frames, lower
panel) where mTFP1 (green) positive dynamic structures colocalize and show concomitant movements with
mCherry (red) labeled LAMPI positive lysosomes. Simultaneous acquisition using GFP/mCherry channel with 100
ms exposure, video was shown at 7 frames/s. Scale bar = 25 um.

WT  pH
260—
160— } FIRE-pHLy
110— ) endogenous
LAMP1
80—

60—

anti-hLAMP1

Figure 2.4. Western blot analysis of FIRE-pHLYy expression in HEK293FT cell lysates.

Lysates from wild-type (WT) and FIRE-pHLy-expressing (pH) HEK293FT cells were immunoblotted with an anti-
hLAMP1 antibody to detect pH sensor expression levels. The observed FIRE-pHLy molecular weight (MW) is
~130-160 kD. The observed MW of LAMP1 due to glycosylation is ~90-120 kD (note: calculated MW of LAMP1
is ~40 kD). The MWs mTFP1 and mCherry are 27 kD each. Protein loading: 20 ug/lane.

82



FIRE-pHLYy specifically localized to lysosomal compartments

We first investigated whether FIRE-pHLy expressed in HEK293FT cells sorted to
lysosomal compartments. To do so, we tested colocalization of FIRE-pHLy with lysosomal,
endosomal and mitochondrial sub-cellular markers (Fig. 2.5A-E). Cells were imaged using
immunofluorescence confocal microscopy with three laser channels. Subsequently, we
quantified the colocalization of FIRE-pHLy (using mCherry as reference) with existing markers
for various sub-cellular organelles. We first assessed lysosomal markers by immunostaining for
endogenous LAMP1 or LAMP2 or using LysoTracker Deep Red dye (Lyso-647). LAMP1 and
LAMP2 are among the most abundant lysosome-associated membrane proteins (Eskelinen,
2006; Saftig & Klumperman, 2009). Endogenous LAMP1 and mCherry showed a strong positive
correlation (r = 0.74 + 0.03) (Fig. 2.5A, 2.5F). Similarly, LAMP2, a well characterized regulator
of autophagy (Tekirdag & Cuervo, 2018), colocalized with mCherry (r = 0.67 + 0.04) (Fig. 2.5B,
2.5G). Lyso0-647 is a widely used commercially available fluorescent probe that preferentially
accumulates in acidic vesicular compartments, such as late endosomes and lysosomes (Chazotte,
2011). Co-localization of Lyso-647 and mCherry was similar to LAMP2 (r = 0.63 + 0.03) (Fig.
2.5C, 2.5H). On the contrary, early endosome antigen 1 (EEA1) is a membrane-bound protein
found specifically on early endosomes (Mu et al., 1995) and its labeling is characterized by large
distinct ring-like structures (Wilson et al., 2000). In contrast to the lysosomal markers, a lower
fraction of mCherry associated with EEA1 (r = 0.41 + 0.02) (Fig. 2.5D, 2.51) likely reflecting the
maturation of FIRE-pHLy through the highly dynamic endolysosomal continuum (Jovic et al.,
2010). Finally, MitoTracker Deep Red (Mito-647) was used to stain mitochondria as a negative
control (Fig. 2.5E, 2.5J). Most Mito-647 exhibited minimal colocalization with FIRE-pHLy (r =

0.26 £ 0.03). The small percentage of colocalization was anticipated because mitochondria-
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lysosome crosstalk is known to occur (Deus et al., 2020; Lahuerta et al., 2018).
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Figure 2.5. FIRE-pHLYy localizes to lysosomal compartments.

(A-E) Representative images of FIRE-pHLy-expressing HEK293FT cells stained with various markers (shown in
magenta). (A) LAMP1 (lysosomal membranes), (B) LAMP2 (lysosomal membranes), (C) LysoTracker Deep Red or
Lyso-647 (acidic compartments), (D) EEA1l (early endosomes), (E) MitoTracker Deep Red or Mito-647
(mitochondria). Nuclei are shown in blue. Scale bars = 10 um. (F-J) Pearson’s correlation coefficients (r) calculated
using the Imagel plugin JACoP (Just Another Colocalization Plugin). Each graph shows a different marker
colocalized with mCherry (magenta bars) and mTFP1 colocalized with mCherry (gray bars). Data points represents
mean + S.D. (3 independent replicates; n = 15 cells/replicate. Statistical analysis was performed using two-tailed,
unpaired Student’s t-test. ¥**p < 0.01; ***p < 0.001; ns = not significant).

As expected, since they are co-expressed as the same fusion protein, mTFP1 and
mCherry showed consistently strong positive Pearson’s correlation coefficient values (within the
range r = 0.78 — 0.82) across all images (Fig. 2.5F-J, gray bars). These coefficient values are less
than 1.0 possibly due to mTFP1 quenching at physiological pH in lysosomes. Taken together, we
concluded that mTFP1 and mCherry highly colocalizes with each other, as well as that FIRE-
pHLy traffics through the endolysosomal sorting pathways to localize predominantly in

lysosomal membranes.
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Quantification & visualization of pH-dependent, mTFP1 fluorescence in live cells

After confirming correct localization of FIRE-pHLy, we sought to demonstrate its pH
sensitivity. Measuring intracellular and intralumenal pH of lysosomes using the ionophores,
nigericin and monensin, is well established in previous protocols (Canton & Grinstein, 2017,
Grillo-Hill et al., 2014; Harned et al., 1951; Ma et al., 2017; Ponsford et al., 2020; Webb et al.,
2020; Wolfe et al., 2013) and is currently the standard in the field (Fig. 2.6A). Nigericin (K'/H")
and monensin (Na'/H") exchange K" (and to a lesser extent Na") for H™ across cell membranes,
thus equilibrating external pH with that of the lysosomal lumen (Harned et al., 1951; Wolfe et
al., 2013). Adapting these methods, we first used glass bottom chamber slides to qualitatively
assess mMTFP1 and mCherry fluorescence (using standard 488/561 nm filter sets) changes in
HEK293FT cells at the applied pH values from 3.0 to 7.0. The fluorescence of mTFP1 increased

from pH 3.0 to 7.0 while mCherry fluorescence remained relatively stable (Fig. 2.6B).
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Figure 2.6. FIRE-pHLY biosensor responds to pH changes and is quantifiable with high-content analysis.

(A) Workflow for pH calibration protocol. FIRE-pHLy-expressing cells were seeded into assay wells. Media was
exchanged with pH buffers (at indicated values) supplemented with 10 puM nigericin and 1X monensin and was
allowed to incubate for 10 min. Cells can be imaged live on either a confocal microscope or high-content plate
reader. (B) Representative individual channel images of FIRE-pHLy-expressing HEK293FT cells imaged live by
spinning disk confocal microscopy. Scale bar = 20 um. (C) High-content analysis to quantify FIRE-pHLy
fluorescence. Images were acquired on a plate-based confocal imager and analyzed on a custom-built segmentation
protocol (see Methods). Masks for nucleus and FIRE-pHLYy fluorescence were created and average mTFP1/mCherry
ratios were calculated. (D) Cells were analyzed according to (C) and mTFP1/mCherry ratios were plotted against
pH. Data points are presented as mean + S.D., from 4 independent replicates; n = ~10,000 cells quantified per pH
value. Tukey’s test for multiple stepwise comparisons indicated significance between all pH groups, except 6.0 and
7.0. (E) Log o(mTFP1/mCherry) values between pH 3.5 and 6.0 were fit to a linear equation (R* = 0.93). The pKa of
FIRE-pHLYy (in cells) was calculated to be ~4.4. (F) Grayscale images of mTFP1, mCherry and nuclei taken from
one random field of one representative assay well (of 96 well plate) at indicated pH values. Scale bar = 50 um.

In order to increase the precision of measuring pH in a larger cell population, we adapted
the assay to a high-content plate-based format. We built a lysosomal segmentation protocol (see
Methods) that extracted fluorescence intensities of mTFP1 and mCherry, as well as nucleus
count (Fig. 2.6C). From this analysis, we captured data from over 10,000 cells across four
independent replicates at the applied pH values of 3.5 to 7.0 in 96-well plates (Fig. 2.6C-F) (see
Methods). To quantify lysosomal pH, fluorescence intensity ratios for mTFP1 and mCherry
(mTFP1/mCherry) were calculated and plotted according to the pH of the buffer. The ratio curve
exhibited a significant positive relationship with pH, showing a ~1.7-fold change in fluorescence
ratio between pH 3.5 and 6.0 (Fig. 2.6D). Additional data indicates that mTFP1 fluorescence was
the sole driver of the pH-dependent FIRE-pHLYy ratio change (Fig. 2.7). Log) transformation of

ratios is linear from pH 3.5 to 6.0 (R*=0.93) (Fig. 2.6E).
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Figure 2.7. Measured fluorescence intensities of FIRE-pHLy FPs in cells calibrated with pH buffers.
Individual mTFP1 and mCherry fluorescence intensities plotted against pH (3.5-7.0). FIRE-pHLy-expressing
HEK293FT cells were incubated with pH buffers (3.5-7.0) supplemented with 10 uM nigericin and 1X monensin
and imaged with a high-content plate reader. Data points are presented as mean = S.D., from 6 independent wells; n
=~10,000 cells quantified per pH value.

It is noteworthy that though commonly used, the nigericin method has limitations.
Equilibrating pH across membranes may affect the fluorescence intensity of both fluorophores.
This sets a lower bound for pH calibration because the mCherry fluorophore is exposed to low
pH. Furthermore, this method assumes that the applied pH represents the same pH to which
mTFP1 was exposed. To validate the environment of mTFP1, we calculated the pKa of our
ratiometric sensor to be ~4.4 using a modified Henderson-Hasselbalch equation (Hoffmann &
Kosegarten, 1995). This was in concordance with the in vitro mTFP1 pKa of ~4.3 (Ai et al.,
2006), suggesting that the pH of the lysosome was very similar to the pH of the applied buffer.
Given the calibration challenges at low pH, we can establish that the fluorescence of FIRE-pHLy
is sensitive to the applied pH in the range of 3.5 to 6.0; this range is appropriate for measuring
pH in lysosomes under physiological conditions. Taken together, FIRE-pHLy fluorescence

correlates with lumenal pH values in lysosomes.

Functional validation of FIRE-pHLy in different cell types

Next, we evaluated the ability of FIRE-pHLy to monitor lysosomal pH under
physiological conditions and pharmacological perturbations in widely used neurodegenerative
disease cell models. We quantified the alkalinizing response to bafilomycin Al (BafAl), a
specific V-ATPase inhibitor, which functions by binding to the VOc subunit, thus blocking
proton translocation (Drose & Altendorf, 1996). To select an appropriate BafAl dose, we first
tested multiple doses (30 nM to 1000 nM) in FIRE-pHLy-expressing HEK293FT cells and

compared the sensor fluorescence to a pH calibration curve (Fig. 2.8A-C).
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Figure 2.8. In vitro FIRE-pHLy models and relative pH measurements with bafilomycin A1l.

(A) Ratiometric images of 2% PFA-fixed FIRE-pHLy-expressing HEK293FT cells taken on a high-content imaging
system (described in Fig. 3). (B) pH calibration curve generated from cells incubated with pH buffer (pH 3.5 — 7.0)
and fixed with 2% PFA post 10min of treatment. Data points are presented as mean + S.D., from 4 independent
replicates; n = 10,000 quantified cells per pH value. (C) mTFP1/mCherry ratios of FIRE-pHLy-expressing
HEK293FT cells treated with bafilomycin (BafA1l 30 nM to 1000 nM) and 0.1% DMSO solvent control (Ctrl) for 6
hours prior to fixation and imaging. Data points are presented as mean + S.D., from 6 independent replicates; n =
10,000 quantified cells per condition. Tukey’s test for multiple stepwise comparisons indicated significance between
all groups including control, except BafAl 300 nM and 1000 nM. (D-G) Individual channel images (left to right) of
FIRE-pHLy stably expressed in human iPSCs, SH-SYSY, differentiated SH-SY5Y, and late embryonic rat
hippocampal neuronal cells. All cells were fixed with 2%PFA prior to image acquisition. (H-K) 100 nM bafilomycin
Al was treated on cells for 6 hours and compared to 0.1% DMSO. Box-and-whisker plots show median,
interquartile range (25th-75th percentile) and maximum/minimum values of mean ratios per well. (H) human iPSC,;
18 independent wells in 96-well format; n = ~15,000 quantified cells per well. 3 biological replicates. (I) SH-SY5Y;
76 independent wells in 384-well format; n = 2,500 cells per well. 2 biological replicates (J) RA-differentiated SH-
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SYSY; 120 independent wells; n = 5,000 quantified cells per well. 4 biological replicates. (K) primary rat
hippocampal neurons; 3 independent wells; n = 6,500 quantified cells per well. 1 biological replicate. Statistical
analysis was performed using two-tailed, unpaired Student’s t-test. **p < 0.01; ***p < 0.001; ns = not significant.
All scale bars = 25 um.

To enable comparisons between samples (or potential high-throughput drug screening
applications), we adapted the pH calibration protocol to fixed cells. Fixation led to 33.3%
reduction of mTFP1 fluorescence and 10.6% reduction of mCherry fluorescence (Fig. 2.9), but
did not change the overall ability to sense pH in the range of 3.5 to 6.0. For this experiment, the
calibration dynamic range became tighter showing a 1.59-fold change instead of 1.7-fold (Fig.
2.8D). Lysosomal pH increased dose-dependently with BafAl concentration, plateauing at 300
nM with a pH~5.6 compared to the control-treatment group pH of ~4.1. Analysis of individual
mTFP1 and mCherry fluorescence intensities under BafAl treatment, confirmed that only
mTFP1 fluorescence varies with lysosomal pH change (Fig. 2.10). A similar alkalinizing trend
was observed in HEK293FT cells treated for 6 hours with 0.5 uM concanamycin A, another
specific V-ATPase inhibitor (Li et al., 2013) and with 30 pM chloroquine, a lysosomotropic drug

known to inhibit autophagy and enlarge lysosomes (Mauthe et al., 2018) (Fig. 2.11).
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Figure 2.9. Fixed- and live-cell fluorescence measurements for mTFP1 and mCherry FPs.

Raw mTFP1 and mCherry fluorescence intensities measured from FIRE-pHLy-expressing HEK293FT cells that
were either imaged live (in culture media, pH 7.4) or post-PFA fixation (in PBS, pH 7.4). Data points are presented
as mean = S.D., from 3 independent wells; n = ~5,000 quantified cells per well.
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Figure 2.10. Ratiometric validation of individual FIRE-pHLy fluorophores under BafA1 conditions.

(A) mTFP1/mCherry ratio quantified from FIRE-pHLy-expressing HEK293FT cells treated with 1 uM bafilomycin
for 6 hours compared to 0.1% DMSO solvent control. (B) mTFP1 mean fluorescence intensity normalized by cell
count. (C) mCherry mean fluorescence intensity normalized by cell count. Data points are presented as mean + S.D.,
from 6 independent replicates; n=quantified 7,500 cells per replicate. Statistical analysis was performed using two-
tailed, unpaired Welch’s t-test for unequal variances. ***p < 0.001; ns = not significant.
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Figure 2.11. pH elevation with lysosomal pharmacological inhibitors.

Ratiometric measurements (mTFP1/mCherry) taken from FIRE-pHLy-expressing HEK293FT cells treated with
0.1% DMSO (Ctrl), 30 uM chloroquine (CQ) and 0.5 uM concanamycin A (ConA) for 6 hours before fixation. Data
points are presented as mean + S.D., from 3 independent wells; n = ~5,000 quantified cells per well. Statistics were
conducted with one-way ANOVA for multiple comparisons. *p < 0.05; **p <0.01.

Having established 100 nM as an appropriate BafAl dose, we then probed for pH
changes in induced pluripotent stem cells (iPSCs), SH-SY5Y neuroblastoma cells, retinoic acid-
differentiated SH-SY5Y neuron-like cells and primary rat neurons (Fig. 2.8D-G), which were
generated using lentiviral transduction of FIRE-pHLy. For transduction into these cells, the
CMYV promoter was exchanged for an UbC promoter-driven lentiviral FIRE-pHLy construct,
since CMV is silenced by DNA methylation during differentiation and shows weak activity in

certain cell types including iPSCs (Brooks et al., 2004; Meilinger et al., 2009). Cells were treated
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with 100 nM BafA1 for 6 hours, fixed and subjected to high content analysis. Comparisons of
mTFP1/mCherry fluorescence ratios with and without BafAl treatment confirmed that FIRE-
pHLYy detected lysosomal alkalization across all cell lines tested (Fig. 2.8H-K). The iPSCs had
the largest ratio change of ~40.4 + 1.4% compared to control. On the other hand, differentiated
SH-SYS5Y cells had the smallest change. Though the change in ratio was only ~11.9 + 0.43%,
using high-content analysis of over 5,000 cells, this change was statistically significant (p <
0.01). Potential explanations for the observed cell type differences in the extent of relative pH
response include differential BafA1 sensitivity or basal pH set point. For example, the expression
and activity of V-ATPases is regulated differentially in mammalian cells (Toei et al., 2010). Cell
type-dependent pH regulatory and compensatory mechanisms warrant further investigation.
Overall, our data demonstrates that FIRE-pHLy can be targeted to lysosomes in multiple
neurodegenerative disease cell models. This opens future avenues to profile lysosomal pH
dynamics in cellular systems harboring different genetic mutations and further use for

applications in lysosome-based drug discovery.
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CONCLUSIONS

In summary, we have developed FIRE-pHLy, a genetically encoded ratiometric pH
biosensor that localizes to lysosomal membranes and measures lumenal pH within physiological
ranges (3.5 to 6.0). FIRE-pHLy responds robustly to pH changes and is amenable to stable
integration to multiple cellular models, including differentiated and primary cells. Moreover,
FIRE-pHLy is amenable to live- and fixed-cell assays, as well as both high-resolution confocal
microscopy and quantitative high-content imaging. We anticipate that FIRE-pHLy will be
applied to elucidate pH dynamics in basic lysosomal biology and disease. Moreover, the ability
to quantifiy the sensor in 96-well plates with high-content analysis enables its translation to
phenotypic-screening platforms for drug discovery in fields such as neuroscience, immunology
and cancer biology. Finally, this study opens new avenues to profile lysosomal functions in

animal models of childhood or age-associated neurological diseases.
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METHODS

Construction of Fluorescence Indicator REporting pH in Lysosomes (FIRE-pHLY)

The genetically encoded FIRE-pHLy reporter cassette consists of the following coding segments,
from the N-terminus: CMV-human LAMP1 signal peptide (84bp) — mTFP1 — flexible linker 1
(GGSGGGSGSGGGSG) — human LAMPI - rigid linker 2 (PAPAPAP) - mCherry. Source of
different elements are as follows: LAMPI1 signal peptide and human LAMP1 were PCR
amplified from LAMP1-mGFP (Addgene Plasmid #3483 1, kind gift from the Mark Von Zastrov
lab, University of California, San Francisco, UCSF), mTFP1 amplified from mTFP1-pBAD
(Addgene Plasmid #54553), mCherry amplified from pcDNA3.1-mCherry (Addgene Plasmid
#128744). The DNA segments were PCR amplified (Phusion High-Fidelity PCR Master Mix,
NEB, UK, #M0531) and fused with Gibson recombination cloning method (Gibson Assembly
Master Mix, NEB, UK, #E2611) in pEGFP-N3 empty backbone. The linker sequences were
incorporated into the primer sequences. The FIRE-pHLy expression cassette was cloned into
lentiviral vectors with CMV promoter (pLIM1-EGFP; Addgene Plasmid #19319) and hUbC
promoter (FUGW; Addgene Plasmid #14883) by Epoch Life Science services (Sugar

Land,Texas, USA).

Cell culture and lentiviral transduction

All cells were cultured at 37°C with 5% CO, atmosphere and maintained under standard
procedures. HEK293FT cells (Thermo Fisher Scientific; Carlsbad, CA, USA, #R70007) were
cultured in Dulbecco’s Modified Eagle medium (DMEM; Life Technologies, Carlsbad, CA,
USA, #11-995-073) with 10% heat-inactivated fetal bovine serum (FBS; Gemini Bio,

Sacramento, CA, USA, #GEMZRO039) containing 1% penicillin and streptomycin (pen/strep)

93



(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA, #15140122) with 500 pg/mL G418
sulfate antibiotic (Thermo Fisher Scientific, #11811031). SH-SYSY cells (American Type
Culture Collection; ATCC, Maryland, USA, #CRL-2266) were maintained in 1:1 Eagle’s
Minimum Essential Medium (EMEM; ATCC, #30-2003) and F12 medium (Life Technologies;
Carlsbad, CA, USA, #11765062) with 10% FBS and 1% pen/strep. Cells were trypsinized with
0.05% Trysin-EDTA solution (Sigma, St. Louis, MO, USA, #T4049) during routine passaging.
Lentivirus production and titer assessments of FIRE-pHLy-lentivirus were performed by the
UCSF ViraCore facility. For lentivirus transduction, HEK293FT and SH-SYS5Y cells were plated
in 6-well plates and cultured to ~70% confluence. Protocol was modified for iPSCs and primary
rat neurons (see below). Lentivirus infections were carried out in the presence of 10 pg/mL of
polybrene (Sigma, St. Louis, MO, USA, #S2667) in complete media. 48 hours post-transduction,
cells were selected with 1 pg/mL puromycin (Millipore; Carlsbad, CA, USA, #540411) to
generate stable transgene-expressing cell lines. Long-term transgene expression was maintained
by selecting for resistance to puromycin at a final concentration of 1 pg/mL. SH-SYS5SY cells
were sorted for green and red positive fluorescence signal on a SH800S Cell Sorter (Sony

Biotechnology) at the UCSF Laboratory of Cell Analysis.

Generation of FIRE-pHLy-expressing iPSCs

The F11350 iPSC line was obtained from the laboratory of Celeste Karch at Washington
University School of Medicine (Karch et al., 2019). Cells were maintained in matrigel (Corning,
#354277) coated plates using mTSER media (StemCell Technologies, Vancouver, Canada,
#05850), which was replaced every day. During passaging, cells were lifted using Accutase

(ThermoFisher Scientific, #A1110501) and then replated in media supplemented with 10 uM
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ROCK inhibitor (Y-27632, StemCell Technologies, #72304). For the transduction of the virus,
iPSCs were plated onto matrigel-coated 24-well plates at a density of 50,000 cells per well.
Serial dilutions of the UbC promoter FIRE-pHLy lentiviral vector were prepared in mTSER
media with 4 pg/ml polybrene (Sigma, #S2667) Lentivirus media was allowed to transduce cells
for 24 hours and then fresh media changes were performed every day until 80% confluence was
reached. Clonal populations of green/red fluorescence positive cells were manually selected and

transferred into separate wells for expansion.

Isolation of primary rat neurons and FIRE-pHLYy lentivirus transduction

Wildtype SAS Sprague Dawley rats (Charles River Laboratories, Wilmington, MA, USA) and
isolation reagents were a kind gift from the Molofsky Lab (UCSF). Embryos staged at day 18
were dissected from one pregnant rat and immediately placed in chilled brain dissection buffer
(HBSS-Ca®"/Mg” -free with 10 mM HEPES buffer, pH 7.3). Brains were removed from 5
individual embryos and hippocampi halves were isolated after removal of the meninges.
Hippocampi were digested with trypsin/EDTA solution and DNAase at 37°C incubation for 25
min. Quenching buffer (HI-OVO diluted 1:5 in HBSS-Ca’>/Mg*'-free, with 50% glucose,
ovomucoid, bovine serum albumin, and DNAase) was subsequently added to inhibit trypsin
digestion. Following centrifugation and buffer removal, culture medium I (DMEM-high glucose,
L-glutamine-sodium pyruvate free) supplemented with 10% fetal calf serum (FCS) (not heat
activated) was added to partially digested hippocampi. Cells were then manually dissociated and
plated in poly-D-lysine coated 96-well plates (Greiner Bio-One, Kremsmiinster, Austria,
#655956) at a density of 15,000 cells per well. After 24 hours, media was replaced with culture

medium II (Neurobasal medium, 1% heat inactivated FCS, 2% B27 supplement, 1X Glutamax I,
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1X MycoZap plus, and 15mM NaCl). At DIV 5 (5 days in vitro), 5 uM 5-Fluorouracil was added
to curb glial cell proliferation. At DIV 7, neurons were transduced with UbC-FIRE-pHLy

lentivirus for 24 hours. Half media changes were performed every two days until DIV 14.

RA-differentiation of FIRE-pHLy SH-SYSY neuroblastoma cells

SH-SYSY cells were seeded in collagen type I-coated puClear 96-well plates (Greiner Bio-One,
#655956) at a density of 10,000 cells/cm” 24 hours before start of differentiation. Differentiation
media was composed of 10 uM of retinoic acid (RA) (Sigma, #R2625) in EMEM/F12 media
supplemented with 10% FBS and 1% P/S. After 6 days of RA treatment, cells were treated for 4
days with 50 ng/mL of brain-derived growth factor (BDNF) (Peprotech, Rocky Hill, NJ, USA,
#450-02B) in serum-depleted EMEM/F12 media supplemented with 1% pen/strep (Alquezar et

al., 2020; Encinas et al., 2000).

Antibodies & reagents

Immunofluorescence. AlexaFluor 647 mouse-anti-hLAMP1 (1:500, Biolegend, Carlsbad, CA,
USA; #328611), AlexaFluor 647 mouse-anti-hLAMP2 (1:500, Biolegend, Carlsbad, CA, USA;
#354311), mouse-anti-EEA1 (1:1000, BD Biosciences; Franklin Lakes, NJ, USA; #610457),
AlexaFluor 647 goat anti-mouse (1:500, Life Technologies; #A21206). Western blot. h(LAMP1
(1:1000, DSHB, University of lowa, USA, #2296838). Reagents. LysoTracker Deep Red (Life
Technologies; #L.12492), MitoTracker Deep Red FM (Invitrogen; Carlsbad, CA, USA,
#M22426), Monensin solution 1000X (Invitrogen; #501129057), Nigericin solution (Sigma

Aldrich, USA, #SML1779), paraformaldehyde (PFA) solution (Fisher Scientific; #50980494),
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glycine (Sigma; #G7126), bovine serum albumin (BSA) (Fisher Scientific; #BP1605100), D-

PBS (Sigma; #D8662), Saponin (Sigma; #S7900).

Western blotting

Lysates from FIRE-pHLy-expressing HEK293FT cells were collected from 1X RIPA buffer
(Fisher Scientific, #89900) supplemented with a cocktail of phosphatase and protease inhibitors
(Roche, Basel, Switzerland, #4693116001) and 1 ug/mL peps

tatin A (Thermo Scientific, #78436). Sample protein concentrations were determined using the
Pierce BCA Protein Assay kit (Thermo Scientific, #P123225). Samples were loaded onto a
Novex NuPAGE SDS-PAGE gel system with MOPS running buffer (Life Technologies,
#NPOO1). Proteins were transferred onto nitrocellulose membranes and blotted with indicated
antibodies. Imaging of band intensities were performed on a LI-COR Odyssey Infrared System

(LI-COR Biosciences, Lincoln, NE, USA).

Live imaging, Immunofluorescence microscopy and colocalization analysis

FIRE-pHLy-expressing HEK293FT cells were plated in TC-grade chamber slides (u-Slide 8-
well chamber slide, Ibidi, Grifelfing, Germany, #50305795) at a density of 30,000 cells per well
for 24 hours. For live uptake of organelle markers, cells were incubated with 30 nM LysoTracker
Deep Red or 30 nM MitoTracker Deep Red FM along with 1:1000 Hoechst dye (10mg/mL
Hoescht 33342 solution, ThermoFisher, #H3570) in culture medium at 37°C/5% CO, for 10 min.
For live microscopy, FIRE-pHLy-expressing HEK293FT stable cells were grown on p-Slide 8-
well chamber slide (Ibidi, Gréfelfing, Germany, #50305795) with culture medium supplemented
with 10mM HEPES. Time-lapse imaging was performed at 37°C using a spinning-disk

microscope, NikonTi (Inverted), UCSF Facility through a Plan Apo VC 100x/1.4 Oil objective
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lens. The apparatus is composed of a Andor Borealis CSU-W1 spinning disk confocal, Andor 4-
line laser launch (100 mW at 405, 561, and 640 nm; 150 mW at 488 nm), equipped with an
Andor Zyla sCMOS camera (5.5 megapixels) for image acquisition, and Micro-Manager 2.0 beta
3 software to control the setup. The images were acquired simultaneously with configuration
parameters (100ms exposure) GFP and mCherry channels with 25% laser power. For
immunofluorescence staining (LAMP1, LAMP2, and EEA1), cells were washed once with 1X
D-PBS (with MgCl, and CaCl,) and fixed with 2% PFA for 15 min at room temperature (RT).
Then, cells were washed once with glycine, blocked for 2 min with 2% BSA/D-PBS, and
permeabilized with 0.01% saponin/2% BSA for 1 min at RT. Cells were incubated with primary
antibodies for 1 hour at RT, secondary antibodies for 1 hour at RT shielded from light, and
washed twice. Cells were imaged using an inverted confocal line-scanning microscope (DMi8
CS Bino, Leica Microsystems Inc., Wetzlar, Germany) with a 63x/1.40 oil-immersion objective
lens at 2048x2048 pixel resolution. Fluorescence images was acquired with sequential scanning
between frames on the LAS X SP8 Control Software system using preset channel settings (Blue
Ex/Em: 405 nm/410-464nm; Green Ex/Em: 470 nm/474-624nm; Red Ex/Em: 587 nm/592-646
nm; Far Red Ex/Em: 653 nm/658-775 nm). Randomly imaged fields were processed
(background subtraction, thresholding) and the cytosolic green/red values with Pearson’s
correlation coefficients were calculated using ImageJ (NIH, Maryland, USA) (Schneider et al.,
2012) plugin, JACoP (Just Another Co-localization Plugin) (Bolte & Cordeliéres, 2006) and

linescan analysis performed using ImageJ (NIH, Maryland, USA) (Schneider et al., 2012).
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pH calibration buffers, generation of standard curve and pKa calculation

pH calibration buffers and procedures were adapted from a previously described study with few
modifications (Wolfe et al., 2013). Buffer recipe is described below, composed of 5 mM NaCl,
115 mM KCI, and 1.3 mM MgSO,+7H,0, 25 mM MES buffer with pH adjusted in the range 2.0

—7.0. Freshly made buffers were supplemented with 10uM nigericin and 1X monensin.

Stock M M M 0.5M | 6.7mM Monensin | IN Final
Conc. NaCl | KClI | MgSO47H,0 | MES | Nigericin | (1000X) | KOH/ | volume
IN
HCI *
Volume 10 pul 1150 13 pl 500 ul 15 ul 10 pl * 10ml
pl
Final 5 115 1.3 mM 25 10 uM 1X (H0)
Conc. mM = mM mM

*pH values are adjusted using pH meter with appropriate acid/base. (conc., concentration)

On day 1, FIRE-pHLy-expressing HEK293FT cells were seeded at a density of 10,000 cells/well
resuspended in 100 pl media in collagen type-1 coated, black-bottom 96-well plates (uClear,
Greiner Bio-One; #655956). Plates were left in the culture hood at room temperature for 45 min
to allow for even cell distribution before incubating at 37°C/5.0% CO; overnight. On day 2, cell
nuclei were stained with 1:1000 (vol/well) Hoechst dye (10 mg/mL Hoescht 33342 solution,
ThermoFisher, #H3570) diluted in cell culture media for 20 min at 37°C/5.0% CO,. After one
wash with 50 ul of 1X D-PBS, 50 pl of each pH titration buffer supplemented with 10 uM
nigericin and 1X monensin were added to wells and incubated at 37°C/5.0% CO, for 10 min.
Note: to attain uniform exposure to pH buffers including ionophores, samples should be (i)

imaged within 10-15 min after buffer addition (Canton & Grinstein, 2017; Grillo-Hill et al.,
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2014; Lin et al., 2003; Wolfe et al., 2013), (i1) fixed after 10-15 min, or (iii) manually imaged
one at a time. Plates were then immediately imaged (total imaging time > 5 min) live on the IN
Cell Analyzer 6500 HS (General Electric Life Sciences/Cytiva, Marlborough, MA, USA) and
processed (see High-content confocal microscopy, feature extraction and ratiometric image
analysis). Liquid dispensing and aspiration were performed using an automatic multichannel
pipette (Voyager II, INTEGRA Biosciences Corp, Hudson, NH, USA; #4722). After raw mTFP1
and mCherry intensity values were obtained, loglO(mTFP1/mCherry) values were fit with a
linear regression. A modified Henderson-Hasselbalch equation, as previously used (Hoffmann &

Kosegarten, 1995), was used to calculate pKa.

Lysosomal inhibitor assay in cells

Cells were seeded and cultured on 96-well plates prior to addition of inhibitors - 100 nM
bafilomycin Al (LC Laboratories, Woburn, MA #B-1080), 30 uM chloroquine (Sigma,
#C6628), and 0.5 uM concanamycin A (Sigma, #C9705). After 6 hours, cells were fixed with
2% PFA at room temperature (RT) for 15 min and washed once with 1X D-PBS. Cells were
stained with 1X Hoechst dye for 20 min at RT protected from light and washed once with 1X D-
PBS. Plates were imaged on the IN Cell Analyzer 6500 HS and processed (see High-content

confocal microscopy, feature extraction and ratiometric image analysis).

High-content confocal microscopy, feature extraction and ratiometric image analysis

Black 96-well assay plates (uClear bottom, Greiner Bio-One; #655956) were imaged using a
fully automated laser-scanning confocal cell imaging system (IN Cell Analyzer 6500HS, GE
Life Sciences) with a NIKON 20X/0.75, Plan Apo, CFI/60 objective lens and preset excitation

lasers (Blue 405 nm; Green: 488 nm; Red: 561 nm) with simultaneous acquisition setting. Laser
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and software autofocus settings were applied to determine a single optimal focus position. The
EDGE confocal setting was used to increase image resolution and improve downstream
visualization and segmentation of lysosomes. Nine images were acquired per well and were
distributed in a 3X3 equidistant grid positioned in the well center. Wells were imaged
sequentially in a vertical orientation. Image stack files were analyzed on a high-content image
analysis software (IN Cell Developer Toolbox v1.9, GE Life Sciences). Target set segmentation
and quantification measures were developed for individual channels and applied onto all sample
images. Cell nuclei were segmented using a preset nucleus type segmentation module. The size
of nuclear mask was adjusted according to the cell type. Visual inspection of several reference
fields across multiple wells confirmed segmentation accuracy. Total number of segmented nuclei
was quantified per well. To quantify FIRE-pHLy fluorescence, mCherry was used as the
reference channel for segmenting lysosomes. mCherry fluorescence provided a robust
representation of FIRE-pHLy localization for the purposes of delineating lysosomal objects,
compared to mTFP1 fluorescence, whose signal varies with lysosomal pH. A preset vesicle
segmentation module was applied on the 561nm source images with acceptance criteria (Dens-
levels>300), min/max granule size (1-10um), scales = 2, sensitivity = 33, low background, and
no shape constraints settings. These settings created an object “mask”™ for lysosomes, which was
directly applied to 488nm source images to segment mTFP1 identically as mCherry. Mean
fluorescence intensities of mCherry and mTFP1 channels were generated and the ratios

calculated. All measures were outputted as a Microsoft Excel file for further analysis.

101



Data presentation, statistical analysis, and illustrations

All data were generated from randomly selected sample populations from at least three
independent experiments represented unless otherwise mentioned in corresponding figure
legends. Statistical data were either presented in box—and-whisker plots with median,
interquartile range, and maximum & minimum values or bar graphs with mean = S.E.M.
Multiple comparisons between groups were analyzed by one-way ANOVA with Tukey’s test and
statistical significance for two sets of data was determined by two-tailed, unpaired Student’s t-
test. All data plots and statistical analyses were performed using GraphPad Prism 8 with no
samples excluded. Significant differences between experimental groups were indicated as
*P<0.05; **P<0.01; ***P<0.001; Only P <0.05 was considered as statistically significant. NS =
not significant. Pre-processing of data was organized in Microsoft Excel. Cartoon schematics

were created on Biorender.com. Figures were assembled on Adobe Illustrator.
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ABSTRACT

Lysosomes are intracellular organelles responsible for the degradation of diverse
macromolecules in a cell. A highly acidic pH is required for the optimal functioning of
lysosomal enzymes. Loss of lysosomal intralumenal acidity can disrupt cellular protein
homeostasis and is linked to age-related diseases such as neurodegeneration. Using a new robust
lysosomal pH biosensor (FIRE-pHLYy), we have developed a cell-based fluorescence assay for
high-throughput screening (HTS) and applied it to differentiated SH-SYSY neuroblastoma cells.
The goal of this study was two-fold: 1) to screen for small molecules that acidify lysosomal pH
and 2) to identify molecular targets and pathways that regulate lysosomal pH. We conducted a
screen of 1,835 bioactive compounds with annotated target information to identify lysosomal pH
modulators (both acidifiers and alkalinizers). Forty-five compounds passed initial hit selection
criteria, using a combined analysis approach of population-based and object-based data. Twenty-
three compounds were retested in dose response assays and two compounds, OSI-027 and
PP242, were identified as top acidifying hits. Overall, data from this phenotypic HTS screen may
be used to explore novel regulatory pathways of lysosomal pH regulation. Additionally, OSI-027
and PP242 may serve as useful tool compounds to enable mechanistic studies of autophagy
activation and lysosomal acidification as potential therapeutic pathways for neurodegenerative

diseases.
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INTRODUCTION

Lysosomes are specialized membrane-bound organelles that participate in many crucial
cellular functions such as macromolecular degradation, nutrient sensing and secretion (Ballabio
& Bonifacino, 2020; Lawrence & Zoncu, 2019; Mony et al., 2016). They are intimately involved
in autophagy, which serves as a key pathway for maintaining protein homeostasis within the cell.
Lysosomes derive their degradative function by possessing a very acidic lumen (pH~4.5-4.7)
(Casey et al., 2010; Ohkuma, 1989), allowing the optimal activation of hydrolytic enzymes that
are ultimately responsible for substrate breakdown. The lysosomal pH is tightly regulated
through the vacuolar-type H'-ATPase (V-ATPase) proton pump and other counter-ion channels
(Mindell, 2012).

Defective lysosomes are a common feature of age-related and neurodegenerative
disorders. Numerous mutations have been found in genes directly involved in the endolysosomal
pathway (Koh et al., 2019; Settembre et al., 2013). Pathological accumulation of proteins is also
seen across various neurodegenerative diseases (Monaco & Fraldi, 2020; Ross & Poirier, 2004),
implicating a role in aberrant cellular clearance. While the exact mechanisms causing
neurodegeneration remain elusive, these observations suggest an overall breakdown in protein
homeostatis stemming from lysosomal dysfunction. Indeed, lysosomal acidity has been described
to be impaired in studies of age-related neurodegenerative disease (Baxi et al., 2017; Colacurcio
& Nixon, 2016; Hughes & Gottschling, 2012; Lee et al., 2015; Sun et al., 2020; Tong et al.,
2021).

With increasing evidence underscoring its critical role in neurodegenerative disease,
correcting lysosomal function and pH regulation may be therapeutically tractable strategies for

future drug development. However, relatively few phenotypic screens have been conducted with
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a specific focus on lysosomes. High-throughput screening (HTS) studies have explored
lysosomal morphology, positioning and calcium regulation, in regard to lysosomal storage
disorders and cancer (Chin, Espinosa, et al., 2021). Importantly, to our knowledge, no group has
conducted a phenotypic screen on lysosomal pH. Such is the focus in the current study.

Novel lysosomal pH probes that specifically target lysosomes and accurately measure
intralumenal pH have been described by various groups (Chin, Espinosa, et al., 2021; Ponsford et
al., 2020; Webb et al., 2020). Recently, we engineered FIRE-pHLy, a genetically encoded
ratiometric lysosomal pH biosensor with a reported pKa of ~4.4 (Chin, Patwardhan, et al., 2021).
FIRE-pHLy presents advantages in automated, high-throughput screening including stable
expression in cells, accurate targeting to lysosomal compartments, and resistance to fluorescence
quenching during fixation. Here, we utilized FIRE-pHLy to develop a cell-based phenotypic
assay for lysosomal pH. FIRE-pHLy fluorescence was collected via high-content imaging and
analyzed in a neuronal cell model. The overall goal of this study was two-fold: 1) to identify
small molecules that acidify lysosomes and 2) to gain mechanistic insight on the pathways
regulating lysosomal pH. Ultimately, modulation of lysosomal acidity may restore protein
homeostasis defects and serve as a novel therapeutic strategy for neurodegenerative disease-

related drug discovery.
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RESULTS AND DISCUSSION

High-content imaging screen to identify modulators of lysosomal pH

To identify small molecules and biological pathways that regulate lysosomal pH, we
developed a cell-based high-content imaging screen that measured relative changes in
intralumenal pH of lysosomes through fluorescence detection (Figure 3.1). We utilized the
previously validated genetically encoded pH biosensor, FIRE-pHLy or Fluorescence Indicator
Reporting pH of Lysosomes (Chin, Patwardhan, et al., 2021b). FIRE-pHLy is composed of
monomeric teal fluorescent protein 1 (mTFP1), mCherry, and lysosome-associated membrane
protein 1 (LAMPI) that targets the fusion protein to lysosomal membranes. The fluorescence of
mTFP1 is pH-dependent, while mCherry serves as an expression control and internal lysosome
marker. Ratiometric imaging of mTFP1 and mCherry reports relative changes (herein referred to

as the FIRE-pHLy ratio or mTFP1/mCherry) in the lysosomal pH environment.
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SH-SY5Y cells
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Figure 3.1. HTS flowchart for identifying lysosomal pH modulators.

FIRE-pHLy expressing SH-SYSY cells were differentiated on 96-well microplates for 10 days and treated with
bioactive compounds (10 pM/0.2% DMSO) for their potential ability to decrease (acidify) or increase (alkalinize)
lysosomal pH, as measured by change in the FIRE-pHLy ratio. Compound ratios were calculated through
ratiometric quantification of mTFP1 and mCherry fluorescence intensities. Data was analyzed in parallel through
two distinct pipelines (population-based and object-based quantification) and compared to select hits.

FIRE-pHLy can be stably expressed in a variety of cell models including human
neuroblastoma SH-SYSY cells, which was selected for this HTS study due to their ability to be
differentiated into neuron-like cells (Encinas et al., 2000). Because terminally differentiated SH-
SYSY cells have qualities appropriate to model aspects of neurodegenerative diseases, including
endogenous expression of the aggregation-prone proteins such as tau (Forster et al., 2016; Xicoy
et al.,, 2017), they may provide enhanced therapeutic relevance over actively dividing cells in
drug screening campaigns. Cells were differentiated within 96-well microplates and then treated
with a 1,835-member library of bioactive compounds at the UCSF Small Molecule Discovery
Center (SMDC). The final screening concentration was 10 pM with a DMSO concentration of
0.2%, which did not artificially alter FIRE-pHLy ratio measurements (Figure 3.2A) and was
non-toxic to cells (Figure 3.2B). Multi-stack images were acquired and analyzed through a
custom segmentation protocol for mTFP1, mCherry and nuclei target sets (Figure 3.1) (Chin,
Patwardhan, et al., 2021b).

First, we designed a population-based analysis approach that quantified the FIRE-pHLy
ratio averaged across the entire well. Screening data variability was measured by the percent
coefficient of variation (CV) of the FIRE-pHLy ratio. The CV of 5% in negative controls
indicated that the assay was consistent across all assay plates (Figure 3.2C), with a mean FIRE-
pHLYy ratio of 0.36 &= 0.02. The CV for cell count was also acceptable (CV = 22%) with a mean

of 1,163 + 261 quantified cells per well (Figure 3.2D). Compounds that decreased the FIRE-
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pHLYy ratio (i.e. decreased pH) were considered acidic hits, while any that increased the FIRE-

pHLy ratio (i.e. increased pH) were labeled as alkaline hits.
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Figure 3.2. Assay performance for negative controls.

(A) FIRE-pHLy ratio (lysosomal pH change) and (B) cell count (measurement for cell toxicity) was unaffected at
the screening DMSO concentration of 0.2%. (C-D) Population-based analysis. (C) FIRE-pHLy ratios and (D)
nucleus count displayed across 24 assay plates, with combined mean, standard deviation (STD) and percent
coefficient of variation (CV) for the entire screen. (E) Lysosomal object-based analysis. (Top) Representative
frequency distribution of lysosomal objects and their quantified FIRE-pHLy ratio binned from 0 to 1 (0.05
increment per bin; 20 total bins). (Bottom left) Bin at max and (bottom right) Bin median displayed across 24 assay
plates, with combined mean, STD and CV. Each red circle represents 1 negative control well (n = 16 per plate).

As a secondary method for hit selection, we developed an object-based analysis approach
in order to focus on lysosomes, optimize sensitivity, and account for different populations of
lysosomes based on coordinate location (Bright et al., 2016; Cabukusta & Neefjes, 2018). FIRE-
pHLy ratios from individually segmented lysosomes in the DMSO controls were binned
according to their ratio values, normalized from 0.0 to 1.0 with an increment of 0.05 per bin, and
plotted as a histogram. FIRE-pHLYy ratios from compound-treated wells were then normalized to
the DMSO bins (Methods). The data were normally distributed in the negative control DMSO-
treated wells; assay means of ‘bin at max’ and ‘median bin” were 9.88 £+ 0.42 and 9.39 + 0.24,
respectively (Figure 3.2E). Shifts in the distribution caused by modulators of lysosomal pH
would result in acidic (leftward curve shift) or alkaline (rightward curve shift) phenotypes; skew

in the distribution could indicate that a subset of lysosomes were affected by compound
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treatment. The CVs of ‘bin at max’ and ‘median bin’ were 4% and 3%, supporting the
consistency of our assay. Hits were selected from both population- and object-based approaches

in tandem and compared to generate the primary hit list.

Primary hit selection, filtering and comparison of analysis approaches

Thresholding for primary hits was performed using both parallel quantification pipelines,
which will herein be referred to as “Population-based analysis” (Figures 3.3A-C) and “Object-
based analysis” (Figures 3.3D-H). With population-based analysis, controls were visualized
along a two-dimensional plot of FIRE-pHLy ratio fold change (FC) and nuclear count
(“nucleus”) FC to define the boundaries for determining hits (Figure 3.3A). Compounds that
exhibited a nucleus FC of less than 0.48 (-3 standard deviations; SD) were considered cytotoxic
and excluded. Compounds with FIRE-pHLy ratio FCs within + 3SD of control were considered
inactive (Figure 3.3B, 3.4A). Primary alkaline hits were identified based on FIRE-pHLYy ratio
FC of at least 1.12 and nucleus FC of at least 0.48 (Figure 3.4B). Conversely, acidic hits were
identified based on FIRE-pHLYy ratio FC of less than or equal to 0.88 and nucleus FC of at least
0.48 (Figure 3.3C). Importantly, we note that the FIRE-pHLYy ratio could be artificially altered
by changes in mCherry fluorescence. This may be caused by compound autofluorescence or off-
target pH changes in the cytosolic environment where mCherry resides. To exclude these
artifacts, a filter of mCherry fluorescence intensity FC was applied. Alkaline compounds with
mCherry fluorescence FC > 0.7 and acidic compounds with FC < 1.5 were shortlisted. Overall,
the population-based analysis approach identified 29 filtered alkaline hits (Figure 3.4B) and 13

filtered acidic hits (Figure 3.3C).
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Figure 3.3. Hit selection for lysosomal acidifiers.

(A-C) Population-based analysis. (A) Two-dimensional (2D) plot of FIRE-pHLy ratio fold change (FC) vs. nuclei
FC (i.e. cell count) for all DMSO negative controls (shown in red dots; n = 384 wells across all assay plates). (B) 2D
FIRE-pHLYy ratio FC vs. nuclei FC plot for all test compounds (n = 1 per compound; 1,835 total compounds). Green
dots represent primary hit compounds; yellow dots represent toxic or inactive compounds. (C) Expanded inset of
acidic hits from Figure 2B. Acidic hits were selected using nucleus FC < 3SD and FIRE-pHLy ratio FC < 3SD
compared to controls. Compounds that artificially altered the FIRE-pHLy ratio FC through mCherry fluorescence
were excluded (green dots with black cross marks). (D-H) Lysosomal object-based analysis. (D) 2D plot of median
bin vs. bin at max for DMSO negative controls (shown in red dots; n = 384 wells across all assay plates). (E) 2D
plot of median bin vs. bin at max for all test compounds (shown in yellow dots; n = 1 per compound; 1,835 total
compounds). Green dots represent primary hit compounds. (F) Lysosomal object-based acidic hits from Figure 2E.
Acidic hits were selected using median bin < 3SD and bin at max < 3SD. (Inset) Frequency distribution for hit
compound highlighted with a red circle. Grey bars represent negative control distribution. Red bars represent hit
compound distribution. (G) Filtering hits for cell toxicity. 2D plot of median bin vs. nucleus FC for all DMSO
negative controls. (H) 2D plot of median bin vs. nucleus FC for test compounds. Compounds highighted in the red
box were excluded due to cell toxicity; alkaline hits are highlighted by the blue box; acidic hits are highlighted in the
orange box. Compounds that altered mCherry fluorescence were excluded (green dots with black cross marks). (I)
Venn diagram showing overlap of final filtered alkaline and acidic hits selected from population-based and
lysosomal object-based analyses. Data in this figure was visualized in DataWarrior.
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A similar thresholding paradigm was used for object-based analysis. Compared to
controls (Figure 3.3D), compounds that increased or decreased median bin and bin at max by
3SD were considered as hits (Figure 3.3E). Alkaline hits were identified based on a bin at max
and median of at least 13 and 11.5, respectively, and were selected (Figure 3.4C). Acidic hits
were identified based on a bin at max and median of less than or equal to 8.7 and 8.6,
respectively (Figure 3.3F). Subsequently, compounds that reduced nucleus FC compared to
control (Figures 3.3G, 3.3H) were eliminated. Finally, compounds that artificially altered

mCherry fluorescence intensity were also removed (Figure 3.3H).
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Figure 3.4. Hit selection for lysosomal alkalinizers.

(A-B) Population-based analysis. (A) 2D FIRE-pHLYy ratio FC vs. nuclei FC plot for all test compounds (n = 1 per
compound; 1,835 total compounds). Green dots represent primary hit compounds; yellow dots represent toxic or
inactive compounds. (B) Expanded inset of alkaline hits from Figure S2A. Alkaline hits were selected using nucleus
FC > 3SD and FIRE-pHLy ratio FC > 3SD compared to controls. Compounds that artificially altered the FIRE-
pHLy ratio FC through mCherry fluorescence were excluded (green dot with black cross marks). (C) Lysosomal
object-based analysis. 2D plot of median bin vs. bin at max for primary alkaline hits (shown in green). Thresholded
alkaline hits from median bin > 3SD and bin at max > 3SD. Frequency distribution of example hit compounds are
highlighted in red circles. Grey bars represent negative control distribution. Orange bars represent an example of an
alkaline compound distribution. Data was visualized in DataWarrior software.

Hits were compiled from population-based and object-based analyses to generate the
finalized filtered hit list. Thirteen acidic hits were identified from population-based analysis
(Table 3.1), while four hits were identified from object-based analysis (Table 3.2). One

compound, OSI-027, was found in both analysis pipelines. For alkaline hits, twenty-nine

128



compounds were identified from population-based methods (Table 3.3), all seven of which
overlapped with object-based methods (Table 3.4). No additional alkaline hits were identified by
object-based analysis. Overall, the population-based analysis method identified more hits than
object-based analysis (Figure 3.3I) in both acidic and alkaline hit types. More alkalinizing hits

were identified than acidifying hits.

Table 3.1. Primary Filtered Acidifying Compounds Identified from Population-based Analysis

Hit No. SMDC ID Compound Ratio FC | Nuclei FC
1 972531 0sSI-027* 0.88 0.98
2 972462 AZ 960 0.79 0.48
3 972875 3,4-Methylenedioxy-f3-nitrostyrene 0.81 0.56
4 751824 Erlotinib 0.82 1.05
5 972846 LY2835219 0.85 0.98
6 131834 Nocodazole 0.85 1.04
7 972322 BMS-707035 0.85 0.83
8 972264 ABT-751 (E7010) 0.86 1.14
9 973076 Vinblastine 0.86 0.93
10 972537 Buparlisib 0.86 0.88
1 972406 Teniposide 0.86 1.31
12 972458 NVP-BHG712 0.88 1.22
13 130715 Nifedipine 0.88 0.66

Table 3.2. Primary Filtered Acidifying Compounds Identified from Object-based Analysis

HitNo. | smbc D Compound Bin 1 Bin Max
Median
7 972531 0SI-027 8.50 8
2 972562 WAY-600 851 8
3 972465 PP242 8.66 8
Z 972508 Tbrutinib 8.64 8

*0OSI-027 was identified as a hit in both population- and object-based analysis. Compounds highlighted in red
passed dose-response restesting in differentiated SH-SH5Y cells.

129



Table 3.3. Primary alkaline hit list for population-based analysis.

Hit No. SMDC ID Compound Ratio FC | Nuclei FC
1 972581 PHA-665752* 15.2 0.86
2 129934 Reserpine* 2.52 1.08
3 973105 Daptomycin*® 2.38 0.65
4 754466 GW5074* 2.16 0.51
5 972356 MC1568* 1.69 1.17
6 735544 Curcumin® 1.4 0.48
7 754395 Ro 31-8220 Mesylate* 1.25 0.5
8 972202 PI-103 1.64 1.13
9 253094 2 6-Dihydroanthra/1,9-Cd/Pyrazol-6-One 1.54 0.89
10 972198 Motesanib Diphosphate 1.31 0.83
11 754441 U0126-EtOH 1.3 0.99
12 972712 Semaxanib 1.27 0.81
13 131804 Physcion 1.25 0.82
14 957604 Tazarotene 1.24 1.36
15 972346 Orantinib 1.23 0.77
16 914975 Lapatinib 1.21 0.74
17 131341 Mitoxantrone 1.19 0.51
18 973128 |4-(3-Pyridin-2-Yl-1h-Pyrazol-4-YI)Quinoline 1.17 1.02
19 734929 (+)-Usniacin 1.16 0.92

20 130795 Dipyridamole 1.16 1.8
21 255714 Clofazimine 1.14 1.07
22 972350 SB525334 1.14 0.76
23 255752 Carbimazole 1.13 1.02
24 972416 Shikimic Acid 1.13 0.86
25 972605 Tubastatin A HCI 1.12 1.03
26 285792 Ipriflavone 1.12 0.88
27 973097 Lomeguatrib 1.12 0.98
28 972275 Danoprevir 1.12 1.13
29 972717 Otilonium Bromide 1.12 0.69
Table 3.4. Primary alkaline hit list for object-based analysis.
Hi Bin .
it No. SMDC ID Compound . Bin Max
Median
1 972581 PHA-665752* 37.3 19
2 129934 Reserpine* 18.3 16
3 973105 Daptomycin* 19.4 18
4 754466 GW5074* 18.6 15
5 972356 MC1568* 14.7 14
6 735544 Curcumin® 15.9 14
7 754395 Ro 31-8220 Mesylate* 11.5 14

*Compounds identified as hits in both population- and object-based analysis
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Hit confirmation with dose response re-testing

Twenty-three compounds (i.e. all sixteen acidic hits and the seven alkaline hits identified
in both population- and object-based analysis) were retested in a two-fold dose response over a
range of 80 uM to 0.156 uM in differentiated SH-SYSY cells. Among the sixteen primary acidic
hits, five were reproduced and were re-tested in undifferentiated cells to support broader hit
confirmation in differing cellular states. Two compounds, OSI-027 and PP242, reproducibly
lowered lysosomal pH in a dose-dependent manner in both undifferentiated and differentiated
cells. The ECsy values for OSI-027 in differentiated and undifferentiated cells were similar
(Figure 3.5A). For PP242, there appears to be a ten-fold ECsy decrease post-differentiation
(Figure 3.5B), though the narrow range for differentiated SH-SYS5Y makes it difficult to
precisely measure ECs. In the alkaline direction, reserpine robustly increased lysosomal pH,

with a ~8.3-fold decrease in ECs, post-differentiation (Figure 3.6).

A)
0sl-027 Differentiated SH-SY5Y Undifferentiated SH-SY5Y
Hit type: Acidic 1.101 1.00-
HO
Q 1.05 Q 0954 .
g 1.00- g 0.90-
n, Nonk Z 095 (] % 0.854
z z
N7 N S 0.90 S 0.804
W B &
T 0.854 T g
S~ v EC50 = 30 uM = 0757 £c50 =35 uM
0.80 T T N 0.70 T T J
0.1 1 10 100 0.1 1 10 100
[ UM
B)
PP242
Hit type: Acidic 1.101 1.004
(} Q105 © 0.954
</ o
< ° 2 100 £ 0.90
NH; ¥ NH é I é
NZF " > 0.95 > 0.854 .
N I I I
2 0.90 * 0.804
D8 -
085 EC50=0.2 uM =075 EC50 =2 uM ¢
5 =02l =zu
7
U/\OH 0.80 T . . 0.70 T T J
0.1 1 10 100 0.1 1 10 100
UM UM

Figure 3.5. Top acidic hits tested in differentiated and undifferentiated SH-SYSY cells.

Ten-point dose-response curves (2-fold serial dilution) from 0.15 uM to 80 uM. Cells were treated with compounds
for 6 hours before imaging. FIRE-pHLy ratios were calculated by dividing total mTFP1 and mCherry fluorescence,
displayed as a fold change relative to control, and plotted according to dose. (A) OSI-027 exhibited an ECs, of 30
uM and 35 uM in differentiated and undifferentiated SH-SY5Y cells, respectively. (B) PP242 exhibited an ECs of
0.2 uM and 2 puM in differentiated and undifferentiated SH-SYS5Y cells, respectively. Data points are presented as
mean + SD, from 3 biological replicates; n = ~3,000-5,000 differentiated or ~15,000-20,000 undifferentiated cells
quantified per dose per time point.
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Figure 3.6. Hit confirmation for top bioactive alkaline hit tested in differentiated and undifferentiated SH-
SYSY cells.

Ten-point dose-response curves (2-fold serial dilution) from 80 uM to 0.15 uM. Cells were treated with compounds
for 6 hours before imaging. FIRE-pHLy ratios were calculated by dividing total mTFP1 and mCherry fluorescence,
displayed as a fold change relative to control, and plotted according to dose. (C) Reserpine exhibited an ECs, of 4
uM and 35 uM in differentiated and undifferentiated SH-SYSY cells, respectively. Data points are presented as
mean + SD, from 3 biological replicates; n = ~3,000-5,000 differentiated or ~15,000-20,000 undifferentiated cells
quantified per dose per time point.

Overall, we note the consistent expansion of the ratio FC range across the ten-point dose
response in undifferentiated cells compared to their differentiated counterparts. In differentiated
cells, the ratio FC range for OSI-027 and PP-242 was ~1.00 to ~0.90 and ~1.05 to ~0.93,
respectively. For the undifferentiated cells, the range for OSI-027 and PP242 was ~0.97 to ~0.81
and ~0.97 to ~0.75, respectively. These data suggest that undifferentiated SH-SYSY cells are
more sensitive to pH lowering effects induced by OSI-027 and PP242 than differentiated cells.
We elected to proceed with validating the top two acidic hits, OSI-027 and PP242, because of
their chemical similarity and potential mechanistic interest in re-acidifying lysosomes. The

overall summary of the primary screen is detailed in Figure 3.7.
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1,835 SelleckChem bioactive compounds screened
at 10 uM for lysosomal pH change in differentiated
SH-SYS5Y cells expressing FIRE-pHLy

!

76 primary hits
with fold change + 3sd

|

45 passed cell toxicity and
ratiometric control (i.e. mCherry
fluorescence) filtering

}

23 repurchased from
SelleckChem and re-tested in
dose-response

16 Acidic hits l 7 Alkaline hits

3 passed dose-response re-test
(10 doses, 2-fold dilutions from
0.16 uM to 80 uM)

2 Acidic hits 1 Alkaline hit
( ) (reserpine)

Target &
functional
validation

Figure 3.7. Hit selection summary.
Summary of small molecule hits that modulate lysosomal pH in SH-SYS5Y cells.
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Functional validation of top acidic hits OSI-027 and PP242

To functionally validate acidification of lysosomal pH, we treated live undifferentiated
SH-SYSY cells (without FIRE-pHLy) with compounds and assessed cathepsin D activity
(Figure 3.8A). Because cathepsin D auto-activates at acidic pH settings (Gulnik et al., 1992), its
activity can be used as a functional readout of lysosomal pH; BODIPY FL-Pepstatin A is a
cathepsin D antagonist that binds to the active form of the enzyme (Chen et al., 2000). Cells were
treated with OSI-027 and PP-242 at 10 uM for various times before BODIPY FL Pepstatin A
fluorescence was assayed (Figure 3.8B). Compared to DMSO control, cathepsin D activity was
significantly increased with OSI-027 and PP242 treatment. As a negative control, we tested
bafilomycin Al (BafA1l), which increased pH by inhibiting the V-ATPase proton pump. BafA1l
slightly decreased cathepsin D activity, but not significantly, suggesting that alkalinization of
lysosomes did not further lower basal activated enzyme levels. Overall, the correlation between
FIRE-pHLYy ratio FC decrease and cathepsin D level increase validated OSI-027 and PP242 as
robust lysosomal pH acidifiers.

After confirming that OSI-027 and PP-242 acidified lysosomal pH and increased active
cathepsin D levels, we sought to validate these compounds in another native cell model, namely
human induced pluripotent stem cell (iPSC)-derived astrocytes, or iAstrocytes. Quiescent (non-
reactive) iAstrocytes stably expressing FIRE-pHLy were subsequently treated for 24 hours with
OSI-027 and PP242 (Figure 3.8C). Both compounds acidified pH (~50% reduction in FIRE-
pHLy ratio FC) in iAstrocytes compared to control treatment, providing further support that
these compounds acidify lysosomes across multiple cell types.

Reactive astrocytes secrete neurotoxic factors and have been implicated in the

neuroinflammatory pathogenesis of neurodegenerative diseases (Phatnani & Maniatis, 2015).
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Recently, Rooney et al. described an in vitro system to model inflammatory reactive astrocytes
(Leng et al., 2021; Rooney et al., 2021). Reactive iAstrocytes activated by cytokines exhibited an
alkaline lysosomal pH, which was accompanied by increased levels of lysosomal exocytosis, a
contributor to neurotoxicity (Rooney et al., 2021). When reactive iAstrocytes were treated with
10 uM of PP242, elevated lysosomal pH was restored to control levels and was accompanied by
a reduction in lysosomal exocytosis (Rooney et al., 2021). Ultimately, these data supported the
notion that aberrant lysosomal pH was a contributing factor to neuroinflammation-induced
functional changes in neurodegenerative disease and may be corrected with small molecules such
as PP242 and OSI-027. Taken together, the acidifying effect of OSI-027 and PP242 in lysosomes
was recapitulated in disease models. We posit that its effects may be therapeutic in other contexts

of lysosomal dysfunction.
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Figure 3.8. OSI-027 and PP242 increases mature cathepsin D levels and acidifies pH in human iAstrocytes.
(A) Representative fluorescence images of undifferentiated SH-SYSY cells treated with DMSO, 100 nM BafAl, 10
puM OSI-027, and 10 pM PP242 at t = 6 hrs and stained with BODIPY FL Pepstatin A probe. Scale bar = 10 pm. (B)
Time course of cells treated with compounds for 0.5, 1, 1.5, 2, 4, and 6 hours. Cells were incubated with BODIPY
FL Pepstatin A for 30 min before live-imaging. BODIPY FL fluorescence was normalized to cell number, displayed
as a fold change relative to control, and plotted against time (hours). Data points are presented as mean + SD, from 3
biological replicates; n = ~15,000-20,000 cells quantified per condition group per time point. Statistical analysis was
performed using two-way ANOVA for multiple comparisons. *p < 0.05; **p < 0.01. (C) Bar graph quantification of
FIREpHLYy ratio fold-change (FC) in human iPSC-derived astrocytes (iAstrocytes) treated with OSI-027 and PP242
at 10 uM for 24 hours. Data points are presented as median + SD from 3 technical replicates. Statistical analysis was
performed using one-way ANOVA for multiple comparisons. **p < 0.01; ***p < 0.001; ns = not significant.
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Lysosomal acidification induced by OSI-027 and PP242 correlates with mTOR inhibition and

autophagy activation

Both OSI-027 and PP242 are described as potent and selective ATP-competitive
inhibitors of mammalian target of rapamycin (mTOR) (Apsel et al., 2008; Bhagwat et al., 2011;
Falcon et al., 2011). mTOR forms two protein complexes, mMTORCI and mTORC?2; these
signaling complexes (Figure 3.9A) form a major hub that regulates cellular processes such as
metabolism, growth, and proliferation. mTOR inhibition is coupled with autophagy induction,
which is associated with lysosomal activation and acidification (Kim & Guan, 2015; Yim &
Mizushima, 2020; Zhou et al., 2013).

To understand whether the lysosomal acidification promoted by OSI-027 and PP242 was
related to their role as mTOR inhibitors, we assessed mTOR inhibition and autophagy activation
(Figure 3.9). Both compounds dose-dependently inhibited downstream targets of mTORCI1
(Figure 3.9B, 3.9D) and mTORC2 (Figure 3.9B, 3.9E) in undifferentiated SH-SY5Y cells.
mTORCI activity was measured by the phosphorylation state of P70 S6 Kinase (P70S6K) at
position Thr389 and mTORC?2 activity was assessed by the phosphorylation of Akt at position
Ser473.

After confirming that OSI-027 and PP242 inhibited mTOR, we measured their ability to
activate autophagy. mTORCI1 negatively regulates autophagy through the phosphorylation of
Unc-51 like autophagy activating kinase (ULK1) at Ser757 (Jung et al., 2009). OSI-027 and
PP242 reduced ULK1%"7 levels dose-dependently with near complete reduction at 10 uM
(Figure 3.9C, 3.9F), suggesting that both drugs initiated mTORC1-dependent autophagy. We
then measured the levels of microtubule-associated protein light chain 3B (LC3B). The

conversion of LC3B-I to LC3B-II correlates with the number of formed autophagosomes and

136



therefore reflects autophagy activation (Klionsky et al., 2016; Menzies et al., 2012). The ratio of
LC3B-II to LC3B-I increased at higher OSI-027 and PP242 doses, achieving significance at 10
uM (Figure 3.9C, 3.9G). Together, these results demonstrated that OSI-027 and PP242 induced
autophagy, indicating that their ability to acidify lysosomes may be secondary to induction of

autophagy rather than direct action on the lysosome.
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Figure 3.9. OSI-027 and PP242 inhibits mMTORC1/2 and activates autophagy markers.

(A) Simplified schematic of the proposed mechanism for OSI-027 and PP242-mediated lysosomal acidification
through autophagy (highlighted in red arrows). Compounds are shown in orange. (B) Representative immunoblots
for mTORC1 and mTORC2 phosphorylation substrates P70S6K ™% and Akt>™”, respectively, in FIRE-pHLy SH-
SYSY cells treated with OSI-027 and PP242 at 0.1, 1, and 10 pM. (C) Representative immunoblots for autophagy
markers ULK1%"*" and LC3B-I/LC3B-II, respectively, in FIRE-pHLy SH-SY5Y cells treated with OSI-027 (OSI)
and PP242 (PP) (same as above). GAPDH was used as the housekeeping protein. (D) Bar graphs showing
quantification of P70S6K™*/total (E) Akt***"*/total, (F) ULK1%"7"/total, and (G) LC3B-II/LC3B-1. OSI-027
shown in top row; PP242 shown in bottom row. Data is normalized to DMSO controls. Bars are presented as mean +

SD from 3 independent replicates. Statistical analysis was performed using one-way ANOVA for multiple
comparisons. *p < 0.05; **p < 0.01; ***p < 0.001.
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OSI-027 and PP242 acidifies lysosomes more potently than other mTOR inhibitors

Interestingly, our compound screen included other mTOR inhibitors, such as rapamycin
and torinl, that were not identified as primary hits in our screen. To assess the differential
effectiveness of additional mTOR inhibitors in modulating lysosomal pH, we retested rapamycin
and torin 1 in FIRE-pHLy expressing SH-SYS5Y cells over 24 hrs (Figure 3.10). Confirming our
screening results, OSI-027 and PP242 treatment induced a dose- and time-dependent decrease in
lysosomal pH in cells (Figures 3.10A, 3.10B), but treatment with rapamycin and torinl did not
acidify lysosomes across the tested dose range up to 24 hours (Figures 3.10C, 3.10D). These
results suggested that at the dosage and timing used in these experiments, OSI-027 and PP242
were more effective in acidifiying lysosomal pH in differentiated SH-SYSY cells than the mTOR

inhibitors torinl and rapamycin.
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Figure 3.10. Dose-response and time-course comparison of mTOR inhibitors on lysosomal acidification.
Five-point dose response (10-fold serial dilution) from 0.0001 uM to 10 uM treatment of (A) OSI-027, (B) PP242,
(C) Rapamycin and (D) Torinl measured after 2, 6, and 24 hours in FIRE-pHLy expressing SH-SYS5Y cells. FIRE-
pHLYy ratio measurements were normalized to dose- and time-matched controls. Data points are presented as mean +
SD, from 3 technical replicates; n = ~15,000-20,000 cells quantified per condition group per time point.
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Since we proposed that OSI-027 and PP242 induced pH acidification by activating
autophagy, we hypothesized that rapamycin and torinl did not activate autophagy in SH-SY5Y
cells, at the doses and timing used in this study. Indeed, rapamycin did not significantly reduce
ULK 1% Jevels nor increase the ratio of LC3B-I and LC3B-II, indicating that autophagy was
not activated under these conditions (Figure 3.11A). Although torinl treatment did reduce
ULK 137 Jevels starting at 100 nM compound, it did not significantly increase LC3B-II/LC3B-I

ratio (Figure 3.11B), suggesting that torinl did not induce autophagy as strongly as OSI-027 and

PP242.
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Figure 3.11. Immunoblotting for mTORC1/2 proteins after rapamycin and torinl treatment.

(A) Representative immunoblots for mTORC1 and mTORC2 phosphorylation substrates P70S6K™3* and Akt>™*7?
and autophagy markers ULK 157 and LC3B-II/LC3B-I in undifferentiated FIRE-pHLy expressing SH-SY5Y cells
treated with rapamycin and torinl at 1 nM, 100 nM, and 10 uM. (B) Bar graphs showing quantification of mTOR1/2
markers (P70S6K ™% /total, Akt>™*7/total, respectively) and autophagy markers (ULK 157" /total, LC3B-II/LC3B-
I). Data was normalized to DMSO controls. Data points are presented as mean + S.D from 2-3 independent
replicates. Statistical analysis was performed using one-way ANOVA for multiple comparisons. *p < 0.05; **p <
0.01; ***p < 0.001; ns = not significant.

In summary, we performed a high-content imaging-based phenotypic screen to identify
small molecules that modulate lysosomal pH with a specific focus on acidifying compounds. We
identified sixteen acidic and twenty-nine alkaline compounds using two distinct hit selection
approaches. Population-based analysis is used in standard plate-based HTS studies, while object-
based analysis provides a novel technique that could be used in future studies to dissect organelle
subpopulation phenotypes.

Ultimately, we validated two out of the sixteen primary acidic hits. This hit rate may be a
product of both biological factors such as lysosomal pH dynamics and screening limitations such
as library size and protein druggability of the target. We suppose that because basal lumenal pH
of lysosomes is already highly acidic (~4.5) compared to other cellular compartments,
acidification beyond this set-point may be tightly regulated or even perhaps detrimental to the
cell in certain contexts. This may explain the reduced dynamic range of FIRE-pHLy signal
exhibited by acidifiers compared to alkalinizing compounds. Indeed, only a few examples
highlight specific roles of lysosomal hyper-acidification in melanosome trafficking (van der Poel
et al., 2011) and phospholipid biosynthesis (Lenk et al., 2019).

Alkaline compartments, on the other hand, are more common in the cell. In fact,
lysosomes mature from the endolysosomal network, which maintains more alkaline pH ranges.
Exogenous agents, such as drugs, have also been known to accumulate in acidic vesicles, such as
lysosomes, and affect the local pH (De Duve et al., 1974; Kuzu et al., 2017). It is conceivable

that perturbations in the alkaline direction are generally better tolerated in the cell, supporting
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our observation that alkalinizing compounds exhibited a larger signal range in the primary
screen.

OSI-027 and PP242 were identified as top acidic hits, demonstrating lysosomal pH
lowering effects in undifferentiated and differentiated SH-SY5Y neuronal-like cells and in basal
and activated iAstrocytes, possibly through activation of autophagy. Indeed, other groups have
utilized OSI-027 and PP242 to study autophagy in the context of neurodegenerative disease
models. For example, Silva et al. identified OSI-027 as a top hit in a mutant tau protein lowering
screen performed in patient iPSC-derived neurons (Silva et al., 2020). Consistent with our data,

A2 and hyperphosphorylated tau®>*® levels at 1 and 10 pM,

OSI-027 lowered total mutant tau
suggesting the correlation between lysosomal acidification and enhanced tau clearance.
Interestingly, the tau lowering effect for OSI-027 was much stronger than that of rapamycin.
Moreover, one group showed in a Parkinson’s disease neuroinflammation model that impaired
lysosomal acidification was accompanied by alpha-synuclein accumulation (Wang et al., 2015).
Treatment with 40 nM PP242 rescued lysosomal pH and normalized alpha-synuclein protein
levels in mouse PC12 cells and primary midbrain neurons. Together, these data support the
supposition that OSI-027 and PP242 acidify lysosomes and thereby restore normal degradative
function in neuronal cells.

It is still unknown why OSI-027 and PP242 are more effective in activating autophagy
and decreasing lysosomal pH than other mTOR inhibitors such as torinl and rapamycin. It is
plausible that OSI-027 and PP242 have undescribed targets independent of mTOR that may be
contributing to autophagy and lysosomal acidity. According to the KINOMEscan database

(Fabian et al., 2005), an assay platform that annotates competitive binding between inhibitors

and a panel of known kinases, PP242 binds to multiple other kinases. These include
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phosphoinositide 3-kinase (PI3K) and ABL proto-oncogene 1 (ABL1), which have reported roles
in regulating autophagy from cancer studies (Elzinga et al., 2013; Iershov et al., 2019; S. Wang
et al., 2017; Yogalingam & Pendergast, 2008). Thus, by evaluating the other targets of OSI-027
and PP242, one may identify additional, mTOR-independent, mechanisms of lysosomal
acidification. Importantly, OSI-027 and PP242 may serve as ‘tool’ compounds for further
investigation of the mechanisms driving autophagy-mediated lysosomal activation in the context

of neurodegenerative diseases.
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METHODS

Compound library and re-purchased compounds

The library consisted of 1,835 compounds assembled from the commercially available
SelleckChem bioactive collection (SelleckChem, Houston, TX). For dose-response and further
validations, compounds were re-purchased from SelleckChem, unless otherwise indicated.

Repurchased compounds were evaluated for purity by liquid chromatography/mass spectrometry.

Cell line maintenance and differentiation in 96-well microplates

Human SH-SYS5Y neuroblastoma cells expressing the FIRE-pHLy construct were maintained in
1:1 Eagle’s minimum essential medium (EMEM; ATCC, #30-2003) and F12 medium (Life
Technologies; Carlsbad, CA, #11765062) with 10% FBS and 1% pen/strep under standard
humidified conditions of 379C and 5% CO, atmosphere (Chin et al., 2021). Cells were
trypsinized with 0.25% trypsin/EDTA solution (Sigma, #T4049) and seeded into collagen type-I-
coated pClear 96-well microplates (Greiner Bio-One, #655956) at a low density of 10,000
cells/cm” with a total well volume of 100 pL using the WellMate microplate dispenser (Thermo
Scientific, Waltham, MA) to allow for proliferation during the first phase of differentiation.
Plates were incubated overnight at 379C/5% CO, before start of differentiation, as previously
described (Chin et al., 2021). Briefly, cells were maintained in FBS(+) media supplemented with
10 uM retinoic acid (RA) from Days 0-6 and FBS-free media supplemented with 50 ng/mL

brain-derived growth factor (BDNF) until compound pinning on Day 10.
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HTS ratiometric FIRE-pHLYy lysosomal pH reporter assay

The drug screen was performed at the UCSF Small Molecule Discovery Center (SMDC). From
the library plate (5 mM stock dissolved in DMSO), 200 nL of compound was added in singlicate
to 96-well assay plates (10 uM final screening concentration) using a fixed-volume pin tool
(V&P Scientific, San Diego, CA) loaded onto the BioMek-FXP liquid handling automation
workstation (Beckman Coulter, Brea, CA). DMSO was added to negative control wells on every
assay plate. Assay plates were incubated for 6 hours (379C and 5% CO;). 50 uL of 6% PFA
(diluted in serum-free media) was dispensed directly into each 100 pL assay well (2% PFA final
concentration) and shaken briefly using the EL406 Combination Washer Dispenser (BioTek,
Winooski, VT). Plates were fixed at room temperature (RT) for 15 min and washed once with
100 pL 1X D-PBS (with MgCl, and CaCly). Cells were stained with 1:1000 (vol/well) Hoechst
dye (10 mg/mL Hoechst 33342 solution, Thermo Fisher, #H3570) diluted in D-PBS for 20 min
at RT protected from light and washed once with 1X D-PBS (with MgCl, and CaCl,). Plates

were wrapped and stored at 4°C protected from light.

High-content confocal imaging, analysis types, and data output

Following our previously described imaging methods and feature extraction protocols (Chin et
al., 2021), assay plates were imaged on the IN Cell 6500 HS Analyzer (General Electric Life
Sciences/Cytiva, Marlborough, MA) and quantified on the IN Cell Developer Toolbox v1.9 (GE

Life Sciences/Cytiva).

After acquisition of images, data was analyzed using two separate quantification pipelines —

(I) Population-based and (IT) Object-based analysis - to select primary acidic and alkaline hits.
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I. Population-based analysis

The following parameters were quantified (per well) from image stacks:
e Total count of nuclei (i.e. cell count) = “COUNT NUC”
e Total mCherry fl. intensity = “DxA_CHERRY_ SUM”
e Total mCherry-masked mTFP1 fl. intensity = “DxA CHERRY MASK TEAL SUM”
Data was formatted as a .CSV file and analyzed using custom analysis protocol on Pipeline
Pilot (Biovia). Relative lysosomal pH change was determined by calculating the “FIRE-
pHLy ratio” (DxA_CHERRY MASK TEAL SUM/DxA_CHERRY_ SUM). Fold change
was calculated by taking the sample result value divided by the mean of the plate-matched

negative control.

II. Object-based analysis
The following parameters were quantified (per segmented mCherry-positive object) from image
stacks:

e mCherry fluorescence intensity = “DxA CHERRY_ SINGLE”

e mCherry-masked mTFP1 fl. intensity = “DxA CHERRY MASK TEAL SINGLE”

e FIRE-pHLy ratio = “DxA_RATIO SINGLE” (i.e. DxA CHERRY MASK

TEAL SINGLE/DxA CHERRY SINGLE)
e Total lysosomal objects between 0.00 < DxA RATIO SINGLE < 1.00 = “Bin0”
e Total lysosomal objects with DxA RATIO SINGLE every 0.05 increments
o “Binl”=0.00 <DxA RATIO SINGLE <0.05

o Bin2=0.05 <DxA RATIO SINGLE <0.10
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o Bin3=0.10 <DxA RATIO SINGLE <0.15

o Bin4=0.15<DxA RATIO SINGLE <0.20

o Bin5=0.20 <DxA RATIO SINGLE <0.25

o Bin6=0.25 <DxA RATIO SINGLE <0.30

o Bin7=0.30 <DxA RATIO SINGLE <0.35

o Bin8 =0.35 <DxA RATIO SINGLE <0.40

o Bin9 =0.40 <DxA RATIO SINGLE <0.45

o Binl0=0.45<DxA RATIO SINGLE <0.50

o Binll=0.50 <DxA RATIO_SINGLE <0.55

o Binl2=10.55<DxA RATIO SINGLE <0.60

o Binl3=0.60 <DxA RATIO_SINGLE < 0.65

o Binl4=10.65<DxA RATIO SINGLE <0.70

o Binl5=0.70 <DxA RATIO_SINGLE <0.75

o Binl6=0.75<DxA RATIO SINGLE <0.80

o Binl7=0.80 <DxA RATIO_SINGLE < 0.85

o Binl8=10.85<DxA RATIO SINGLE <0.90

o Bin19=0.90 <DxA RATIO_SINGLE <0.95

o Bin20=10.95<DxA RATIO SINGLE <1.00
e Fraction of total lysosomal objects from Bins 1 to 20 = “FRACTION Bin 1-20” (e.g.

FRACTION Binl = Bin1/Bin0)

Data was formatted as a .CSV file and analyzed using Pipeline Pilot. Frequency and count
distributions of binned lysosomal objects were generated. Hit selection metrics such as

‘Median bin” and ‘Bin at max” were calculated.
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The cumulative frequency and bin containing the max value was computed by iterating
through the bins. A sigmoidal curve was fit to the cumulative frequency; the bottom was
fixed at 0 and the top was fixed at 1. If an EC50 was able to be determined, EC25 was
computed using POWER((25/(100-25)), 1/HILL)*EC50; EC75 was computed using
POWER((75/(100-75)), 1/HILL)*EC50. IQR was computed taking the difference between

the log10 of these two values (LOGEC75-LOGEC?25).

Population-based and lysosomal-object data output was uploaded onto the SMDC HiTS server

and will be made available upon request.

BODIPY FL Pepstatin A live-cell time course assay

Mature cathepsin D levels were assessed via BODIPY FL Pepstatin A staining on live cells . The
staining protocol was performed according to the manufacturer's protocol (Chen et al., 2000).
Briefly, cells were seeded in 96-well plates, cultured overnight and treated for 30, 60, 90, 120,
240, and 360 mins with 100 nM bafilomycin A1, 10 uM OSI-027, 10 uM PP-242, and DMSO as
the solvent control. Prior to imaging, cells were incubated for 30 minutes with a staining
solution consisting of 1 uM BODIPY FL Pepstatin A and 1:1000 (vol/well) Hoescht nuclear dye.
Cells were washed once with D-PBS and imaged live on the IN Cell Analyzer 6500 HS and

processed according to an adapted protocol on IN Cell Developer Toolbox v1.9.
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Immunoblotting

Western blots were performed as previously described (Chin, Patwardhan, et al., 2021b).
Primary antibodies
Rabbit anti-ULK (1:1000, Cell Signaling, #8054)
Rabbit anti-ULK>*"*" (1:1000, Cell Signaling, #14202)
Rabbit anti-p70S6K (1:1000, Cell Signaling, #2708)
Rabbit anti-P70S6K ™% (1:1000, Cell Signaling, #9234)
Rabbit anti-Akt (1:1000, Cell Signaling, #9272)
Rabbit anti-Akt®>*™7 (1:1000, Cell Signaling, #4060)
Rabbit anti-LC3B (1:1000, Sigma, #L.7543)
Mouse anti-GAPDH (1:5000, Abcam, #8245)
Secondary antibodies
Donkey anti-Mouse Green (1:10,000, LICOR, #926-32212)
Donkey anti-Rabbit Green (1:10,000, LICOR, #926-32213)

Donkey anti-Rabbit Red (1:10,000, LICOR, #926-68073)

iAstrocyte experiments

iAstrocytes were generated as detailed in Leng et al. (Leng et al., 2021). Day 20 iAstrocytes were
plated in ScienCell Astrocyte Media (ScienCell Research Laboratories cat. no. 1801) at 20,000
cells/cm” on BioLite Cell Culture Treated 96-well plates (ThermoFisher Scientific cat. no. 12-
556-008) coated with Growth Factor Reduced, Phenol Red-Free, LDEV-Free Matrigel Basement
Membrane Matrix (Corning cat. no. 356231) diluted 1:200 in DMEM/F12 (ThermoFisher

Scientific cat. no. 11330032). iAstrocytes were transduced with FIRE-pHLy lentivirus at the
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time of plating. Full media changes with ScienCell Astrocyte Media were conducted on days 1,
3, and 5 after plating. On day 5, small-molecule compounds were diluted in media to 10 pM.
After 24 hours (i.e. on day 6 after plating), iAstrocytes were incubated with Accutase Cell
Dissociation Reagent (ThermoFisher Scientific cat. no. A11105-01) for 10 mins at 37 °C and
diluted in Dulbecco’s phosphate buffered saline (DPBS; Milipore Sigma cat. no. D8537) for

flow cytometry analysis.

Data from flow cytometry experiments were analyzed using FlowJo (version 10.7.1). FIRE-
pHLy-positive populations were determined through live cell (SSC-A vs. FSC-A), single cell
(FSC-H vs. FSC-A) and transduced (mCherry') gating strategies. FIRE-pHLy signal was

quantified as the Median FITC-A:mCherry-A ratio for each well.

Data presentation, statistical analysis, and illustrations

Visualization of control and screening hit data was performed on the SMDC HiTS server and
DataWarrior, an open-source cheminformatics tool. Pre-processing of data was organized in
Microsoft Excel. Calculations of hit selection measurements were conducted on Pipeline Pilot
(Biovia) (Methods). Dose-response curves were generated using a simple linear regression
model in GraphPad Prism 9. For validation expeiments, all data were generated from randomly
selected sample populations from at least three independent experiments represented unless
otherwise mentioned in corresponding figure legends. Statistical data were presented as mean =+
S.D or S.E.M. Multiple comparisons between groups were analyzed by one-way or two-way
ANOVA test. All data plots and statistical analyses were performed using GraphPad Prism 9

with no samples excluded. Significant differences between experimental groups were indicated
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as *P<0.05; **P<0.01; ***P<0.001; Only P <0.05 was considered as statistically significant. NS
= not significant. Immunoblot images and quantifications were acquired from Image Studio (LI-
COR Biosciences). Cartoon schematics were created on Biorender.com. Figures were assembled

on Adobe Illustrator and Adobe Photoshop.
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