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Lysosomes are highly dynamic organelles that can move rapidly throughout the cell. They distrib-
ute in a rather immobile pool located around the microtubule-organizing center in a “cloud,” and a
highly dynamic pool in the cell periphery. Their spatiotemporal characteristics allow them to carry
out multiple biological functions, such as cargo degradation, antigen presentation and plasma
membrane repair. Therefore, it is not surprising that lysosomal dysfunction underlies various dis-
eases, including cancer, neurodegenerative and autoimmune diseases. In most of these biological
events, the involvement of lysosomes is dependent on their ability to move throughout the cyto-
plasm, to find and fuse to the correct compartments to receive and deliver substrates for further
handling. These dynamics are orchestrated by motor proteins moving along cytoskeletal compo-
nents. The complexity of the mechanisms responsible for controlling lysosomal transport has
recently been appreciated and has yielded novel insights into interorganellar communication, as
well as lipid-protein interplay. In this review, we discuss the current understanding of the mecha-
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1 | INTRODUCTION

Upon entry into the endosomal system, endocytic cargo first enters
early endosomes, where it can be sorted for recycling back to the
plasma membrane or targeted downstream to late endosomes.! Late
endosomes mature to or fuse with lysosomes, degradative organelles
characterized by an acidic lumen and many hydrolytic enzymes. Lyso-
somes have long been considered as trash bins of cells and final state
organelles. However, their role in various cellular processes from signal
transduction to antigen presentation highlights the merits of this
remarkable organelle.? Lysosomes are broadly distributed throughout
the cell, but overall they demonstrate two spatially distinct subsets: a
relatively immobile perinuclear pool near the microtubule-organizing
center (MTOC) and a highly dynamic subset at the periphery of cells,
some reaching as far as the plasma membrane.® As their positioning
reflects their characteristics, such as luminal pH, it is no surprise that
these different spatial pools of lysosomes contribute to different biolog-
ical means.* For instance, peripheral lysosomes are shown to participate
in plasma membrane repair and indicate nutrient availability by activat-

ing the mechanistic target of rapamycin complex 1 (mTORC1);

nisms of lysosomal transport and the molecular machineries that control this mobility.
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meanwhile, perinuclear ones fuse with autophagosomes to generate
auto-lysosomes.>™7 Although these different pools of lysosomes have
distinct characteristics and functions, cell-wide homeostasis is main-
tained by regular mixing of these pools by trafficking and fusion pro-
cesses. In general, lysosomal movement is not continuous but happens
in a “stop-and-go” fashion, suggesting that it is constantly subjected to
regulation.® Recent findings reveal that various factors, such as interor-
ganellar contact sites, play a direct role in regulating the positioning of
late endosomes and lysosomes. In this review, we discuss the recent
insights into the transport mechanisms of late endosomes and lyso-
somes (hereafter collectively referred to as lysosomes, unless stated

otherwise) and machineries that regulate their positioning in cells.

2 | WHERE IT ALL STARTS AND ENDS: THE
PERINUCLEAR CLOUD OF ENDOSOMAL
VESICLES

The steady-state distribution of the endosomal system is not random
but organized with dynamic endosomes at the cell periphery and
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FIGURE 1 Intracellular distribution of lysosomes. Lysosomes can be
found in two intracellular locations: a relatively immobile pool of
perinuclear lysosomes clustered around the MTOC and a set of
peripheral lysosomes moving fast along microtubules in a stop-and-go
manner or are found attached to peripheral actin networks

relatively immobile ones in a “perinuclear cloud” around the MTOC
(Figure 1). While endocytosed cargo enters the cell at the periphery,
early endosomes move into the cloud and mature into late endosomes
and lysosomes. From here, not only early and late endosomes but also
trans-Golgi network vesicles leave to move toward the cell periphery
for their following destination. This perinuclear cloud is controlled
by an endoplasmic reticulum (ER)-located E3 ligase called RNF26
(Figure 3).2 RNF26 binds and ubiquitinates p62/SQSTM1 that then
interacts with ubiquitin adaptors such as TOLLIP, EPS15 and TAX1BP1
on the various endosomal sets to arrest them in the perinuclear region.
This organization increases the efficiency of endocytosed fluid phase
material to enter lysosomes and activated epidermal growth factor to
be degraded to terminate signaling.® Therefore, the perinuclear cloud
appears to be a site for efficient maturation of endosomes. At one
point, endosomes leave the cloud, which involves the deubiquitination
of SQSTM1/pé62 by the deubiquitinating enzyme USP15 (Figure 3), and
start their fast bidirectional microtubule-based journey in the periphery
along microtubules and finally the cortical actin cytoskeleton before

reaching the cell surface (Figure 1).

3 | MECHANISMS OF LYSOSOMAL
TRANSPORT

Intracellular movement of proteins, RNA and organelles is as funda-
mental to multicellular organisms as membrane compartmentalization
of cellular processes. Large particles do not move by free diffusion but
require active directional support.” Serving this purpose, three princi-
ple families of motor proteins are known—kinesins, dyneins and myo-
sins. While kinesin and dynein motor proteins move on microtubules,

myosin motor proteins move on actin filaments. Fast transport is

typically microtubule-based, myosin motors move more slowly along
actin.’® There is also a spatial difference as microtubule networks
span the entire cytosol while actin fibers are more (but not exclu-
sively) concentrated under the plasma membrane to determine cell
shape and motility. Directional intracellular transport is most promi-
nent in polarized cells, such as neurons, where the delivery of organ-
elles and proteins from cell body to axon occurs over long distances
and is essential for neuronal function.** In general, microtubules are
radially distributed: with their minus-end positioned at the perinuclear
region, starting at the MTOC, and their plus-end pointing toward the
cell periphery.1?

Long-distance intracellular transport of organelles occurs along
the microtubule fibers by the activity of kinesin and cytoplasmic
dynein-1 (here after referred to as dynein) motor proteins, and the
balance between retrograde dynein and anterograde kinesin motor
transport determines the net directionality of movement and matura-
tion of endosomes.*? Since lysosomes move in a bidirectional manner
along microtubules, this implies that they move by alternating activi-
ties of the dynein motor and one or more of the kinesin motors. The
kinesin, dynein and myosin motors usually do not bind directly to
selected organelles but their interaction is generally mediated by small
GTPases, their effector proteins and lipids (reviewed in Reference 14).
When in their active GTP-bound state, small GTPases can mark
defined organelles and then function as scaffolds for the assembly of
transport and fusion machineries on target membranes.*®

While the human genome encodes over 40 kinesin proteins, there
is only one dynein protein that has been implicated in transport of
cytoplasmic cargoes.'® Dynein associates with the multiprotein com-
plex dynactin to facilitate minus-end transport of organelles and other
substrates. Organelles have their own solution for recruiting motor
proteins, but the general mechanism that is employed is usually
shared. Rab7 is a small GTPase that—when activated in its GTP-bound
state—marks late endosomes, lysosomes and lysosome-related organ-
elles. Rab7 then recruits effector proteins such as the Rab-interacting
lysosomal protein (RILP), which binds to the p1508“*¢ subunit of
dynactin and dynein light intermediate chain, then acquiring the
dynein-dynactin complex for minus-end transport (Figure 2).17-17
Under more specific conditions such as starvation, the dynein/dynac-
tin motor can interact with ALG2 or JIP4 on lysosomal membranes to
drive minus-end transport of lysosomes (Figure 2, discussed further
below).?°

Anterograde transport requires one or more kinesin motors to be
employed and multiple mechanisms are identified. One of these sys-
tems also uses the Rab7 GTPase. Activated Rab7 can also bind the
effector FYCO1 that in combination with phosphatidylinositol
3-phosphate (PI(3)P) recruits the kinesin-1 motor (Figure 2, discussed
further below).2%?2 Alternatively, the lysosomal multiprotein complex
BORC can activate the small GTPase Arl8b that then recruits the
effector SKIP to engage in kinesin-driven plus-end transport
(Figure 2).2%2% Arl8b/SKIP can recruit two distinct kinesin types for
anterograde transport of lysosomes: kinesin-1 (KIF5B) prefers to
move on perinuclear microtubules enriched in acetylated tubulin,
whereas kinesin-3 (KIF1Bp and KIF1A) ensure movement on periph-
eral microtubules where tyrosinated o-tubulin is abundant, further
underscoring the complexity

and dynamicity of lysosomal
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FIGURE2 Many mechanisms of lysosomal transport. Various mechanisms of lysosomal recruitment of motor proteins are reported. A, The small
GTPase Rab7 recruits effector RILP and the dynein/dynactin motor to lysosomes for minus-end transport. B, Calcium plays a crucial role in
lysosomal positioning. PI(3,5)P, on lysosomal-delimiting membranes activates the TRPML1 channel to stimulate calcium efflux. Then, the
cytosolic calcium sensor ALG2 recruits the dynein/dynactin complex to TRPML1-containing lysosomes. C, Transmembrane protein TMEM55B
interacts with the dynein adaptor JIP4 and facilitates minus-end transport. TMEMS55B levels are controlled transcriptionally: depletion of
nutrients or cholesterol upregulates TMEM55B transcription via autophagy-associated transcription factors. D, BORC, a multisubunit complex on
the lysosomal membrane, recruits Arl8b to lysosomes. The small GTPase Arl8b interacts with effector SKIP for lysosomal localization of kinesin-
1. E, The kinesin adaptor FYCO1 interacts with active Rab7 and PI(3)P on lysosomal membranes to recruit kinesin-1 to lysosomes

movement.2> The effector SKIP is also involved in anterograde trans-
port of lysosome-related organelles, such as lytic granules, Salmonella
containing phagosomes and melanosomes.?®~28 However, in transport
of more mature melanosomes, SKIP and kinesin-1 are recruited by
GTPase Rab1A instead of Arl8b.?

Why do lysosomes contain two, maybe even more, mechanisms
to drive plus-end transport? It is currently unclear whether Rab7 and
Arl8 occupy the identical lysosomes, but one possibility is that differ-
ent GTPase/adaptor complexes function on different sets of lyso-
somes destined for distinct biological functions. For instance,
FYCO1-driven plus-end trafficking results in cell growth and protru-
sion formation, suggesting that Rab7/FYCO1 works on lysosomes
destined for plasma membrane fusion.?? Also, BORC-regulated trans-
port of lysosomes toward the periphery is required for efficient
autophagosome-lysosome fusion at the perinuclear region.2’ Possibly,
BORC/Arl8/SKIP drives retrograde trafficking and maturation of lyso-
somes that are transported back to perinuclear area. Although both
models are plausible, the biological implications of Arl8/SKIP- and
FYCO1/Rab7-mediated outward trafficking are unclear.

Lysosomes prefer to move in a bidirectional stop-and-go manner
by the alternating activities of kinesin and dynein motor proteins.
They move along microtubules rather inefficiently, considering that

their goal is to move from the perinuclear cloud to the plasma

membrane. It is unclear why organelles move this way. One possibility
is that lysosomes on microtubule tracks encounter various roadblocks
such as other organelles like the ER or that the motor proteins are
confused when getting at a crossing of two microtubule fibers. Alter-
natively, exhaustion of motor proteins might require their replacement
or this movement is the result of a tug of war among multiple
opposite-directed motors. In fact, this type of stop-and-go transport is
observed for all intracellular vesicles and appears to be intrinsic to
vesicular transport of all kinds. Their complicated and apparently inef-

ficient movement is however unexplained.

4 | LYSOSOMAL POSITIONING REGULATED
BY OTHER ORGANELLES

Membrane contact sites are cellular domains where two organelles
interact to facilitate molecular function and promote functional inte-
gration. As a network, the ER reaches to the farthest corners of the
cell and interacts with many organelles including the plasma mem-
brane.2%! |n fact, the ER is the largest intracellular organelle and con-
tains the majority of cellular lipids. There is growing evidence that the
ER forms membrane contact sites with almost all organelles and the

plasma membrane.3? As the center stage of membrane contact sites,
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the ER is also tightly associated with endosomal biology. ER-
endosome contact sites take part in various molecular functions,
including lipid trafficking, growth factor signaling, organelle fission,
kinesin and dynein motor lysosomal transport and endosomal
positioning.1>1822:33

One of the ways by which ER-lysosome contact sites control
directionality of transport involves the lipid cholesterol. Cholesterol is
an essential structural component of cellular membranes and has
unique biophysical properties. It can alter membrane fluidity and form

3% While some proteins are

lipid microdomains in membranes.
excluded from these microdomains, others are enriched.®®> Rab7 and
dynein may cluster into such cholesterol-rich microdomains, at least
on phagosomal membranes.®¢ Cholesterol may be involved in the for-
mation of intraluminal vesicles in late endosomal multivesicular
bodies.®’~%? While mutations in proteins involved in cholesterol
homeostasis are associated with various diseases, including lysosomal
storage disorders, some lysosomal storage diseases show accumulat-
ing cholesterol in lysosomes, and it is now becoming clear that
lysosome-ER contact sites function in cholesterol homeostasis.**=*% In
one of the best-understood mechanisms, cholesterol levels in lyso-
somes regulate the positioning of this organelle. The cytosolic
oxysterol-binding protein-related protein 1 (ORP1L) localizes to lyso-
somes by interacting with the small GTPase Rab7 and phosphoinosi-
tides via its pleckstrin homology (PH) domain.** When cholesterol is
plenty in lysosomes, the cholesterol-interacting domain of ORP1L,
ORD, clamps down on cholesterol in the lysosomal-limiting membrane
and Rab7 effector RILP can recruit the dynein-dynactin motor com-

).Y” This machinery is

plex to facilitate minus-end transport (Figure 3
responsible for the vesicle clustering phenotype observed in many
lysosomal storage disorders such as Niemann-Pick disease type C,
which are characterized by accumulation of cholesterol.® In
cholesterol-low conditions, ORP1L undergoes a conformational
change that exposes its FFAT motif to be seized by the ER-bound
VAP proteins.’® As a result of this newly formed membrane contact
sites, the lysosome is tethered to the ER and the dynein-dynactin
motor is displaced from RILP. Within the ER contact sites formed by
ORP1L/VAP interaction between the two compartments, cholesterol
is transferred from lysosomes to the ER424 Overall, ORP1L-
regulated endosomal motility is responsible for interacting with the
ER protein VAP that then determines clustering of lysosomes in
cholesterol-rich conditions and their immobilization in a scattered
state when cholesterol is depleted.

The ER is also involved in targeting lysosomes toward the periph-
ery. The ER-resident protein protrudin forms membrane contact sites
with late endosomes and loads kinesin-1 on another Rab7 effector
FYCO1, allowing plus-end transport of late endosomes (Figure 3).21.22
Later, these endosomal compartments fuse with the plasma mem-
brane to induce protrusion formation and neurite outgrowth, two pro-
cesses that require local deposition of membranes.

What advantage does ER-based regulation of motor protein load-
ing on lysosomes provide? One option is that the ER-lysosome mem-
brane contact sites provide a protected area for the transfer of
nutrients and other means of information between the outside world
(the content of lysosomes) and the cell interior (ER). Especially hydro-

phobic nutrients such as cholesterol and lipids, but also ions and other
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FIGURE 3 ER-lysosome membrane contact sites control lysosomal
transport and positioning. A, The Rab7 effector ORP1L localizes to
lysosomes by interacting with Rab7 and phosphoinositides on the
lysosomal membrane. When cholesterol is sufficient on the lysosomal- or
autophagosomal-delimiting membrane, ORP1L found in a closed
conformation that mediates dynactin/dynein complex assembly and
minus-end transport via RILP. Under low-cholesterol conditions, ORP1L
adopts an open conformation and exposes an FFAT motif that allows
interaction with the ER protein VAP. The resulting membrane contact site
forces the release of the dynein/dynactin complex. B, ER-bound protrudin
interacts with the late Rab7 and PI(3)P and loads kinesin-1 to
Rab7-effector FYCO1 on PI(3)P-containing lysosomes. C, The
ubiquitination of p62/SQSTM1 adaptor by the ER-localized ubiquitin ligase
RNF26 is recognized by TOLLIP that has a ubiquitin-binding domain. This
complex dictates perinuclear positioning of lysosomes. The cytosolic
deubiquitinating enzyme USP15 mediates the release of lysosomes
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molecules can be exchanged efficiently within the space of the mem-
brane contact sites between the two organelles. This may provide
additional information for movement, maturation and fusion of lyso-
somes. Our current understanding of the nature of the communication
between lysosomes and the ER is limited. However, these findings
modify the old concept that cells consist of autonomous organelles.
Rather, cells contain highly interactive organelles that in combination
define many processes including motor protein-controlled lysosomal

transport.

5 | LYSOSOMAL POSITIONING IN
RESPONSE TO NUTRIENTS

Adaptation to changes in the environment is vital for all organisms. At
the cellular level, the plasma membrane and the endosomal system
are the platforms where cells have the opportunity to evaluate the
contents of their surrounding medium, such as nutrients. mMTORC1 is
a master growth regulator that becomes activated at the cytosolic side
of lysosomes in response to nutrients. In sufficient nutrient condi-
tions, mTORC1 is recruited to lysosomal membranes. Here, it is acti-
vated by various amino acids, as well as other molecules such as
cholesterol.*6=>° Then, mTORC1 phosphorylates downstream pro-
teins to induce cell growth and protein synthesis while inhibiting
autophagy.*®52 |n contrast, starvation inactivates and releases
mTORC1 from lysosomes and activates autophagy. For autophagy,
cytosolic proteins and organelles are engulfed by double-membrane
vesicles called autophagosomes that ultimately fuse with lysosomes
to deliver material for degradation in order to restore the cellular
nutrient pool. Therefore, lysosomes are intimately involved in nutrient
responses, both in plenty and in starvation.

Lysosomal positioning is intimately associated with mTORC1
activity and nutrient levels. For example, mTORC1 activation under
nutrient-rich conditions causes scattering of lysosomes to the periph-
ery.® Upon starvation, peripheral lysosomes move toward the perinuc-
lear region, where autophagosome-lysosome fusion occurs. Proper
maturation of autophagosomes relies on their minus-end dynein
motor-mediated transport toward the perinuclear area.>® Following
starvation, the lysosomal transmembrane protein TMEM55B recruits
the dynein adapter JIP4 and then the dynein-dynactin complex to
lysosomes inducing minus-end transport (Figure 2). TMEM55B pro-
tein levels are transcriptionally upregulated via mTORC1 upon starva-
tion or cholesterol accumulation to induce perinuclear clustering.>*
Once clustered, membrane contact sites formed between lysosomes
and Golgi drive their immobilization at the perinuclear region.>®

Removal of inactive mTORC1 from the lysosomal membrane
upon starvation follows inactivation of the Ragulator complex. Ragula-
tor can interact with the BORC complex to inactivate Arl8b-
dependent late endosomal scattering by SKIP/kinesin 1. Thus, amino
acid depletion strengthens the BORC-Ragulator interaction to amelio-
rate perinuclear clustering of lysosomes. However, as the BORC-
Ragulator-controlled lysosomal positioning in response to amino acids
appears to be independent of mMTORC1, the exact mechanism is not

fully understood.>>”

6 | LYSOSOMAL POSITIONING REGULATED
BY PHOSPHOINOSITIDES

Lipids form an effective barrier against the extracellular milieu. Yet
some lipids act as intracellular signals for several homeostatic pro-
cesses. Since their discovery as primary messengers in the 1980s,
phosphatidylinositol phosphates (PIPs) are at the center of attention
in lipid signaling. As one of the major phospholipid species in mamma-
lian cells, phosphatidylinositol can be phosphorylated at multiple posi-
tions and as a result, several different PIP species can be formed.
These different PIPs are recognized by defined PH, Phox homology
(PX) or FYVE domains in various proteins, and this interaction is often
required for activation and/or localization of a series of proteins.
Overall, distinctive subcellular localization and their comparably rapid
and reversible interconversion harness PIPs as primary messengers in
intracellular signaling and membrane trafficking.

PI(3)P is the hallmark of the endosomal system, including early
and late endosomes.>® The localization of the early endosomal antigen
EEA1 is facilitated by its interaction with Rab5 and PI(3)P on early
endosomes.”?®° This, in turn, causes further recruitment of Rab5 and
its adaptor phosphatidylinositol kinase Vps34 increasing PI(3)P levels
on early endosomal membranes (Figure 4).°%%? This increased PI(3)P
concentration on early endosomes is one of the factors critical for
early endosomal maturation. Indeed, Rab5-to-Rab7 transition in
maturing endosomes is induced by PI(3)P-mediated recruitment of
Rab7GEF to these membranes.®®®* Rab5 thus controls the next step
in endosome formation, the recruitment of active GTP-loaded Rab7.
PI(3)P levels have broader effects including the recruitment of ESCRT
complex components to prepare for intraluminal vesicle formation.®®

Similarly, late endosomal PI(3)P contributes to the formation of
ER membrane contact sites by engaging ORP1L and protrudin.2244
The ER-bound protein protrudin interacts with late endosomal Rab7
and PI(3)P to hand over kinesin-1 to FYCO1. FYCO1 also interacts
with Rab7 and PI(3)P on late endosomes to facilitate plus-end trans-
port.?2 Nutrients stimulate the catalytic activity of the phosphatidyli-
nositol kinase Vps34 to produce PI(3)P.64%” Conversely, the inhibition
of Vps34 blocks the peripheral trafficking of late endosomes and
results in perinuclear clustering even under nutrient-rich conditions.®®
This suggests that Vps34-generated PI(3)P on endosomal membranes
is required for plus-end transport and mTORC1 activation in a protru-
din/FYCO1/kinesin-dependent manner. Interestingly, deprivation of
nutrients causes late endosomal recruitment of a PI(3)P kinase that
produces autophagosome-related PI(3,4)P, (phosphatidylinositol
3,4-bisphoshate), mediating perinuclear clustering and mTORC1
suppression.®”

Further maturation of late endosomes to lysosomes is accompa-
nied by conversion of PI(3)P to PI(3,5)P, (phosphatidylinositol 3,5,-
bisphosphate) and this conversion is usually associated with degrada-
tive sorting. PI(3,5)P, acts upstream of the lysosomal calcium channel
TRPML1 and activates it (Figure 2).”° TRPML1 increases cytosolic cal-
cium levels to activate ALG2 and induces the formation of TRPML1/
ALG2/dynein complexes on lysosomal membranes for minus-end traf-
ficking. TRPML1 activation by lysosomal PI(3,5)P, can be inhibited by

autophagosome-associated PI(3,4)P,.”* In general, these processes
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FIGURE4 The role of phosphoinositides on lysosomal transport. A, PI(3)P, a phosphoinositide marking the endosomal system, is generated on
the early endosomal membrane by the Pl kinase VPS34. PI(3)P on early endosome serves as a docking station for KIF16B (kinesin-3) to drive plus-
end transport. B, Clathrin on autophagosomal membranes causes clustering of PI(4,5)P, that allows the binding of the KIF5B (kinesin-1) onto the
autophagosome membrane. KIF5B-driven plus-end transport results in autophagosome tubulation and proto-lysosome formation. C, Formation
of membrane microdomains by cholesterol and sphingomyelin or by glycosphingolipids on lysosomal membranes facilitates the interaction

between the PH domain of KIF1A (kinesin-3) and PI(4,5)P,

should be controlled in time and space by lipid kinases and
phosphatases.

Recruitment by PIPs often requires interaction of soluble protein
domains with lipid head groups. Various PIP-binding PH, PX and FYVE
domains are found in Rab and Arf/Arl-effector protein and even motor
proteins.*¢?*72 For instance, late endosomal localization of ORP1L is
brought by its interaction with Rab7 as well as its PIP-interacting PH
domain.'® Additionally, both protrudin and the Rab7-effector FYCO1
contain FYVE domains to interact with PI(3)P. Why would two compo-
nents of the same machinery have the same function? Possibly this fea-
ture, together with the ability to bind Rab?7, is critical to mark a defined
subset of late endosomes/lysosomes. Interestingly, the Arl8b effector
on lysosomes SKIP, also named PLEKHM2, also possesses a PH domain
but the specificity and function of this domain remains unclear.

While Rab7 and Arl8b
phosphoinositide-interacting domains that may modulate their inter-

effector proteins can have
actions with motor proteins, there are endosome-interacting motor
proteins that integrated this option. The kinesin-3 family member
KIF16B interacts with PI(3)P via its PX domain. Moreover, plus-end
transport of early endosomes by KIF16B requires PI(3)P generated by
Vps34 on early endosomes (Figure 4).”37# Another kinesin-3 motor,
KIF1A, interacts with PI(4,5)P, on vesicles to facilitate plus-end traf-
ficking. in vitro experiments demonstrated that the formation of lipid-
ordered microdomains by cholesterol on vesicles results in a 40-fold
increase in PIP-mediated KIF1A trafficking (Figure 4).”> At the peak of
starvation, the majority of lysosomes fuse with autophagosomes to
create auto-lysosomes, resulting in a markedly decreased number of
lysosomes. To restore this drop in lysosome numbers, the kinesin-1
motor KIF5B interacts with PI(4,5)P, on auto-lysosome membranes
and initiates autophagosome tubulation toward microtubule plus-end

to form proto-lysosomes (Figure 4). During this process, clathrin

causes lipid clustering on autophagosomal membranes to form PI(4,5)
P,-enriched microdomains.”® These observations suggest that not
only the presence of adaptor proteins or lipids, but also their spatial

organization within the same vesicle can dictate vesicular trafficking.

7 | ACTIN-BASED TRANSPORT FOR THE
FINAL CARGO DELIVERY

Actin cytoskeleton and its associated motor protein myosins drive
morphological changes of the plasma membrane for cell motility, dif-
ferentiation and cell division. Actin fibers form a dense network under
the plasma membrane and determine cell shape (Figure 1). There are
about 31 active myosin motors identified with different functions and
expression patterns. When arriving at the plus-end of microtubules,
lysosomes must pass through the actin mesh to be able to fuse with
the plasma membrane. Analogous to some microtubule-based motors,
positioning and plasma membrane fusion of lysosomes are under the
control of myosin motors coordinated by small GTPases.>””78
Rab27A, through its effector Slp2, recruits the myosin motors myosin
Va and myosin Vlla to accumulate melanosomes at the cell periphery,
under the melanocyte plasma membrane.”” 82 This machinery also
controls the docking of other lysosome-related organelles such as
cytolytic granules to actin in cytotoxic T cells and insulin secretory
granules in pancreatic p cells.®38% Interestingly, Rab27A mutations
cause type 2 Griscelli syndrome that results in a defect in secretion of
melanosomes.®28% It is likely that actin tethering is required for the
fusion of membranes and secretion of cargo of lysosomes and
lysosome-related organelles. In addition to forming a well-defined cor-
tical network at the cell periphery, actin is also found in the cell's inte-

rior. In fact, non-cortical actin and myosin play a critical role in the
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biology of lysosomes. Myosin la facilitates the delivery of endocy-
tosed material to lysosomes and myosin Ic is involved in the fusion of
autophagosomes with lysosomes.®487

In their process of maturation to generate an immune response,
dendritic cells boost their major histocompatibility complex (MHC) class
Il surface expression by mass export of intracellular MHC class |l
pools.B88? A genome-wide gene depletion screen identified the small
GTPase Arl14 located on MHC class llI-containing intracellular lyso-
somes in control of this process. Arl14, through its effector ARF7EP,
recruits myosin le and inactivation of this system results in immature
dendritic cells with increased MHC class |l surface expression at the
cost of the intracellular pools.”® Myosinle is a single-headed motor
protein that does not walk. This Arl14-ARF7EP-Myosinle system
arrests MHC class ll-containing lysosomes in dendritic cells. While
recent reports reveal that the actin-based control of lysosomal position-
ing and maturation is as complex as that of microtubule-based control,
the crosstalk between these two motor systems is likely even more
complex and less understood.

8 | CONCLUDING REMARKS AND
PERSPECTIVES

Our current understanding is that lysosomal positioning and mobility
relies on a complex interplay of interactions that involve microtubule-
and actin-based motors, protein complexes and membrane contact sites
between organelles in response to nutrient levels and lipid distribution in
membranes. Although several molecular mechanisms responsible for
these interactions have been identified, their dynamic interplay is unclear.
A mobile lysosome will interact with the ER, but also other organelles
during its transit to or from the cell surface. Mechanisms responsible for
recruitment of motor proteins and for perinuclear localization are partly
identified, but our understanding of the control of lysosomal dynamics is
still limited. Outstanding questions include the mechanisms of endosomal
entry in and release from the perinuclear cloud, the bidirectional move-
ment, the switch of motor proteins and the control of fusion in relation to
motor protein transfer. It appears that dynein-driven minus-end transport
of late endosomes and HOPS (homotypic fusion and protein sorting com-
plex)-mediated fusion are integrated processes.”* But is a coupling of
transport and fusion of endosomes a more general process? Also the
arrival at the site of actin cytoskeleton for fusion to the cell surface is
unclear as well as the final fate of matured lysosomes. Although lyso-
somes are considered end-stage compartments, their complex and
dynamic biology remains a viable, relevant and exciting field of research.
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