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SUMMARY

In eukaryotic cells, lysosomes are distributed in the cytoplasm as individual membrane-bound
compartments to degrade macromolecules and to control cellular metabolism. A fundamental yet
unanswered question is whether and, if so, how individual lysosomes are organized spatially to
coordinate and integrate their functions. To address this question, we analyzed their collective
behavior in cultured cells using spatial statistical techniques. We found that in single cells,
lysosomes maintain non-random, stable, yet distinct spatial distributions mediated by the
cytoskeleton, the endoplasmic reticulum (ER), and lysosomal biogenesis. Throughout the
intracellular space, lysosomes form dynamic clusters that significantly increase their interactions
with endosomes. Cluster formation is associated with local increases in ER spatial density but
does not depend on fusion with endosomes or spatial exclusion by mitochondria. Taken together,
our findings reveal whole-cell scale spatial organization of lysosomes and provide insights into
how organelle interactions are mediated and regulated across the entire intracellular space.

Graphical abstract

In Brief Ba et al. use spatial statistical analysis to map the whole-cell scale dynamic organization
of lysosomes. Lysosomes form dynamic clusters that significantly increase their interactions with
endosomes. The formation of lysosomal clusters is associated with local increases in ER spatial
density but does not depend on fusion with endosomes.
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INTRODUCTION

A basic strategy used by eukaryotic cells to organize their internal environment is to form
specialized membrane-bound organelles such as lysosomes and endosomes. Although this
strategy provides important structural and functional benefits, specialized functions of the
organelles must be coordinated and integrated for cell physiology (Gottschling and Nystrém,
2017). Studies have shown that different organelles interact directly and extensively through
mechanisms such as membrane contact (Prinz, 2014) and membrane fusion (Martens and
McMahon, 2008). Such interactions depend critically on the colocalization and, therefore,
the spatial distributions of the organelles. However, we cannot explain how the interactions
are mediated and regulated at the systems level within the dynamic and heterogeneous
intracellular space.

To address this deficiency, we focused specifically on the lysosome, an organelle that plays
essential roles in important cellular functions, such as degrading macromolecules (Luzio et
al., 2007) and controlling cellular metabolism (Lim and Zoncu, 2016; Settembre et al.,
2013). Within the intracellular space, lysosomes are distributed as individual compartments,
and individual lysosomes are limited in their own capacity. The size of a lysosome typically
is limited to several hundred nanometers (Bandyopadhyay et al., 2014; Yu et al., 2010). The
number of lysosomes in a mammalian cell typically is limited to several hundred (Valm et
al., 2017). Furthermore, lysosomes are specialized compartments that depend on interactions
with partner organelles to fulfill their functions (Bonifacino and Neefjes, 2017; Luzio et al.,
2007). For example, they depend on fusion with endosomes and autophagosomes to receive
and degrade materials from the endocytic and autophagic pathways, respectively (Eskelinen
and Saftig, 2009; Luzio et al., 2007). Given the functional limitations of individual
lysosomes, a fundamental yet unanswered question is whether and, if so, how individual
lysosomes are organized in the intracellular space so that their functions can be coordinated
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and integrated to meet the changing needs of cells. Answering this question is key to
elucidating how lysosomes function at the systems level in single cells.

Recent studies on the positioning of lysosomes (Bonifacino and Neefjes, 2017; Pu et al.,
2016) have begun to reveal their spatial organization within the intracellular space.
Positioning of individual lysosomes is mediated by mechanisms that include their active
transport along microtubules and their interactions with the actin cytoskeleton and partner
organelles, especially the ER (Bonifacino and Neefjes, 2017; Pu et al., 2016; Valm et al.,
2017). Under normal conditions, lysosomes in non-polarized mammalian cells often cluster
in a perinuclear region surrounding the microtubule-organizing center (MTOC), forming
what is called the perinuclear cloud (Jongsma et al., 2016; Korolchuk et al., 2011; Pu et al.,
2016), but they also spread into peripheral regions of cells, with some approaching the
plasma membrane. This spatial pattern provides direct evidence for the spatial organization
of individual lysosomes, and a wide variety of perturbations can change this pattern (Pu et
al., 2016). For example, nutrient deprivation substantially increases the fraction of
lysosomes clustering in the perinuclear region and decreases the fraction of lysosomes
spreading into peripheral regions. Nutrient recovery reverses these changes and restores the
usual pattern of lysosomal distribution (Korolchuk et al., 2011; Li et al., 2016). The
relocation of lysosomes under these conditions is mediated by motor-mediated active
transport along microtubules, and the underlying molecular machineries and mechanisms
have begun to be elucidated (Korolchuk et al., 2011; Li et al., 2016; Pu et al., 2015).
Functions of lysosomal positioning in mediating cellular nutrient response (Korolchuk et al.,
2011) and regulating lysosomal degradative capacity (Johnson et al., 2016) also have begun
to be elucidated. Despite these advances, related studies have a basic limitation in
elucidating the spatial organization of lysosomes in that they lack quantitative and
comprehensive characterization and analysis of the collective behavior of lysosomes,
especially at the whole-cell scale.

That subcellular structures such as organelles and proteins exhibit defined spatial patterns
has been noted in many studies (e.g., Boland and Murphy, 2001; Glory and Murphy, 2007;
Valm et al., 2017). These patterns reflect the spatial organization of the subcellular structures
and have been characterized and analyzed using pattern recognition and machine learning
techniques (Boland and Murphy, 2001; Johnson et al., 2015). However, the specific modes,
molecular mechanisms, and cellular functions of these patterns remain poorly understood.

In this study, we probed the spatial organization of lysosomes in cultured COS-7, U20S, or
BS-C-1 cells. Our overall strategy was to study the collective behavior of lysosomes,
especially their spatial distributions at the whole-cell scale, using spatial statistical analysis
techniques. Specifically, we treated the spatial distribution of lysosomes in a single cell
mathematically as a spatial point process and analyzed it using related statistical techniques
(Baddeley et al., 2016; Diggle, 2014; Illian et al., 2008). Our findings identified specific
modes, molecular mechanisms, and cellular functions of the spatial organization of
lysosomes at the whole-cell scale and provided insights into how cells organize their
organelles and mediate their interactions.

Cell Rep. Author manuscript; available in PMC 2018 August 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Baetal.

RESULTS

Page 4

Lysosomes Maintain Non-random, Stable, and yet Distinct Spatial Distributions in Single

Cells

To investigate whether and, if so, how lysosomes are spatially organized, we analyzed their
spatial distributions at the whole-cell scale in live BS-C-1 cells, chosen for their flat profiles
to facilitate imaging. We labeled lysosomes using dextran Alexa Fluor 488 and a collected
time-lapse videos at 4 frames per second for 1 min (Experimental Procedures; Figure 1A;
Video S1). Because most of the lysosomes in single BS-C-1 cells resided in a single focal
plane, we treated their spatial distributions as two dimensional for simplification. Within
each cell we analyzed, we observed extensive movement of lysosomes throughout the
intracellular space, with many traversing long distances for the duration of imaging (Figure
1B; Video S1). For each cell we analyzed, we detected individual lysosomes as single
particles (Supplemental Experimental Procedures). We then considered their spatial
distribution mathematically as a two-dimensional spatial point process and analyzed it using
related spatial statistical techniques (Baddeley et al., 2016; Diggle, 2014; Illian et al., 2008).
Specifically, we checked whether the lysosomes were randomly distributed by complete
spatial randomness (CSR) tests (Supplemental Experimental Procedures) at different time
points. We found that the spatial distribution of lysosomes differed substantially from a
random distribution at all of the time points we analyzed (Figures 1C-1E), indicating that
lysosomes are spatially organized at the whole-cell scale.

To quantitatively characterize the spatial distribution of lysosomes at the whole-cell scale,
we used three statistical distance distributions (Figures SIA-S1C; Supplemental
Experimental Procedures). We calculated these distributions every 5 s in each cell to
examine their variations over time (Figures 1F-1H). First, we quantified the positioning of
all of the lysosomes relative to one another in each cell using the distribution of their
normalized pairwise distances (Figure S1A), referred to as the normalized inter-organelle
distance distribution (Diggle, 2014). For the cell shown in Figures 1A and 1B, this
distribution remained generally stable for the duration of imaging; the profile spread broadly
but showed a characteristic peak spacing at ~0.35 (Figure 1F). The distributions in other
cells that we analyzed showed similar stability and comparable but different profiles
(Figures S1D, S1E, and S2A, blue lines). Second, we quantified the positioning of all of the
lysosomes relative to the nucleus using the distribution of their normalized shortest distances
to the nucleus (Figure S1B), referred to as the normalized to-nucleus distance distribution.
For the cell shown in Figures 1A and 1B, this distribution also remained generally stable, but
its profile showed two characteristic peak distances, at ~0.3 and ~0.9, respectively (Figure
1G). The distributions in other cells showed similarly stable but remarkably diverse profiles
(Figures S1D, S1E, and S2B, blue lines). Third, we quantified the level of crowding of the
lysosomes in each cell (i.e., how closely they are spaced) using the distribution of their
nearest-neighbor distances (Figure S1C), referred to as the nearest-neighbor distance
distribution (Baddeley et al., 2016; Diggle, 2014; lllian et al., 2008). For the cell shown in
Figures 1A and 1B, this distribution also remained stable and showed a characteristic peak
distance at ~1 pm (Figure 1H). The distributions in other cells showed similar stability and
profiles (Figures S1D, S1E, and S2C, blue lines). Together, the three distance distributions
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provide a comprehensive characterization of the spatial distribution of lysosomes at the
whole-cell scale.

We have noted that the three distance distributions remained generally stable for the duration
of imaging in each cell that we analyzed. To characterize the stability of each distribution,
we quantified its variations over time using the Sgrensen dissimilarity score between its
profiles at any two different time points (Supplemental Experimental Procedures). For the
cell shown in Figures 1A and 1B, the average dissimilarity score was 3.29% for the
normalized inter-organelle distance distribution, 2.65% for the normalized to-nucleus
distance distribution, and 5.80% for the nearest-neighbor distance distribution (Figures 1F—
1H). Examination of these distributions in different cells (Figures S1D and S1E) and for
different durations of imaging (Figures S1F and S1G) found similarly low levels of
variations. Lastly, we compared the three distance distributions of lysosomes in different
cells (Figures S2A-S2C, blue lines) in a pairwise fashion (Supplemental Experimental
Procedures). We found that the distributions differed significantly in all or most of the
comparisons (Figure S2D, “unpatterned” columns). We checked and confirmed that the
distinct spatial distributions of lysosomes in single cells were not merely a secondary effect
of distinct cell shapes (Supplemental Experimental Procedures; Figure S2; Video S2). Taken
together, our data show that although lysosomes undergo extensive long-distance movement
across the entire intracellular space, they maintain non-random, stable, yet distinct spatial
distribution in single cells. This reveals not only homeostasis in the positioning of lysosomes
relative to one another and to the nucleus in the same cell but also heterogeneity in the
positioning among different cells. This further indicates that lysosomes are spatially
organized at the whole-cell scale.

n a Single Cell Form Different Subpopulations

Thus far we have focused on the spatial distribution of the entire population of lysosomes in
single cells. However, it is clear even from a simple visual inspection that the population is
heterogeneous in its dynamic behavior; while some lysosomes traverse long distances,
others seem constrained in their movement (Figure 2A; Video S1). This raises the important
question of how lysosomes with different behaviors together maintain the stable spatial
distribution of their whole population. To answer this question, we first examined the
composition of the lysosomal population in COS-7 cells by tracking individual lysosomes as
single particles and characterizing their behavior through mean square displacement (MSD)
analysis (Figures 2B and 2C) (Qian et al., 1991; Saxton, 1997). We found that on average,
~49% of lysosomes in a single cell underwent constrained diffusion, ~31% underwent
directed movement, and ~20% underwent free diffusion (Figure 2C). This shows that most
lysosomes undergo either constrained diffusion or directed movement, while only a small
fraction undergoes free diffusion, which is consistent with the finding in previous studies
that free diffusion is limited inside cells (Bandyopadhyay et al., 2014; Luby-Phelps et al.,
1988).
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Sustained and Balanced Transport along Microtubules Is Required to Maintain Population
Composition and Spatial Distributions of Lysosomes

After determining the composition of the lysosomal population, we investigated its relation
to microtubule-based active transport. To this end, we depolymerized the microtubule
cytoskeleton by treating COS-7 cells with 2.5 UM of nocodazole. After 30 min of treatment,
the fraction of lysosomes undergoing directed movement was reduced significantly, from
31% to 12%. The fraction of lysosomes undergoing constrained diffusion was increased
significantly, from 49% to 77%. The fraction of lysosomes undergoing free diffusion was
reduced significantly, from 20% to 11% (Figures 2D and 2E). This shows that sustained
microtubule-based transport is required to maintain the population composition of
lysosomes.

Because microtubule-based active transport is crucial to the positioning and relocation of
lysosomes (Bonifacino and Neefjes, 2017; Pu et al., 2016), we reason that it should play an
important role in maintaining the stable spatial distributions of lysosomes. To test this
hypothesis, we compared the three distance distributions of the lysosomes right before and
30 min after the nocodazole treatment (Figure 2F). We found that although inhibition of the
transport caused significant changes in the normalized inter-organelle distance distribution in
all of the cells we analyzed (Figure 2G), it did not consistently decrease or increase the
median distance (Figure 2H). The normalized to-nucleus distance distribution remained
unchanged in ~56% of the cells (Figure 2G), and inhibition of the transport did not
consistently decrease or increase its median distance (Figure 2H). Furthermore, the nearest-
neighbor distance distribution and its median remained unchanged in the majority of the
cells (Figures 2G and 2H), indicating that microtubule-based transport does not play a major
role in maintaining the crowding of lysosomes.

We hypothesize that the lack of consistent changes in the median normalized inter-organelle
distance and the median normalized to-nucleus distance after nocodazole treatment is
because the centrifugal transport and centripetal transport of the lysosomal population are
balanced. Abolishing the entire transport process by nocodazole treatment would not shift
the balance consistently in either direction. To test this hypothesis, we treated the cells
(plural form) with dynein inhibitor ciliobrevin D (Firestone et al., 2012), which disrupts
primarily the centripetal movement and shifts the balance toward the centrifugal movement.
We found that inhibiting dynein-mediated transport caused significant changes in the three
distance distributions in all or most of the cells analyzed (Figures 21-2K). It also
consistently increased the median normalized to-nucleus distance and the median
normalized inter-organelle distance in most of the cells and decreased the median nearest-
neighbor distance in the majority of cells (Figures 21-2K). Taken together, our findings
indicate that the balance between centrifugal and centripetal transport is required to maintain
stable spatial distributions of lysosomes. Because of this balance, lysosomes can undergo
long-distance transport without affecting their overall stable spatial distributions at the
whole-cell scale.
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Interaction with the Actin Cytoskeleton Is Required to Constrain Diffusion of Lysosomes
and to Maintain Their Positioning Relative to One Another

We have shown that microtubule-based transport is required to maintain the lysosomal
subpopulation undergoing directed movement. This raises the question of what maintains the
sub-population undergoing constrained diffusion. Interaction of lysosomes with the actin
cytoskeleton plays an important role in mediating their positioning (Bonifacino and Neefjes,
2017; Pu et al., 2016). In particular, interaction with the cortical actin network has been
shown to transiently constrain lysosomes near the cell periphery (Caviston et al., 2011;
Encarnacéo et al., 2016). We hypothesize that interaction with the actin cytoskeleton is
required for maintaining the subpopulation of lysosomes undergoing constrained diffusion.

To test this hypothesis, we depolymerized the actin cytoskeleton by treating cells with 0.8
UM latrunculin A (latA). We confirmed the effectiveness of the treatment based on the
changes in cell shapes (Figure S3A) and the reduction of polymerized actin levels (Figures
S3B and S3C). To avoid complications in result interpretation, we chose to analyze cells
without substantial changes in their shapes. To determine how depolymerization of the actin
cytoskeleton affected the three lysosomal subpopulations, we compared their mean
displacement in 5 s immediately before the treatment and 15-16 min after the treatment
(Figures 3A and 3B). We observed significant increases in mean displacements of all three
subpopulations (Figures 3B and S3D). Despite these significant changes, the fractions of
lysosomes undergoing constrained diffusion and directed movement were changed only
slightly, from 42.1% to 38.9% and from 37.5% to 39.3%, respectively (Figure 3C). The
fraction of lysosomes undergoing free diffusion remained unchanged (Figure 3C). Taken
together, our data show that although the actin cytoskeleton constrains diffusion and directed
movement of lysosomes, it plays only a minor role in maintaining the population
composition of lysosomes.

Next, we investigated the role of the actin cytoskeleton in maintaining the spatial distribution
of lysosomes. To this end, we compared the three distance distributions of lysosomes right
before and 15-16 min after the latA treatment (Figure 3D). We found that depolymerization
of the actin cytoskeleton caused significant changes in the normalized interorganelle
distance distribution, the normalized to-nucleus distance distribution, and the nearest-
neighbor distance distribution in 100%, ~55%, and ~25% of the cells, respectively (Figure
3E). In addition, we found that depolymerization of the actin cytoskeleton did not result in a
consistent increase or decrease in the median distances of lysosomes relative to one another
and to the cell nucleus (Figure 3F). The median nearest-neighbor distance was unchanged in
most of the cells (Figure 3F). We reason that this is because interaction with the actin
cytoskeleton does not alter the balance between the centrifugal and the centripetal transport
of lysosomes. Taken together, our results indicate that interaction with the actin cytoskeleton
is required to maintain the positioning of lysosomes relative to one another but plays a minor
role in maintaining their positioning relative to the nucleus and their crowding.
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A Stable Level of Lysosomal Biogenesis Is Required to Maintain a Stable Spatial
Distribution of Lysosomes

We have thus far investigated the roles of the cytoskeleton in mediating the population
composition and spatial distributions of lysosomes. Upregulation or downregulation of
lysosomal biogenesis also can cause substantial changes in the spatial distribution of
lysosomes (Jongsma et al., 2016; Korolchuk et al., 2011; Pu et al., 2016; Sardiello et al.,
2009), but such changes have not been quantitatively characterized at the whole-cell scale.
To investigate how an altered level of lysosomal biogenesis may influence the stable spatial
distributions of lysosomes, we treated COS-7 cells with 50 mM trehalose (Sarkar et al.,
2007), which activates TFEB, the master regulator of lysosomal biogenesis (Sardiello et al.,
2009; Settembre et al., 2011). We found that trehalose treatment substantially increased the
fraction of lysosomes clustering in the perinuclear region (Figure 3G) and significantly
decreased the distances between lysosomes and between lysosomes and the cell nucleus
(Figures 3H-3J), in agreement with the observations of previous studies (Sardiello et al.,
2009; Settembre et al., 2011). In addition, the treatment significantly increased crowding of
lysosomes as the median nearest-neighbor distance was reduced by ~29%, substantially
stronger in effect than the perturbations to the cytoskeleton analyzed previously (Figures 2F,
21, and 3D). Treatment of COS-7 cells with 2 uM torin 1, a potent and selective ATP-
competitive inhibitor of mechanistic target of rapamycin (mTOR) (Thoreen et al., 2009),
also substantially increased the fraction of lysosomes clustering in the perinuclear region
(Figures S4A-S4C) and the localization of TFEB to the nucleus (Figures S4D and S4E). The
distances between lysosomes and between lysosomes and the cell nucleus were significantly
decreased in ~50% of the comparisons (Figures S4F, S4G, S41, and S4J), similar to those
under trehalose treatment. However, the median nearest-neighbor distance was increased by
36% (Figures S4H-S4J). Together, these results show that a stable level of lysosomal
biogenesis is required to maintain a stable spatial distribution of lysosomes and that different
perturbations of lysosomal biogenesis by trehalose and torin 1 treatment lead to differential
changes in spatial distributions of lysosomes.

Lysosomes Form Dynamic Clusters throughout the Intracellular Space

We have shown that lysosomes are spatially organized at the whole-cell scale because their
spatial distributions are nonrandom, stable, yet distinct in single cells. Here, we further
investigate how they are organized spatially. A common pattern in the spatial distributions of
lysosomes is their clustering in the perinuclear region (Jongsma et al., 2016; Korolchuk et
al., 2011; Pu et al., 2016), defined by their substantially higher spatial density than in
neighboring areas. This raises the question of whether lysosomes cluster in other
intracellular regions. To answer this question, we plotted their spatial density across the
entire intracellular space (Figures 4A and 4B; Supplemental Experimental Procedures). The
plots revealed that lysosomes formed clusters throughout the intracellular space, which
could be identified visually by their elevated spatial densities (Figures 4A and 4B; Video
S3). To identify these clusters computationally, we used the Density-Based Spatial
Clustering of Applications with Noise (DBSCAN) algorithm (Ester et al., 1996)
(Supplemental Experimental Procedures). We found that lysosomal clusters were dynamic
and underwent turnover activities such as merging, splitting, appearance, and disappearance
(Figures 4C and S5A).
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To quantitatively characterize the lysosomal clusters, we first examined their composition
and found that on average, 47.9% of their members underwent constrained diffusion, 30.6%
underwent directed movement, and 21.5% underwent free diffusion (Figure 4D), consistent
with the composition of the entire lysosome population (Figure 2C) but more heterogeneous
given its larger variations (Figure 4D). We then quantified the sizes of the clusters by their
numbers of lysosomes and areas. We found that the median number of lysosomes of the
clusters was 8, with the maximum reaching ~200 (Figure 4E). The median area of the
clusters was 13.3 pm?, with the maximum reaching ~1,084 pm? (Figure S5B). Lastly, we
examined the lifetime of the clusters by following randomly selected clusters over time. We
found that the average lifetime of the clusters was 10.9 £ 1.3 s (mean + SEM; n = 30 clusters
from 9 cells), with the maximum reaching ~20 s.

To determine the mechanisms underlying the formation and dynamic turnover of lysosomal
clusters, we combined single-particle tracking analysis (Figures 2B and 2C) with clustering
analysis (Figure S5C; Video S4). We found that the de novo formation of a new cluster at a
certain location was mediated jointly by incoming lysosomes undergoing either directed
movement or free diffusion with lysosomes undergoing constrained diffusions at the location
(Figure S5C; Video S4). This finding is consistent with the measured properties of the
clusters. The mean lifetime of a cluster is ~11 s. Within this time interval, the mean
displacement of a lysosome undergoing constrained diffusion is <0.5 um. Because the
median diameter of a cluster is 4.23 um (Figure S5B), formation of a new cluster requires
long-range inward transport of lysosomes undergoing either directed movement or free
diffusion (Figure S5C). Because only a small fraction of lysosomes undergoes free diffusion
(Figure 2C), we conclude that cluster formation is mediated primarily by incoming
lysosomes undergoing directed movement together with local lysosomes undergoing
constrained diffusion. Our single-particle tracking provided no evidence that newly
synthesized lysosomes appeared in the clustering region. Consistent with our finding on
cluster formation, we found that dynamic turnovers of lysosomal clusters were mediated
primarily by long-range movements of lysosomes, especially those undergoing directed
movement. To further test this finding, we compared the lifetime of clusters in control cells
versus cells treated with nocodazole. We found a significant increase in their mean lifetime
by ~73% (Figure 4F), which supports our finding.

Formation of Lysosomal Clusters Is Associated with Local and Significant Increases in ER
Spatial Density

A substantial fraction of lysosomes remained constrained in their diffusion after
depolymerization of the actin network (Figure 3C). This indicates that other mechanisms
contribute to the constraining of lysosomal diffusion. Because the ER network extends
throughout the intracellular space and interacts with lysosomes (Bonifacino and Neefjes,
2017; Pu et al., 2016; Valm et al., 2017), we hypothesize that it constrains lysosomal
diffusion. To test this hypothesis, we imaged ER and lysosomes simultaneously (Figure 5A;
Supplemental Experimental Procedures). Consistent with previous reports (Friedman et al.,
2013; Raiborg et al., 2015; Valm et al., 2017), we found that lysosomes remained constantly
tethered to ER (Figure 5A; Video S5). Lysosomes confined to the ER network exhibited a
variety of behaviors, including directed movement along ER tubules (Figures 5A and 5B),
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constrained diffusion (Figures 5A and 5C), or association with the tips of growing ER
tubules (Figure 5A). Consistent with findings by Valm et al. (2017), some lysosomes
exhibited free diffusion while confined by ER (Figure 5D).

Given that lysosomes remain constantly tethered to the ER network, we probed its role in
lysosomal cluster formation by comparing its spatial density within the clusters versus
within non-cluster regions (Figure 5E; Supplemental Experimental Procedures). We found
that the formation of the clusters is associated with local and significant increases in ER
density within the clusters (Figure 5F), indicating that the ER may play a direct role in
mediating cluster formation.

Formation of Lysosomal Clusters Does Not Depend on Spatial Exclusion or Restriction by
Mitochondria

Mitochondria occupy a substantial fraction of the intracellular space in many cell types. For
example, ~22% of the volume of a liver cell is occupied by mitochondria (Alberts et al.,
2014). Within the intracellular space, mitochondria often form aggregates, which can
exclude and restrict lysosomes spatially. This raises the question of whether clustering of
lysosomes is merely a secondary outcome of the cellular crowding of mitochondria and their
spatial exclusion and restriction of lysosomes. To address this question, we imaged
mitochondria and lysosomes simultaneously in COS-7 cells and examined their spatial
relations (Figures 5G-5I). In regions not occupied by mitochondria, we frequently observed
formation, turnover, and dispersion of lysosomal clusters (Figures 5J-5L; Video S6). This
indicates that spatial exclusion or restriction of lysosomes by mitochondria is not a
necessary condition for lysosomal clustering. In regions that are densely occupied by
mitochondria, such as the perinuclear region, some lysosomes appeared to be excluded or
constrained in their movement by surrounding mitochondria, but many others did not appear
to be affected because their movement showed no apparent correlation with the movement of
mitochondria in close proximity (Video S6). This is not surprising, given that the movement
of lysosomes is confined by the ER network. In those regions that are densely occupied by
mitochondria, clusters of lysosomes were frequently observed, many undergoing dynamic
changes without apparent correlation with the movement of neighboring mitochondria
(Video S6). Taken together, these results indicate that the clustering of lysosomes does not
depend on their spatial exclusion or restriction by mitochondria and therefore is not merely a
secondary outcome, even though the spatial exclusion or restriction may contribute to the
clustering.

Clustering of Lysosomes Significantly Increases Their Interaction with Late Endosomes

That lysosomes form dynamic clusters throughout the intracellular space raises the
important question of what cellular functions these clusters may serve. Previous studies have
assumed that the clustering of lysosomes in the perinuclear region when cells are under
stress promotes their interactions with partner organelles such as autophagosomes (Jongsma
et al., 2016; Korolchuk et al., 2011; Pu et al., 2016), but this assumption has not been
directly tested. Here, we make a similar hypothesis, namely under normal conditions, that
clusters of lysosomes throughout the intracellular space increase interactions of lysosomes
with partner organelles because of their increased lysosomal spatial density. To directly test
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this hypothesis, we imaged lysosomes and late endosomes concurrently at approximately 5 s
per frame for 5 min (Figure 6A; Video S7) and then analyzed their interactions. First, we
confirmed that our experimental assay could reliably differentiate between lysosomes and
late endosomes (Figure S6A; Supplemental Experimental Procedures). Then, we developed
a computational method that identifies pairs of lysosomes and endosomes with a high
likelihood of interacting with one another. Specifically, we identified a lysosome and an
endosome as an interacting pair if they maintained a center distance below a threshold
ranging from 400-800 nm for at least 25 s (Figure 6B; Supplemental Experimental
Procedures). Under the selected distance threshold and time threshold, we estimated that
>80% of the detected interacting lysosome-endosome pairs had a spatial overlap of their
fluorescence signals during most (>80%) of the time that they stayed within the threshold
distance (Figures S6B—S6F). Using our computational method, we counted interacting
lysosome-endosome pairs in each cell and identified 26-117 pairs on average per cell in 5
min (Figure 6E). To examine the persistence of these candidate pairs, we calculated the time
in which the pairs stayed within the distance threshold. We found that ~33% of the pairs
stayed for >1 min (Figure 6F).

We then investigated the relations between the clusters of lysosomes and endosomes and the
detected lysosome-endosome pairs. First, we identified clusters of lysosomes and clusters of
endosomes, respectively (Figure 6C). Then, we checked the distribution of the interacting
lysosome-endosome pairs within and outside the clusters (Figure 6D). We found that 23.5%
of the interacting pairs resided within areas in which lysosome clusters overlapped with
endosome clusters (Figure 6G); 50.5% of the interacting pairs resided in either a lysosomal
cluster or an endosomal cluster. In total, 74% of the interacting pairs were associated with at
least one cluster. In comparison, 26.0% of the interacting pairs were not within any clusters.
Furthermore, we found that within 5 min, 12.7% * 1.34% (mean = SEM; n = 10 cells) of
lysosomes inside clusters formed pairs with endosomes, while only 6.5% + 0.97% (mean +
SEM; n =10 cells) of lysosomes outside clusters formed pairs with endosomes, indicating
that pairs were preferentially formed by lysosomes inside clusters (one-tailed t test; p =
0.0009). To further understand the behavior of the computationally detected interacting
lysosome-endosome pairs, we studied their activities visually. As an example, we found that
a pair stayed together for 566 s to complete their fusion (Figures 7A and 7B), which is
consistent with the duration of fusion events reported in a previous study (Bright et al.,
2005). Their fusion was confirmed based on their content exchange, as indicated by the
fluorescence signals (Figures 7A and 7B).

Thus far, we have shown that clustering of lysosomes and endosomes are correlated with
their significantly increased interactions. Given that lysosomes fuse with late endosomes, the
clustering may be a secondary effect of the fusion, or, alternatively, the clustering promotes
interactions such as fusion between lysosomes and endosomes. To differentiate between
these two possibilities, we blocked the fusion of lysosomes with late endosomes using two
strategies. First, we blocked the fusion by knocking down the hVVps39 subunit of the HOPS
complex (Supplemental Experimental Procedures), which has been shown to mediate the
interactions between lysosomes and late endosomes (Pols et al., 2013; Wartosch et al.,
2015). Second, we treated the cells with 1,2-bis(2-aminophenoxy) ethane-NV,N.N N -
tetraacetic acid tetrakis(acetoxymethyl ester) (BAPTA-AM) (Figure S7A), a calcium
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chelator that has been shown to inhibit the delivery of endocytosed lipid cargo into
lysosomes via the fusion of late endosome and lysosomes (Miedel et al., 2008). In both
cases, we found no change in either the average number of lysosomes or area per cluster in
U20S cells (Figures STB-S7E). Taken together, these results indicate that the clustering of
lysosomes is not merely a secondary effect of their fusion with late endosomes. We therefore
conclude that the clustering of lysosomes significantly increases their interactions with
endosomes.

DISCUSSION

The clustering of lysosomes in the perinuclear region has been noted from early studies of
lysosomal motility and positioning (e.g., Matteoni and Kreis, 1987). However, the
predominant view remains that individual lysosomes act independently and interact with
partner organelles in an entirely random fashion. In the present study, we challenge this
view. By combining high-resolution image analysis with spatial statistical analysis, we have
found patterns in the collective behavior of lysosomes. Specifically, we find that despite their
extensive long-distance movement, lysosomes maintain non-random, stable, yet distinct
spatial distributions at the whole-cell scale (Figures 1C-1H and S2A-S2C). Furthermore, we
find that by forming dynamic clusters throughout the intracellular space, individual
lysosomes work together to increase their spatial density locally and to promote their
interactions with endosomes (Figures 4A-4C, 6C, and 6D). Lysosomes likely bear
similarities to other intracellular organelles such as endosomes and peroxisomes in their
spatial organization because of their commonalities as compartments of the endomembrane
system (Dacks et al., 2009; Diekmann and Pereira-Leal, 2013) and their extensive
interactions (Bonifacino and Neefjes, 2017). Our findings that lysosomes maintain stable
spatial distributions and form dynamic clusters create potentially fundamental concepts in
lysosomal biology specifically and in organelle biology in general, and they provide insights
into how organelle interactions are mediated and regulated at the whole-cell scale.

Functional Implications and Underlying Mechanisms of Stable yet Distinct Spatial
Distributions of Lysosomes

Because of the crucial role lysosomes play in many important cellular processes,
homeostasis of their functions is essential to cell homeostasis. We now know that at least
some functions of lysosomes depend on their positioning (Johnson et al., 2016; Korolchuk et
al., 2011). Because lysosomes maintain a dynamically stable spatial distribution at the
whole-cell scale, homeostasis of their functions does not depend on fixed positions of
individual lysosomes.

Our single-particle tracking reveals that lysosomes in a single cell form different
subpopulations (Figures 3B and 3C). The subpopulation undergoing directed movement is
maintained primarily by microtubule-based active transport. However, the sub-population
undergoing constrained diffusion is maintained only partially by the actin cytoskeleton
(Figure 3C). The ER network also plays important roles in confining the movement of
lysosomes (Figures 5A-5D). Overall, our analysis identifies at least three mechanisms that
jointly mediate the stable spatial distribution of lysosomes at the whole-cell scale. The first
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mechanism is the balance between the subpopulation undergoing directed movement and the
subpopulation undergoing constrained diffusion, which is essential to maintain a stable
composition of the lysosomal population. The second mechanism is the balance between
microtubule-based transport in the centrifugal direction and the centripetal direction, which
is essential to maintain the overall positioning of lysosomes relative to one another and to
the nucleus. The third mechanism is homeostasis in the biogenesis of lysosomes, which is
essential to maintain the level of crowding between lysosomes (Figures 3H-3J). Additional
mechanisms, especially upstream regulatory mechanisms, almost certainly are involved in
maintaining the stable spatial distribution of lysosomes.

Roles of Organelle Interactions in Mediating Lysosomal Clustering

Recent studies such as that of Valm et al. (2017) revealed extensive interactions between
lysosomes and other intracellular organelles. In particular, the ER network and mitochondria
together account for the majority of the intracellular space excluding cytoplasm. In liver
cells, for example, they account for ~80% of the intracellular space excluding cytoplasm
(Alberts et al., 2014). In the present study, we find that the ER network not only confines
lysosomal movement (Figures 5A-5D) but also may play a direct role in mediating
lysosomal clustering (Figures 5E and 5F). Alternatively, spatial exclusion or restriction by
mitochondria is not required for lysosomal clustering, even though it may contribute to the
clustering (Figures 5G-51 and 5H-5J).

Functional Implications of Lysosomal Clustering

Using spatial statistical analysis techniques, we find that lysosomes form dynamic clusters
not just in the perinuclear region but throughout the intracellular space (Figure 4C). We
directly show that the clustering of lysosomes promotes their interactions with late
endosomes (Figures 6C and 6D). A key benefit of the dynamic clustering of lysosomes is
that it allows tuning of the interaction of lysosomes with partner organelles locally
throughout the intracellular space. By increasing the spatial density of lysosomes locally, the
formation of clusters increases the likelihood of their collisions and interaction with partner
organelles such as endosomes. More importantly, dynamic turnover of the clusters makes it
possible to switch on or off such an effect. We speculate that dynamic clustering is a general
mechanism for promoting and regulating organelle interactions.

Another key benefit of the dynamic clustering of lysosomes is that it facilitates the
maintenance of lysosomal homeostasis. Lysosomes contain high levels of digestive enzymes
(Luzio et al., 2007). Rupture of the lysosomal membrane under oxidative stress releases the
enzymes into the cytoplasm and is known to trigger apoptosis under many conditions
(Colletti et al., 2012; Sun et al., 2010). Therefore, to promote interactions of lysosomes with
partner organelles through global crowding via a non-specific increase in their total number
is not preferable, not only because this strategy lacks spatial specificity but also because it is
detrimental to cell physiology. Dynamic clustering of lysosomes promotes their interactions
with partner organelles without the need to increase their total numbers and thus facilitates
the maintenance of lysosomal homeostasis.
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A Model of Lysosomal Clustering

We propose an active transport-mediated clustering model (Figure 7C). Specifically, we
propose that the formation and dispersion of lysosomal clusters are controlled by controlling
the active transport of lysosomes, which are confined by the ER network. By increasing its
spatial density locally, the ER network also directly contributes to the clustering of
lysosomes.

EXPERIMENTAL PROCEDURES

Cell Lines

COS-7 cells were maintained in DMEM supplemented with 10% fetal bovine serum. BS-
C-1 cells were maintained in Eagle’s Minimum Essential Medium (EMEM) supplemented
with 10% fetal bovine serum. U20S cells were maintained in McCoy’s 5A Medium
(Thermo Fisher Scientific) supplemented with 10% fetal bovine serum. Cells, culture media,
and serum were purchased from the American Type Culture Collection.

Fluorescence Microscopy

Imaging was performed on a Nikon Eclipse Ti-E inverted microscope with a CoolSNAP
HQ2 camera (Photometric) and a 100%/1.40 numerical aperture (NA) or 60x/1.40 NA oil
objective lens. The effective pixel sizes were 0.0645 pm at 100x and 0.107 pum at 60x%,
respectively. For experiments on ciliobrevin treatment, torin 1 treatment, mitochondria-
lysosome interaction, and ER-lysosomes interaction, imaging was performed with an Andor
Zyla complementary metal oxide semiconductor (CMOS) camera with a 60x/1.40 NA oil
objective lens. The effective pixel size was 0.11 pm at 60%. During live imaging, cells were
maintained in a Tokai HIT stage incubator at 37°C with 5% CO,. LAMP1-mCherry for
labeling late endosomes and lysosomes and dextran Alexa Fluor 594 for labeling endosomes
were imaged using a tetramethylrhodamine (TRITC) filter set. Dextran Alexa Fluor 488 for
labeling lysosomes was imaged using a fluorescein isothiocyanate (FITC) filter set. For each
condition, at least six cells from two to three independent experiments were imaged.

Lysosomes in non-patterned cells were imaged at 4 frames per second. Lysosomes in
patterned cells were imaged at 2.5 frames per second. One-hour videos of lysosomes in
COS-7 cells were imaged at 25 s per frame. In latrunculin A, nocodazole, and ciliobrevin D
treatment experiments, cells were imaged at 10 frames per second. In ER-lysosome
colabeling experiments, cells were imaged at 2.0-2.5 s per frame. In mitochondria-lysosome
colabeling experiments, cells were images at 1.5-1.7 s per frame. In endosome-lysosome
interaction experiments, cells were imaged at 4.2-5 s/per frame.

Statistical Methods

Unless specified otherwise, comparison of statistical distributions was performed using two-
sample Kolmogorov-Smirnov tests, comparison of means was performed using two-sample t
tests, and comparison of medians was performed using Wilcoxon rank sum tests.
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Highlights
Lysosomes maintain non-random, stable, yet distinct spatial distributions

Cytoskeleton, ER, and biogenesis jointly mediate lysosomal spatial
distributions

Lysosomes form dynamic clusters that increase their interactions with
endosomes

Lysosomal clustering is associated with local increases in ER spatial density
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Figure 1. Lysosomes Maintain Non-random and Stable Spatial Distributions in a Single Cell

(A) Lysosomes in a BS-C-1 cell at three selected time points. N, nucleus. Scale bars, 10 pm.
(B) Maximum intensity projection (MIP; green) of lysosomal movement for 1 min, imaged
at 4 frames per second. Each trace corresponds to the trajectory of a lysosome. Scale bar, 10
um. Scale bars in insets, 5 pm.

(C-E) Complete spatial randomness (CSR) test of whole-cell scale lysosomal distribution at
the three time points in (A). (C) 0s; (D) 30 s; (E) 60 s. Adjusted Ripley’s K-function of
lysosomes within the cell (solid black line). Adjusted Ripley’s K-function of a random
distribution within the same cell boundary (dotted red line). Uncertainty envelope for the
random distribution (gray area). The extent of separation between the solid black line and
the CSR envelope indicates how close the spatial distribution of lysosomes is to a random
distribution.

(F-H) Three distance distributions of lysosomes, color coded based on time and plotted
every 5 s for 60 s. Their temporal variations were quantified using Sgrensen dissimilarity
scores. Because the distributions at 0, 5, 10, ... 60 s were selected, 13 distributions were
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compared pairwise, hence C%3 = 78 pairs. pdf, probability density function. Temporal

variations (means = SDs; n = 78): (F) 3.29% + 2.98%; (G) 2.65% = 0.92%; (H) 5.80%
+ 1.48%.
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Figure 2. Composition of the Lysosomal Population and Roles of Microtubule-Based Active

Transport in Maintaining Its Stable Spatial Distribution

(A) Maximum intensity projection of movement of lysosomes in a COS-7 cell imaged at 10

frames per second for 20 s. Scale bar, 15 pum.

(B) MSD of randomly selected 10% of all lysosomal trajectories.

(C) Percentage of each subpopulation (means + SDs; n = 9 cells): constrained: 49.41%
+ 6.24%); directed: 30.94% + 5.40%; free: 19.64% + 2.19%. Error bars indicate SD.

(D) Color-coded trajectories of lysosomes at three time points in a cell treated with 2.5 uM

nocodazole (NCD).
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(E) Changes in lysosomal subpopulations under NCD treatment over time (means = SDs; n
=9 cells). Constrained (0, 15, and 30 min): 49.41% + 6.24%, 67.74% + 4.17%, and 77.20%
+ 3.32%, respectively. Directed (0, 15, and 30 min): 30.94% + 5.40%, 16.77% * 2.05%, and
11.71% =+ 2.48%, respectively. Free (0, 15, and 30 min): 19.65% + 2.19%, 15.49% + 3.32%,
and 11.05% + 3.80%, respectively. Comparison of pooled data from the same cells before
and after NCD treatment. p values (0 min versus 15 min, 0 min versus 30 min, and 15 min
versus 30 min): constrained: 1.8 x 1074, 9.6 x 1076, and 8.1 x 1074, respectively; directed:
2.7x107°,3.2 x 1075, and 2.0 x 1073, respectively; free: 2.6 x 1072, 7.3 x 107>, and 1.3 x
1072, respectively. *p < 0.05; **p < 0.01; ***p < 0.001. Error bars indicate SD.

(F) The three distance distributions before and after 30 min of NCD treatment in 9 different
cells.

(G) Comparison of different distance distributions of lysosomes before versus after NCD
treatment. Cutoff p value for statistical significance: 0.05. Inter-organelle (same, different):
0%, 100%, respectively; to-nucleus: 55.5%, 44.4%, respectively; and nearest-neighbor:
77.8%, 22.2%, respectively.

(H) Comparison of median distances before versus after NCD treatment. Inter-organelle
(smaller, same, and larger): 22.2%, 11.1%, and 66.7%, respectively; To-nucleus: 33.3%,
44.4%, and 22.2%, respectively; and nearest-neighbor: 33.3%, 66.7%, and 0%, respectively.
(1) The three distance distributions before and after 1 hr of ciliobrevin D (80 uM) treatment
in 13 different cells.

(J) Comparison of three distance distributions before versus after ciliobrevin D treatment of
the same cells: Inter-organelle (same, different): 0%, 100%, respectively; to-nucleus: 15.4%,
84.6%, respectively; and nearest-neighbor: 23.1%, 76.9%, respectively.

(K) Comparison of median distances before versus after ciliobrevin D treatment. Inter-
organelle (smaller, same, larger) 7.7%, 0%, 92.3%, respectively; To-nucleus: 0%, 15.4%,
84.6%, respectively; Nearest-neighbor: 69.2%, 30.8%, 0%, respectively.

Cell Rep. Author manuscript; available in PMC 2018 August 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Baetal.

Page 23
A Control =Constrained  7-8 min latA 14-15 min latA B R s
= Directed 20 M w 7.8 min lath
= =1 W 15-16 min latA
216 =
‘E 12 Py
§osf P P
= 5 - I
o 04 o =7
a
0 ]
Constrained  Free Directed
0 -5-0 min
- B 7-8 min latA «
c 60 Tow 1 B 15-16 min latA D 35 0.8
— 0.6
B
—40 " e
& 2 204
j-
] 20 02
& .
0 0
0 05 1 0 05 1 001 2 3 4 5 6 7
Normalized inter-organelle distance Normalized to-nucleus distance Nearest-neighbor distance (pm)
LatA LatA
E . F
gmo Osame 10 Ssmater G Control Trehalose
= a0 B Different 80 I Same
L CALarger
8
= 60
@«
g
=
g
a

— Control
— Trehalose

0 0.5 1

. 4 8
MNormalized inter-organelle distance Normalized to-nucleus distance Nearest-neighbor distance (um)
| Trehalose J Trehalose
z 100 C1Same §100 ISmaller
= [ Different = CJSame
2 80 £ 80 A Larger
3 3
‘s 60 ‘5 €60
§ 40 g’ 40
[ =
g 20 g 20
& &
0 0
2 ﬁfa 6&& GQG, ‘é}
¢ & ¢ & Sy
£ «O‘Q Y, & /\0’0 W5
& & &
& e-b‘ N
- =

Figure 3. Roles of Interaction with the Actin Cytoskeleton and Lysosomal Biogenesis in
Maintaining Subpopulations and Spatial Distributions of Lysosomes

(A) Color-coded trajectories of lysosomes in COS-7 cells treated with 0.8 uM latA. Videos
were collected at 10 frames per second for 20 s.

(B) Changes in the displacement for 5 s of the three subpopulations under latA treatment.
Comparison of pooled data from the same 11 cells before and after treatment. Constrained
diffusion: 0.32 £ 0.0058 pm (mean = SEM; 0 min, n = 2,052 trajectories), 0.39 £ 0.0076 pm
(7.5 min, n = 1,821), and 0.41 £ 0.0075 pm (15 min, n = 1,747). Free diffusion: 0.57 + 0.019
pum (0 min, n = 688 trajectories), 0.66 + 0.020 pm (7.5 min, n = 633), and 0.68 £ 0.019 um
(15 min, n = 675). Directed movement: 1.61 £ 0.031 um (0 min, n = 1,757 trajectories), 1.67
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+0.031 pm (7.5 min, n = 1,833), and 1.78 £ 0.032 pm (15 min, n = 1,713). p values (0 min
versus 7.5 min, 0 min versus 15 min, and 7.5 min versus 15 min): constrained diffusion: 1.2
x 10714 1.9 x 10722, and 0.083, respectively; free diffusion: 2.1 x 1073, 3.6 x 107>, and
0.32, respectively; directed movement: 0.17, 1.6 x 1074, and 0.014, respectively. Error bars
indicate SEM.

(C) Changes in the three subpopulations under latA treatment over time (means + SDs; n =
11 cells). Constrained (0, 7.5, and 15 min): 42.14% = 6.90%, 39.34% + 5.09%, and 38.96%
+ 5.60%, respectively. Free: 20.34% + 1.31%, 20.41% + 1.68%, and 21.74% + 2.51%,
respectively. Directed: 37.52% + 7.02%, 40.25% + 6.00%, and 39.30% + 6.20%,
respectively. p values (0 min versus 7.5 min, 0 min versus 15 min, and 7.5 min versus 15
min): constrained: 0.0058, 0.0053, and 0.49, respectively; free: 0.98, 0.15, and 0.22,
respectively; directed: 0.0043, 0.10, and 0.61, respectively. Error bars indicate SD.

(D) The three distance distributions before and 15 min after latA treatment in 11 cells.

(E) Comparison of distributions before and after latA treatment (n = 55 pairs). Inter-
organelle (same, different): 0%, 100%, respectively; to-nucleus: 45.5%, 54.5%, respectively;
nearest-neighbor: 72.7%, 27.3%, respectively.

(F) Comparison of median distances before and after latA treatment (n = 55 pairs). Inter-
organelle (smaller, same, and larger): 54.5%, 9.1%, and 36.4%, respectively; to-nucleus:
27.3%, 36.4%, and 36.4%, respectively; nearest-neighbor: 9.1%, 81.8%, and 9.1%,
respectively.

(G) Comparison of lysosomal spatial distributions in a control cell (left) versus a cell treated
with trehalose (right; 50 mM, 12 hr). Lysosomes (red); nuclei (blue). Scale bars, 15 pm.

(H) The three distance distributions in control cells (n = 7) versus trehalose-treated cells (12
hr, 7 cells).

(1) Comparison of distributions in control cells versus cells treated with trehalose (n = 49
pairs). Inter-organelle (same, different): 0%, 100%, respectively; to-nucleus: 14.3%, 85.7%,
respectively; nearest-neighbor: 2.1%, 97.9%, respectively.

(J) Comparison of median distances in control cells versus cells treated with trehalose (n =
49 pairs). Inter-organelle (smaller, same, and larger): 91.8%, 0%, and 8.2%, respectively; to-
nucleus: 69.4%, 16.3%, and 14.3%, respectively; nearest-neighbor: 91.8%, 8.2%, and 0%,
respectively.
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(A) Selected frames from a time-lapse video of lysosomes in a COS-7 cell. Scale bar, 20 pm.
(B) Color-coded spatial density plots of lysosomes calculated for the frames shown in (A).
Scale bar, 20 pm.
(C) Clusters of lysosomes identified computationally by DBSCAN. Arrowheads point to
cluster-splitting sites. Arrows point to cluster-merging sites.
(D) Composition of clusters, calculated for each cluster and then pooled for analysis.
Constrained diffusion 47.9% + 19.7%; directed movement, 30.6% + 17.7%; free diffusion,
21.5% * 14.9% (means + SDs; n = 376 clusters from 9 cells, within 5 frames randomly
selected from each cell). Error bars indicate SD.
(E) Size distribution of clusters, measured by their numbers of lysosomes. Same clusters
from the same cells as those in (D). The average number of lysosomes was 15.4 + 1.3 per
cluster (means + SEMs; n = 376 clusters from 9 cells). The median number of lysosomes

was 8.

(F) Lifetime of large clusters with >10 lysosomes in the same cells before and after NCD
treatment, as shown in Figure 2D. Before NCD treatment, 6.14 + 1.22 s (mean + SEM; n =
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34 clusters from 8 cells); after NCD treatment, 10.69 + 1.76 s (mean £ SEM; n = 24 clusters
from 8 cells); p = 0.013. Error bars indicate SEM.
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Figure 5. Formation of Lysosomal Clusters Is Associated with Local Increases in ER Spatial
Density but Does Not Depend on Spatial Exclusion by Mitochondria

(A) Lysosomes remain tethered to the ER network. Left: a selected frame from a time-lapse
video of a COS-7 cell in which ER and lysosomes were labeled. Right: zoomed-in views of
selected frames of lysosomes in the rectangles. 1”: a lysosome undergoing directed
movement. 2”: a lysosome undergoing constrained diffusion. 3": a lysosome undergoing
directed movement at the tip of a growing ER tubule. Scale bars, 5 um (left), 1 um (right).
(B) MSD analysis of the lysosome in panel 1" of (A).

(C) MSD analysis of the lysosome in panel 2" of (A).
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(D) MSD analysis of a lysosome undergoing free diffusion (image not shown).

(E) Comparing ER spatial densities in clustered regions versus non-clustered regions.
Segmented ER shown in white and background in gray. Lysosomes in clusters (red
dots).Lysosomes not in any cluster (brown dots). Selected clusters for analysis (green
contours). Randomly selected non-cluster regions with the same shape as a cluster (blue
dash contours). Scale bar, 10 um.

(F) Comparison of ER densities in cluster regions versus non-cluster regions. Cluster
regions: 47.5% + 7.6% (mean = SD; n = 31 regions from 3 cells); non-cluster regions:
36.9% + 9.0% (mean = SD; n = 116 regions from 3 cells); p = 1.2 x 1078, Error bars indicate
SD.

(G-1) Selected frames at 0s (G), 28.5s (H), and 60.4s (1), from a time-lapse video of a
COS-7 cell in which mitochondria and lysosomes were labeled. Scale bar, 10 um.

(J-L) Lysosomal clusters and their spatial relations with mitochondria (shown in grayscale)
0s (J), 28.5s (K), and 60.4s (L). Lysosomes in clusters (red dots). Lysosomes not in any
cluster (blue dots). Lysosome cluster boundaries (green dashed contours). Scale bar, 10 pm.
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Figure 6. Clustering of Lysosomes Increases Their Interaction with Late Endosomes
(A) Selected frames from a time-lapse video of a COS-7 cell in which lysosomes (green)

and late endosomes (red) were labeled. Scale bars, 15 um.

(B) An example of a computationally detected interacting lysosome-endosome pair that
remained together for >4 min. Top three rows: the actual fluorescence signals. Bottom row:
computational detection result. Scale bars, 1 um.
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(C) Clusters of late endosomes and lysosomes detected from the video in (A). Interacting
lysosome-endosome pairs (magenta). Lysosome (green). Late endosome (blue). Lysosome
cluster boundaries (light blue lines). Endosome cluster boundaries (orange lines).

(D) Same as (E) but showing only the clusters and detected lysosome-endosome pairs.

(E) Number of detected interacting lysosome-endosome pairs in 10 cells within 5 min: 89,
26, 101, 54, 64, 61, 63, 32, 117, and 58.

(F) Histogram of the duration of the detected interacting pairs staying together.

(G) Relation between the location of interacting pairs and the clusters of endosomes and
lysosomes.
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Figure 7. Tracking of Fusion between Lysosomes and Endosomes and a Model of Lysosomal

Clustering

(A) An example of lysosome-endosome fusion in a COS-7 cell. At 0-9 s, two lysosomes
(arrowheads) moved close to an endosome. At 36 s, the three organelles overlapped with one
another in their fluorescence signals, presumably undergoing fusion or partial content
exchange. This was followed by the formation of a new lysosome at 69-157 s, indicated by
arrows. At 600 s, separation and content exchange were evident, given that the lysosome
content (green fluorescence) was present in the endosome (hollow arrows) and vice versa.

Lysosome (arrowheads). A newly formed lysosome (solid arrows). An endosome
lysosomal content (hollow arrows). Scale bar, 2.5 um.
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(B) Computational detection of lysosome-endosome interaction in the example shown in
(A). (Upper row) The actual lysosome-endosome pair. (Bottom row) Computational
detection results. Frame rate during imaging: 4.2 s per frame. Scale bars, 1 pm.

(C) Our active transport-mediated clustering model.
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