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SUMMARY

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.

ELECTRONIC TABLE OF CONTENTS (eTOC)

Diseases from cancer to neurodegeneration induce changes in organellar structure and function.
Innovative fluorescent probes allow live-cell monitoring of dynamic structural and functional
changes by high-content analysis. Chin et al. highlights four organelles that exemplify phenotypic
discovery from probe design to high-throughput screening for modulators of organelle function.
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l. 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. 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
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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 (lannetti 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. 1B; Table S1). 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.

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. 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 rnovo; instead, they are recycled
through regulated cycles of fission and fusion (Mclnnes, 2013). Finally, mitochondria are the
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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 AY, mtDNA, ATP and ROS (Fig. 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.

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. 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 (EImore et
al., 2004). TMRM has been extensively used to investigate mitochondrial A¥ 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 AY probes like ECPI-12 (named after its modified Cq,-alkyl
chain) rely on hydrophobic interactions to localize to the inner mitochondrial membrane
without permanently binding to thiol groups (Fig. 2A). Therefore, ECPI-12 is highly AY-
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. 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
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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 another 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. 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. 2C). ATP binding causes a conformational change in
the e subunit of Bacillus subtilis FoF1-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
VI (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. 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
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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 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).

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 oxidative stress and Alzheimer’s
disease mutation, several drugs also protected against AY 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. 3A). In neurons, transport of mitochondria along the axon to
distal dendritic 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. 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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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,
Pohan et al. optimized a suite of high-throughput assays to measure mitochondria-related
biomarkers indicative of DILI, including A, 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 /n 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. 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 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. 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
(lannetti et al., 2016). Morphofunction analysis could be a compelling approach for unbiased
phenotypic drug screening for mitochondrial dysfunction.
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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.

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 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
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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. 4).

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. 4). NPC is caused by mutations in the cholesterol and lipid
transporter genes NPCI or NPCZ, 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-f-
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 ANPCI (Pugach et
al., 2018).

Targeting lysosomal calcium release may also be a therapeutic approach for treating LSDs
(Fig. 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. 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

Cell Chem Biol. Author manuscript; available in PMC 2022 March 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chin et al.

Page 10

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 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. 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.

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)-
LAMP1-3xFLAG, 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
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Reporting pH of Lysosomes (FIRE-pHLy), using monomeric teal fluorescent protein 1
(mTFP1) as the pH sensor domain and measured pH from 3.5 to 6.0 (Fig. 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
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. 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 ClI- 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. 5D). The biosensor
consists of a lysosomal resident protein (e.g. LAMP1) 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 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.
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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.

IV. 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. 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 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. 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.
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Three studies utilized supervised machine learning to automatically classify Golgi
phenotypes in a high-throughput fashion (Fig. 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 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.

Unsupervised machine learning may discover previously unrecognized Golgi fragmentation
patterns (Fig. 6C). Hussain et al. explored a diversity of Golgi morphologies, as extracted
from GalNAc-T staining and analyzed using an unsupervised clustering framework (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. 5E). LC-
CQDs significantly improved Golgi localization compared to D-cysteine-CQDs, indicating
that cysteine 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
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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. 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 pHIluorin, a pH-sensitive GFP-based sensor, and
Mnn2, a Golgi membrane-associated enzyme (Fig. 5G). Golgi pH varies along the stack to
govern normal protein glycosylation (Kellokumpu et al., 2002), changing from pH 6.7 near
the ER (¢/s) to 6.0 near the plasma membrane (#rans) (Paroutis et al., 2004). The pHIuorin
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(ll) in the cell. Furthermore, missorting of the iron transporter DMT1
is linked to neurodegenerative diseases (Belaidi and Bush, 2016). Using their previously
developed Fe(ll)-specific chemical switch, Hirayama and colleagues synthesized Gol-
SiRhoNox to measure labile Fe(Il) Golgi pools. Gol-SiRhoNox consisted of a myristoyl
motif to aid in Golgi targeting and a silicon-fused rhodamine modified with A-oxide that
fluoresced after Fe(l11)-mediated cleavage (Fig. 5H) (Ishida et al., 2013). Gol-SiRhoNox
measured Fe(Il) distribution in protein-sorting deficient systems. While Fe(ll) distribution
was normally Golgi dominant, deletion of the protein-sorting machinery shifted Fe(ll) and
DMT1 localization to lysosomes. However, rescue by a molecular chaperone led to
redistribution of DMT1 and Fe(ll) 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 HeLa 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,

Cell Chem Biol. Author manuscript; available in PMC 2022 March 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chin et al.

Page 15

BML-265 and Tyrphostin AG1478, caused cargo to remain in the ER,; these effects were
reversible when the compound was removed. Both 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(ll) provide ripe opportunities for phenotypic screening.

V. 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. 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, and detection probes can be found in Table S2. 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 pm) 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 around 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 Thé, 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
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(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).

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
(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 /n 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,O3) 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 Chk1
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 ChkZ1. This early example of an HCA screen
for MLOs also demonstrated the feasibility of counting these small objects in high
throughput.

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
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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 mMRNA
processing and contain hundreds of proteins and RNAs. Remarkably, Fei et al. demonstrated
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. 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 MALAT1. Two of these RNA-binding
proteins, heterogeneous nuclear (hn)RNPH1 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
RNASs 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 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 SRRM2 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.
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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. 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 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, determining
a compound’s mechanism of action often becomes a major obstacle; approaches that
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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 the 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 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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HIGHLIGHTS
. Organelle structure and function can be probed for phenotypic drug screening
. Mitochondria, lysosomes, Golgi, and MLOs are active areas of probe
development
. Emergent probes improve subcellular targeting and measure organelle

functions
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Figure 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 S1. Created with
BioRender.com.
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Mitochondrial Membrane Potential (AW) mtDNA

electrostatic hydrophobic
interactions interactions

CH,CI
MitoTracker

C D

Adenosine Triphosphate Reactive Oxygen Species

Charged Rhodamine-Based

Spirolactam (RSL*) Aleam MitoSOX Red

Figure 2. Examples of biomarkers used in live-cell readouts to quantify mitochondrial health.
(A) Cationic fluorophores that target the negative mitochondrial membrane potential (AY) 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). (£)-1-dodecyl-4-(2-(9-(2-ethoxyethyl)-9 H-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
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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.
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Small Molecule Screen Identified Enhancers of
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Figure 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
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membrane (MIM), distance between MOM and MIM (labeled “a”) and intercristae 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.
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Figure 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 et al., 2019); 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.
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Figure 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(ll) sensor with myristoyl motif for Golgi targeting; Hirayama et al., 2019.
Created with BioRender.com.
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Figure 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
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(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.
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Figure 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 RNASs (IncRNAs), and SC35 proteins.
STORM and SIM images were adapted from (Jain et al., 2016) and (Fei et al., 2017),
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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 S2. Created with
BioRender.com.
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