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Membrane-bound and membraneless organelles/biomolecular condensates ensure
compartmentalization into functionally distinct units enabling proper organization of
cellular processes. Membrane-bound organelles form dynamic contacts with each other
to enable the exchange of molecules and to regulate organelle division and positioning
in coordination with the cytoskeleton. Crosstalk between the cytoskeleton and dynamic
membrane-bound organelles has more recently also been found to regulate cytoskeletal
organization. Interestingly, recent work has revealed that, in addition, the cytoskeleton
and membrane-bound organelles interact with cytoplasmic biomolecular condensates.
The extent and relevance of these complex interactions are just beginning to emerge but
may be important for cytoskeletal organization and organelle transport and remodeling.
In this review, we highlight these emerging functions and emphasize the complex
interplay of the cytoskeleton with these organelles. The crosstalk between membrane-
bound organelles, biomolecular condensates and the cytoskeleton in highly polarized
cells such as neurons could play essential roles in neuronal development, function
and maintenance.

Keywords: cytoskeleton, organelle contacts, organelle dynamics, ER, neurons, membraneless organelles,
biomolecular condensates, membrane-bound organelles

INTRODUCTION

Cells execute numerous biochemical processes that need to be spatiotemporally regulated in the
crowded cellular environment. This organization can be achieved by compartmentalization of
the cell into functionally and morphologically distinct domains that include both membrane-
bound organelles, such as the endoplasmic reticulum (ER), mitochondria and the endo-lysosomal
system, and less well-characterized compartments that lack a lipid membrane called membraneless
organelles or biomolecular condensates. These biomolecular condensates form by a process called
phase separation that drives liquid-liquid demixing from the surrounding environment to create
a local concentration of specific proteins and RNAs thereby promoting or inhibiting certain
biochemical reactions (Banani et al., 2017; Boeynaems et al., 2018). Phase separation is driven
by multivalent protein-protein, RNA-RNA and protein-RNA interactions (Boeynaems et al., 2018;
Tauber et al., 2020). Biomolecular condensates have been identified in both the nucleus (e.g., the
nucleolus, nuclear speckles, PML bodies and Cajal bodies) and the cytoplasm [e.g., germ granules,
processing bodies (P-bodies), stress granules (SGs), and RNP transport granules] and a quickly
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increasing amount of work is revealing that these condensates
are involved in many different cellular processes such as cell
division, ribosome biogenesis, regulation of RNA metabolism,
and signal transduction (Banani et al., 2017; Boeynaems et al,,
2018; Sabari et al., 2020).

Another essential component important for cellular
organization is the cytoskeleton. The cytoskeleton consists
of actin filaments, intermediate filaments, and microtubules
(MTs) that form a dynamic and highly extensive network
throughout the cell. The cytoskeleton determines cell shape, cell
polarity, and mechanics and regulates cell division. In addition, it
provides the tracks along which proteins, mRNAs and organelles
can be transported driven by motor proteins, which is most
prominent in highly polarized and morphologically complex
cells such as neurons. This intracellular transport ensures
the proper distribution, organization and dynamics of both
membrane-bound organelles and biomolecular condensates.
In animal cells, long-range organelle transport is mainly
achieved on the microtubule cytoskeleton whereas the actin
cytoskeleton regulates short-range cargo transport (Hirokawa
et al., 2009; Burute and Kapitein, 2019). In plant cells, these
roles are reversed with the actin cytoskeleton mainly driving
the rapid motion of organelles called cytoplasmic streaming
(Geitmann and Nebenfuhr, 2015).

The cytoskeleton, membrane-bound organelles and
biomolecular condensates function together and are known
to interact and communicate with each other. Contacts between
membrane-bound organelles have been observed for many years.
For instance, the ER can make extensive and dynamic contacts
with other membrane-bound organelles such as mitochondria,
the trans-Golgi network (TGN), the endo-lysosomal system, the
plasma membrane and lipid droplets at so-called membrane
contact sites (MCSs) (reviewed in Phillips and Voeltz, 20165
Fowler et al, 2019). MCSs, mediated by tethering proteins,
provide an alternative to vesicle-dependent inter-organelle
communication by allowing the exchange of small molecules
and ions between organelles that is essential to maintain cellular
homeostasis (Scorrano et al., 2019). More recent evidence has
shown that these interactions play important roles in organelle
positioning, dynamics and function. In addition to contacts
between membrane-bound organelles, interactions between
membrane-bound organelles and biomolecular condensates
have emerged increasingly over the past few years (Zhao and
Zhang, 2020). These discoveries have brought exciting new
prospects to inter-organelle communication within the cell,
but it remains largely unclear how these contacts are formed
and regulated and what roles they play in cellular function.
In addition, the role of the cytoskeleton in these contacts and
the interplay of these organelles and condensates with the
cytoskeleton are just beginning to emerge. Understanding the
complex relationship and interplay between the cytoskeleton,
membrane-bound organelles and biomolecular condensates is
imperative since dysfunction of each of these components and
the dysregulation of their interactions are known to be involved
in several neurodegenerative diseases including hereditary
spastic paraplegia (HSP) and amyotrophic lateral sclerosis (ALS)
(Fowler et al., 2019; Sleigh et al., 2019; Zbinden et al., 2020).

In this review, we will discuss the current knowledge on the
intricate interplay between the cytoskeleton, membrane-bound
organelles and biomolecular condensates and expand the idea
that this interplay is essential for many crucial cellular processes.
In the first section, we will discuss how the cytoskeleton affects
the organization and dynamics of membrane-bound organelles
such as the ER and mitochondria; and conversely how dynamic
membrane-bound organelles can affect cytoskeletal organization.
Then we will explore complex interactions between membrane-
bound organelles in conjunction with the cytoskeleton. In the
second section, we will explore the role of the cytoskeleton in
the transport and dynamics of biomolecular condensates and
discuss how these condensates can influence the cytoskeleton.
In the third section, we will discuss the interactions between
membrane-bound organelles and biomolecular condensates and
emphasize the intricate interplay of these contacts with the
cytoskeleton. Finally, we will explore the link of these complex
interactions with neurodegenerative diseases and point out open
questions in this field.

THE INTERPLAY BETWEEN
MEMBRANE-BOUND ORGANELLES
AND THE CYTOSKELETON

The correct positioning of organelles, mediated by motor
protein-driven intracellular transport along the microtubule
and actin cytoskeleton, is essential for many cellular functions
(reviewed in Rogers and Gelfand, 2000; Bonifacino and Neefjes,
2017; Burute and Kapitein, 2019). However, it has only recently
become increasingly recognized that there is an intricate
interplay between various membrane-bound organelles and the
cytoskeleton that extends beyond single organelle movement.
For instance, membrane-bound organelles are remodeled by
the cytoskeleton and reciprocally, dynamic membrane-bound
organelles contribute to cytoskeletal organization. Moreover,
complex inter-organelle interactions have been found to play
important roles in the transport, organization and dynamics
of membrane-bound organelles in coordination with the
cytoskeleton. In this section, we discuss this reciprocal crosstalk
and their important cellular functions which are essential to
maintain cellular homeostasis.

The Role of the Cytoskeleton in
Membrane-Bound Organelle

Organization

The Influence of the Cytoskeleton on the ER Network
The ER is the largest membrane-bound organelle and is involved
in many crucial cellular functions including protein synthesis
and processing, calcium storage and lipid metabolism (Rapoport,
2007; Fagone and Jackowski, 2009; Braakman and Hebert,
2013; Schwarz and Blower, 2016). The ER consists of dynamic
tubules and sheets, which form a continuous interconnected
network throughout the cell (English et al., 2009; Friedman
and Voeltz, 2011; Goyal and Blackstone, 2013). In unpolarized
cells, ER sheets are localized to the perinuclear area whereas the
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interconnected tubules can extend throughout the periphery of
the cell (Shibata et al, 2006; Chen et al., 2013). In polarized
neurons, it has been shown that ER tubules can localize to both
structurally and functionally different neuronal compartments,
the somatodendritic and axonal domains; however, ER sheets are
excluded from the axon (Wu et al., 2017; Farias et al., 2019).

The morphology of the ER is maintained by ER-shaping
proteins. For instance, ER-resident proteins such as CLIMP63
generate the flattened structure of the sheets, Reticulons induce
the high curvature of ER tubules, and the GTPase Atlastin-1
induces homo-fusion of tubules to generate a reticular network.
The relative abundance of specific ER-shaping proteins regulates
the sheet-to-tubule ratio and fusion between tubules, thus
controlling the ER network (reviewed in Zhang and Hu, 2016;
Wang and Rapoport, 2019). In addition, other factors may
cooperate with these ER-shaping proteins to rearrange the ER
network, as ER remodeling occurs in a timescale of milliseconds
(Nixon-Abell et al., 2016; Guo et al., 2018).

Although a reticular ER network can be formed in vitro
by ER-shaping proteins in absence of the cytoskeleton (Dreier
and Rapoport, 2000), the ER can rearrange its network in
response to cellular demands and this relies on its interaction
with the cytoskeleton. First evidence for a role of MTs in ER
organization came from experiments performed with the MT-
depolymerizing drug nocodazole, which resulted in the retraction
and interconversion of ER tubules into ER sheets (Terasaki et al.,
1986). A similar phenotype has been observed in neurons, in
which nocodazole induced the retraction of ER tubules from
dendrites and the axon into the soma and their interconversion
to somatic ER sheets (Farias et al., 2019).

ER network rearrangements can be mediated by the
cytoskeleton via four different mechanisms. First, the ER can
form contacts with polymerizing MTs at their growing plus ends
through the interaction between the ER protein STIM1 and
the MT-associated protein EB1 (Figure 1A). Through this “tip
attachment complex” (TAC) growing ER tubules can be pulled
out by the growing plus end of dynamic MTs (Waterman-Storer
and Salmon, 1998; Grigoriev et al., 2008; Rodriguez-Garcia et al.,
2020). This TAC mechanism is also involved the reshaping and
positioning of the ER important for dendritic spine morphology
in hippocampal neurons and for axonal growth cone dynamics in
DRG sensory neurons (Pchitskaya et al., 2017; Pavez et al., 2019).
A second mechanism that involves an interaction between the ER
and MT cytoskeleton is the “sliding mechanism,” in which newly
produced ER tubules are coupled to MT-bound motor proteins
such as kinesin-1 and dynein and are thereby extended along
stable MTs (Figure 1A; Wozniak et al., 2009; Friedman et al,,
2010). Knockdown of kinesin-1 and dynein was shown to impair
anterograde and retrograde movement of ER tubules along the
axon in rat hippocampal neurons, while knockdown of EBs 1-3
did not affect axonal ER distribution but does impair dendritic
movement of the ER (Farias et al., 2019). In addition, a newly
developed imaging technology called GI-SIM has revealed that
newly extended ER tubules via TAC and sliding mechanisms meet
and fuse with pre-existing tubules. This suggests a possible role of
TAC and sliding mechanisms in maintaining a dynamic reticular
ER network (Guo et al., 2018).

A third and recently identified mechanism for ER tubule
rearrangement is a depolymerizing TAC (dTAC) mechanism
in which newly formed ER tubules can be attached to the
depolymerizing end of MTs and can be pulled out while MTs
retract. It was suggested that molecules other than STIM1 and
EB might play a role in this dTAC mechanism (Guo et al., 2018).
However, recent evidence from in vitro assays revealed that at
least the same EB protein might be involved in both TAC and
dTAC mechanisms in which the amount of the forces applied are
different (Rodriguez-Garcia et al., 2020).

Guo et al,, also identified another way of MT-dependent ER
network rearrangement, the so-called “hitchhiking” mechanism,
in which an organelle takes advantage of the transport machinery
of another organelle for their translocation. This will be further
discussed in section “Complex Inter-Organelle Interactions in
Coordination With the Cytoskeleton.”

GI-SIM also revealed a remodeling mechanism in which ER
tubules can be extended without any obvious direct or indirect
MT involvement called de novo budding. These events were
rare and it remains unknown whether the actin cytoskeleton,
intermediate filaments or another unseen mediator could be
involved in this de novo budding of the ER.

In addition to the involvement of MTs in ER rearrangement,
the actin cytoskeleton might also contribute to the remodeling
of the ER network. Actin filaments were observed to localize
to polygons occupied by surrounding ER. Depolymerization of
actin filaments with latrunculin treatment led to a fluctuation
in the sheet-to-tubule ratio by increasing the transformation of
sheets to tubules and it led to a change in size and morphology
of ER sheets in mammalian cells (Joensuu et al., 2014). This
suggests an interaction between actin and the ER that supports
ER sheet formation.

The actin-based motor protein myosin Va has been shown
to be involved in ER motility in animal cells and first evidence
for this derived from the lack of ER tubules in dendritic
spines in neurons of “dilute” mice and rats, which carry null
mutations in the gene encoding for the heavy chain of myosin
Va (Dekker-Ohno et al., 1996; Takagishi et al., 1996). Myosin-
Va was later revealed to be involved in the translocation of
ER into dendritic spines of Purkinje cells and experiments in
wildtype and dilute mice support the model that myosin Va
uses the actin cytoskeleton for short-range ER transport (Wagner
et al, 2011). In a very recent study in CAl pyramidal cells,
expression of a dominant negative mutant for myosin Va reduced
the number of spines that contain ER and enhanced mGluR-
dependent LTD, which suggests that myosin Va is a key regulator
of selective transport of ER tubules into highly active spines that
regulates synaptic plasticity (Perez-Alvarez et al., 2020). Another
recent study revealed that myosin Va-dependent ER transport
into dendritic spines can be finely orchestrated by an intricate
interaction between two Ca?™ binding proteins, calmodulin and
caldendrin (Konietzny et al., 2020). However, how the actin-
based myosin Va motor protein interacts with ER tubules remains
to be elucidated. The ER can also dynamically move in and out of
dendritic spines from hippocampal neurons and thereby regulate
Ca?™ levels important for mGluR-dependent LTD (Toresson and
Grant, 2005; Holbro et al., 2009). Treatment of Purkinje cells with
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FIGURE 1 | The interplay and interactions between membrane-bound organelles and the cytoskeleton. (A) MT-dependent transport of membrane-bound organelles
such as mitochondria (i), lysosomes (i) and the ER (iii) and (iv) in mammalian cells. ER tubules and microtubules can elongate together at the tip of a growing MT
(TAC; iii) or ER tubules can be pulled out by microtubules via motor-dependent sliding (iv). (B) MT dynamics is mediated by membrane-bound organelles. MT
nucleation can be induced by Golgi outposts (). MT growth can be regulated by mitochondria (ji) and Rab5 + early endosomes (jii). MTs and the ER colocalize and
co-stabilize each other in axons via an interplay between MTs and the ER (iv). (C) ER remodeling is regulated by interactions between the ER and lysosomes in
conjunction with the cytoskeleton. ER tubules wrap around lysosomes (). ER tubules are pulled out by hitchhiking on moving lysosomes (ii). Fission of ER tubules is
induced by lysosome collisions (jii). (D) Lysosome fission is regulated by an interaction between the ER and lysosomes in association with the cytoskeleton (i, ii, iii).
ER tubules induce lysosome fission (i), ER-MT interactions promote kinesin-1 loading onto lysosomes (i) and lysosome transport is driven by kinesin-1 along MTs.
Mitochondrial fission is mediated by ER tubules (iv, v, vi). ER-mitochondria contacts mark the pre-constriction site (iv), Drp1 is recruited to this pre-constriction site (v)

low dose nocodazole suggested that the MT-dependency of ER
transport into dendritic spines is minor (Wagner et al., 2011).
The MT cytoskeleton is also known to transiently enter dendritic
spines of hippocampal neurons (Hu et al., 2008; Jaworski et al.,
2009). Although MTs are required for long-range transport of
ER tubules into dendrites in hippocampal neurons (Farias et al.,
2019), it remains unknown whether actin and MT crosstalk

can coordinate the entrance of ER tubules into dendritic spines
of these neurons.

The Influence of the Cytoskeleton on Mitochondria
Dynamics

Mitochondria are the production house for meeting the energy
demands of cells and can form a dynamic tubular network.
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Mitochondria are also responsible for other cellular processes
including calcium homeostasis, cell differentiation, apoptosis
and metabolic signaling (Nunnari and Suomalainen, 2012).
Mitochondrial morphology has to be maintained for its proper
functioning and this is mediated by mitochondrial fusion, fission
and motility. Whilst in simple eukaryotes such as budding yeast,
actin can regulate the transport of mitochondria, in animal
cells, mitochondria use motor protein-coupled transport along
MTs for long-distance travels while actin filaments ensure short-
distance transport of mitochondria (Wu et al., 2013). Transport
of mitochondria is especially essential in neurons, where the
proper distribution of proteins and organelles in the dendrites
and long axon requires long-distance travels. The kinesin-1
motor protein can carry mitochondria along MTs toward MT
plus ends whilst dynein and its partner dynactin can transport
mitochondria along MTs toward MT minus ends (Pilling et al,,
2006). The coupling of mitochondria to the MT-based motor
proteins kinesin-1 and dynein is mediated by the TRAK/Miro
motor adaptor complex (van Spronsen et al., 2013).

Besides motility, the cytoskeleton is also involved in
mitochondrial anchoring. Mitochondria can be tethered to the
actin cytoskeleton, which in neurons is crucial for mitochondrial
anchoring at axonal presynaptic sites (Chada and Hollenbeck,
2004; Gutnick et al., 2019). In addition, the MT-binding protein
syntaphilin was discovered as a regulator of mitochondrial
anchoring at presynaptic sites (Chen and Sheng, 2013). This
suggests there is likely a dual role for both the actin and MT
cytoskeleton in mitochondrial anchoring at presynaptic sites.
However, the proteins involved in tethering mitochondria to the
actin cytoskeleton and the molecular mechanisms underlying this
anchoring remain to be elucidated.

Studies performed in the amoeba Dictyostelium discoideum
showed that MTs are highly involved in mitochondrial dynamics
(Woods et al., 2016). Treatment with nocodazole to depolymerize
MTsled to a reduction of motile mitochondria as well as a reduced
number of mitochondrial fusion and fission events. Treatment
with latrunculin, which depolymerizes actin filaments, did not
affect the fusion, fission or motility of mitochondria but did
decrease the number of motile mitochondria. This suggests that
MTs are important for mitochondrial dynamics in Dicytostelium
discoideum whilst actin is more important for determining the
percentage of moving mitochondria (Woods et al., 2016).

Mehta et al. (2019) suggested that an interaction between
dynamic MTs and mitochondria in budding yeast causes an
increase in mitochondrial fission events. Deletion of several
kinesin-like proteins to perturb MT dynamics revealed that long
and stable MTs inhibit mitochondrial fission by hampering the
ring assembly of GTPase dynamin-related protein Dnm1 (Drpl
in mammals) around mitochondria because long and stable MTs
introduce a physical restriction. However, depolymerized and
dynamic MTs led to an increase in mitochondrial fission events
which are normally essential for independent segregation of
mitochondria to daughter cells during mitosis and for eliminating
damaged and fragmented mitochondrial content via mitophagy
(Mehta et al., 2019).

In addition, intermediate filaments have been shown to
associate with mitochondria and regulate their distribution and

metabolic functions (Etienne-Manneville, 2018). Intermediate
filaments may be involved in positioning of mitochondria to
locations with high energy demand by providing an anchoring
structure. In giant axonal neuropathy patient-derived fibroblasts,
mitochondrial motility is inhibited, which is linked to abnormal
organization and turnover of the intermediate filament protein
vimentin (Lowery et al., 2016). On the other hand, Racl and
its effector PAK1 can phosphorylate vimentin at mitochondrial
binding sites which leads to the release of mitochondria,
which then gain a higher motility and lower mitochondrial
membrane potential (Matveeva et al., 2015). A recent study also
revealed that mutations in another intermediate filament protein,
desmin, causes mitochondrial dysfunction and alterations in
mitochondrial network morphology although the underlying
molecular mechanisms are still unclear (Smolina et al., 2020).
It would be interesting to investigate how MTs, actin and
intermediate filaments coordinate their functions to ensure
proper mitochondria dynamics and positioning.

The Influence of Motile
Membrane-Bound Organelles on
Cytoskeletal Organization

Spatiotemporal regulation of cytoskeletal organization is essential
for various cellular functions, such as the transport and dynamics
of organelles and cell morphology. In the last 10 years, evidence
has emerged supporting the notion of an intricate interplay
between organelles and the cytoskeleton in which organelle
dynamics can reciprocally regulate cytoskeletal organization.
The simplest notion that motor-driven transport itself can act
as an active force causing buckling and oscillation on MTs,
highlights a complex mechanical interplay between cytoskeleton
and motor-dependent organelle movement (Kulic et al., 2008;
Man and Kanso, 2019). In addition to this mechanical interplay,
organelles such as Golgi outposts, endosomes, mitochondria,
and the ER, have all been implicated in cytoskeletal remodeling,
specifically in MT dynamics.

Besides the perinuclear Golgi apparatus, well-known because
of its role in acentrosomal MT nucleation (reviewed in
Akhmanova and Steinmetz, 2019), small and more motile
Golgi outposts (also referred to as satellite Golgi or Golgi
vesicles) have also been found to nucleate MTs far from the
nucleus in differentiated cells such as neurons, muscle cells
and oligodendrocytes. In Drosophila and mammalian neurons,
Golgi outposts distributed in dendrites can mark the main
site of acentrosomal MT nucleation (Figure 1B). The Golgi
structural protein GM130, as well as recruitment of y-tubulin and
CP309, the Drosophila homolog of AKAP450, to Golgi outpost,
have been shown to be required for Golgi outpost-dependent
acentrosomal MT growth and dendritic branch formation in
Drosophila neurons (Ori-McKenney et al., 2012; Zhou et al,
2014). Golgi outposts in mouse skeletal muscle fibers were found
to recruit y-tubulin and pericentrin to sites of acentrosomal
MT growth, but it remains largely unexplored whether Golgi
outpost-dependent acentrosomal MT nucleation has a role in
the complex MT grid-like network organization of muscle fibers
(Oddoux et al., 2013). Golgi outpost have also recently been
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found along primary, secondary and tertiary processes of mouse
oligodendrocytes, far away from the perinuclear area. The protein
TPPP, recently identified in oligodendrocyte Golgi outposts,
nucleates MTs in in vitro assays, contributes to MT branching and
mixed MT polarity in 3D microfiber cultures, and is required for
myelin sheath elongation in vivo (Fu et al., 2019).

Although two studies have implicated Golgi outposts in
dendritic MT nucleation (Ori-McKenney et al., 2012; Zhou et al.,
2014), other reports have challenged these results, as dragging
Golgi outpost away from dendrites using an activated kinesin,
did not alter y-tubulin distribution in Drosophila neurons and
branching points lacking Golgi outposts still contained y-tubulin
(Nguyen et al., 2014). More recent work showed that these
y-tubulin nucleation sites in dendritic branches colocalize with
and are regulated by components of the canonical Wnt signaling
pathway. Puncta containing Wnt signaling components were
found to colocalize with Rab5-positive early endosomes, from
which new MT growth initiated (Figure 1B). This evidence
suggests the involvement of early endosomes in dendritic
acentrosomal MT nucleation (Weiner et al., 2020). However,
more experiments are required to evaluate whether early
endosome positioning in dendritic branching points are required
for MT nucleation and branch formation. It would be interesting
to evaluate whether the removal of early endosomes and other
organelles from dendrites alters y-tubulin distribution and
local MT dynamics.

Mitochondria have also been implicated in MT growth
(Figure 1B). In Drosophila spermatids, a non-centrosomal,
testes-specific isoform of centrosomin is localized to giant
mitochondria, and it is required to recruit the MT nucleator
y-tubulin ring complex (y-TuRC) to regulate MT assembly and
spermiogenesis (Chen et al., 2017).

Finally, an important role for ER - MT interactions in
MT organization has been suggested for years. Mutations in
the ER-associated proteins Spastin, Atlastin-1 and REEP1 cause
the neurodegenerative disease HSP, which is characterized by
progressive spasticity in lower motor neurons (Blackstone, 2012).
The MT-severing protein Spastin, GTPase Atlastin-1 and MT-
interacting protein REEP1 form a complex that interacts with
MTs and has been shown to be enriched in the axonal ER in
rat cortical neurons (Park et al., 2010). Although the role of
these proteins in maintaining the ER tubule network has been
shown (reviewed by Goyal and Blackstone, 2013), the exact
role of axonal ER tubules in MT organization has been less
explored. More recent experiments in rat hippocampal neurons
have demonstrated an important role for ER tubules in MT
stabilization and axon formation. ER tubules are preferentially
distributed in the growing axon of developing neurons and
interact with and stabilize MTs. Controlled removal of ER tubules
from the axon, by coupling the ER to a minus-end directed
motor, causes MT instability and prevents elongation of the
developing axon (Farias et al., 2019). In addition, the Atlastin-1
ortholog, Atln-1, which is distributed in dendrites of C. elegans
PVD sensory neurons, has been found to colocalize with and be
required for MT entrance into secondary and tertiary dendritic
branches (Liu et al., 2019). Although some evidence has started
to emerge regarding the role of the ER in MT dynamics, it

still remains unclear whether different domains of the ER play
different roles in MT organization.

Complex Inter-Organelle Interactions in
Coordination With the Cytoskeleton

It is now well-established that organelles interact with each other
at MCSs and knowledge on the types and importance of MCSs
has greatly increased in the past few years. Since the ER is the
largest organelle and forms a continuous and interconnected
network throughout a cell, it is not surprising that it participates
in most MCSs (reviewed in Phillips and Voeltz, 2016). The ER can
interact with several other organelles including mitochondria,
late endosomes/lysosomes, Golgi, and the plasma membrane.
These interactions are involved in organelle positioning and
fission, and lipid and Ca?* homeostasis (Phillips and Voeltz,
2016; Allison et al., 2017; Fowler et al., 2019). However, the
interplay between inter-organelle contacts and the cytoskeleton
is less well-studied. In this section, we highlight the current
knowledge on the complex interactions between membrane-
bound organelles in coordination with the cytoskeleton and
emphasize the importance of this relationship in organelle
dynamics including fission, fusion and transport.

Membrane-Bound Organelles Can “Hitchhike” for
Transport

The concept of hitchhiking of membrane-bound organelles on
other organelles for their transport emerged just recently. In
the fungus Ustilago Maydis, movement of the ER, lipid droplets
and peroxisomes is mediated by motile Rab5-positive early
endosomes via kinesin-3 and dynein on MTs (Guimaraes et al.,
2015; Salogiannis and Reck-Peterson, 2017). In mammals, several
examples of this type of organelle hitchhiking have also been
recently discovered. For instance, it was found that the ER can
tether itself onto late endosomes/lysosomes for hitchhiking in
cell lines and neurons (Guo et al., 2018; Lu et al., 2020). GI-
SIM imaging also revealed that mitochondria can hitchhike on
motile late endosomes/lysosomes for their translocation along
MTs (Guo et al,, 2018). This hitchhiking mechanism will be
discussed in more detail below.

Complex Interactions Between the ER, Late
Endosomes/Lysosomes and the MT Cytoskeleton

The ER can form extensive and dynamic contacts with
late endosomes/lysosomes at MCSs. In fact, almost all late
endosomes/lysosomes were found to be in contact with the ER
(Friedman et al., 2013; Guo et al., 2018). MCSs between the
ER and late endosome/lysosomes are involved in many essential
cellular tasks including endosome fission and positioning. 3D
reconstructions from electron microscopy serial tomography
in COS7 cells and live-cell imaging revealed that MCSs
between the ER and endosomes are tightly associated with MTs
and this association can be maintained when endosomes are
moving along MTs (Friedman et al,, 2013). GI-SIM imaging
revealed that the ER can rearrange its coral large tubular
network into smaller structures that tightly wrap around late
endosomes/lysosomes where they are close to MTs (Figure 1C).
Late endosomes/lysosomes that are not in contact with the
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ER were observed to undergo diffusive motion along MTs
suggesting that the ER coordinates the stabilization of late
endosomes/lysosomes (Guo et al., 2018). Interestingly, it has
been previously shown that the ER can mediate kinesin-1
coupling to late endosomes/lysosomes for transport to the cell
periphery via motor protein transfer (Raiborg et al., 2015). In
this intriguing mechanism, the ER-resident protein Protrudin
was shown to transfer kinesin-1 to the adaptor protein Rab7 and
its effector FYCO1 localized on late endosomes/lysosomes for
their anterograde transport along MTs in human and rat cell lines
(Raiborg et al., 2015). This ER-mediated late endosome/lysosome
translocation to the cell periphery was shown to promote neurite
outgrowth in the neuroendocrine cell line PC12 (Raiborg et al.,
2015). In a recent study, an interplay between the ER, lysosomes
and MTs was proposed to play a role in lysosome translocation
into the axon of rat hippocampal neurons (Ozkan et al., 2020).
Disruption of somatic, but not axonal ER tubules led to an
accumulation of enlarged and less motile lysosomes in the
soma, thus triggering a drastic reduction in the translocation
of lysosomes into the axon. A similar phenotype was also
observed after the knockdown of another ER-resident protein
P180, which has binding domains for both MTs and kinesin-
1. P180 was found to be particularly enriched in a region
preceding the axon initial segment called the pre-axonal region.
Serial z-stacking of this region revealed that P180-enriched
ER can undergo ring rearrangements to tightly wrap around
lysosomes. Lysosomes contacting the ER were observed in close
proximity to stable MTs decorated by a rigor kinesin-1 motor
mutant. Together, this raises the possibility that P180 stabilizes
the interaction between MTs and ER-late endosome/lysosome
contacts via its MT-binding domain and loads kinesin-1 onto late
endosomes/lysosomes thereby facilitating their translocation into
the axon (Ozkan et al., 2020).

The first evidence revealing a role for ER-endosome contacts
in endosomal fission came from studies in COS7 cells in
which contacts between the ER and early endosomes or late
endosomes/lysosomes defined the endosomal constriction
and fission site (Rowland et al., 2014). More recent evidence
showed that the ER-resident protein Spastin and the endosomal
protein IST1 interact with each other at ER-endosome contact
sites to promote endosomal tubule fission in mammalian cell
lines (Allison et al, 2013, 2017). Primary cortical neurons
from a Spastin-HSP mouse model and IPSC-derived HSP
patient neurons contained abnormal enlarged lysosomes,
which suggests that disruption of Spastin in ER-endosome
contact sites impacts lysosome size in neurons (Allison
et al, 2017). However, how the ER regulates lysosome size
remained elusive. Interestingly, direct contacts between the
ER and late endosomes/lysosomes have been observed in
hippocampal neurons, and this interaction is required for late
endosome/lysosome fission. Late endosomes/lysosomes undergo
several fusion and fission events in control neurons, while ER
tubule disruption causes enlarged lysosomes with reduced fission
capacity (Ozkan et al., 2020).

The role of the ER in late endosome/lysosome transport
or fission has often been studied separately. Just recently,
Ozkan et al. (2020), proposed a model in which these events

are connected through a complex interaction between MTs
and ER-lysosome contacts that promotes lysosome fission and
subsequent lysosome transport into the axon (Figure 1D).

Whilst the ER is now well-established as a prominent
regulator of lysosome transport and fission, the effect of lysosome
positioning on ER tubule rearrangement has remained unclear.
With GI-SIM, the ER was observed to hitchhike on moving late
endosomes/lysosomes along MTs for their transport (Figure 1C;
Guo et al., 2018). In addition, ER fission was observed when
moving late endosomes/lysosomes collided with and broke ER
tubule network at junctions between fused tubules. Guo et al.
suggested that Atlastin-1, an ER-shaping protein implicated in
the formation of three-way junctions could be involved in this
ER fission mechanism. However, the breaking of ER tubules
was also observed along a single tubule (Figure 1C; Guo et al,,
2018). It remains unknown which molecules are involved in this
ER-breaking process, and further investigation is required. Dual-
color single particle tracking in COS7 cells revealed that 98%
of lysosomes are moving simultaneously with the ER and the
growing tips of the ER associated with lysosomes are elongated
and merged with the existing ER network to form three-way
junctions whilst the ER growth tips that are not associated with
lysosomes cannot maintain elongation and are retracted (Lu
et al., 2020). In addition, manipulation of lysosome positioning
by coupling lysosomes to dynein for retrograde movement to
the perinuclear area or kinesins for anterograde movement to
the cell periphery has been recently shown to cause a reduction
in ER tubules or extension of ER tubules to the periphery of
cells, respectively (Lu et al., 2020). Moreover, live-cell imaging in
cultured Xenopus laevis retinal ganglion cell (RGC) axons showed
that the ER can rearrange its structure into a ring arrangement
that tightly wraps around lysosomes. These lysosomes then pull
out the ER tubule for its extension. This suggests that ER tubule
elongation is driven by lysosome positioning and is essential
for ER tubule remodeling in axons to support axonal growth
(Lu et al., 2020).

All this evidence indicates the importance of the interplay
between the ER and lysosomes where the ER modulates lysosome
fission and translocation, and lysosome motility mediates ER
tubule transport and remodeling.

Defects in ER morphology and function as well as an
impairment in the endolysosomal system are key pathological
features of neurological diseases such as HSP. Therefore, it will
be crucial to identify the regulators and molecular mechanisms
underlying the crosstalk between these two organelles and further
establish the link between these organelles and the cytoskeleton.

Complex Interactions Between Mitochondria, the ER
and the Cytoskeleton

Friedman et al. (2011) revealed that ER-mitochondria
contact sites are mainly formed at a pre-constriction site for
mitochondrial fission, suggesting that contacts between the ER
and mitochondria regulates mitochondrial fission (Figure 1D).
The recruitment of Drpl to the pre-constriction site is the
key regulatory step in mitochondrial fission (Smirnova et al.,
2001). However, other studies revealed that pre-constriction site
formation can be mediated by Drpl-independent mechanisms
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(Korobova et al., 2013). Hatch et al. suggested a possible
mechanism in which the ER-driven interaction between
mitochondria and the cytoskeleton regulates mitochondrial
fission in mammalian cells by formation of a pre-constriction
site and subsequent recruitment of Drpl (Korobova et al., 2013;
Hatch et al.,, 2014). ER-mitochondria contact sites marking the
putative pre-constriction site can recruit formin-like protein
INF2 which triggers actin polymerization on the ER. This actin
polymerization then generates forces on the mitochondrial
membrane that leads to the formation of a pre-constriction
site to which Drpl is recruited. The accumulation of Drpl and
subsequent GTP hydrolysis drives constriction and scission
of the membrane leading to mitochondrial fission (Korobova
et al., 2013; Hatch et al., 2014). Lee et al. (2016), proposed a
model that includes a role for dynamin 2 (Dyn2) in the final
step of mitochondrial fission. Drpl-mediated constriction of
the mitochondrial membrane promotes Dyn2 assembly at the
constriction site where it can promote membrane fission for
successful mitochondrial division. Live-cell imaging and electron
microcopy in different mammalian cells lines suggested Dyn2
and Drpl work in harmony in sequential constriction steps to
promote mitochondrial fission (Lee et al., 2016). By contrast, a
recent study using human fibroblast cell lines showed that the
knockout of Dynl, 2, and 3 or knockdown of only Dyn2 did not
alter mitochondrial fission. Similar results obtained in HeLa cells
lacking Dyn1, 2, and 3 showed no effect on mitochondrial fission,
eliminating the possibility of a cell-type specific effect of Dyn2 on
mitochondrial fission (Fonseca et al., 2019). These controversial
results request further studies to determine whether or not Dyn2
is dispensable for the scission of the mitochondrial membrane.

Recent studies revealed a more complex mechanism
rather than simple Drpl-mediated mitochondrial fission. This
mechanism involves an interplay between mitochondria, the
ER, INF2-driven actin polymerization and calcium uptake by
mitochondria (Chakrabarti et al., 2018; Steffen and Koehler,
2018). Extracellular calcium influx induces INF2-mediated actin
polymerization on the ER that triggers subsequent calcium
uptake by mitochondria from the ER. Calcium uptake by the
inner membrane of mitochondria through the mitochondrial
calcium uniporter drives inner membrane scission that precedes
outer membrane fission, suggesting INF2-mediated actin
polymerization on the ER regulates mitochondrial fission by
affecting mitochondrial calcium uptake (Chakrabarti et al., 2018;
Steffen and Koehler, 2018).

Another intriguing study investigating the role of ER
morphology on mitochondria dynamics in C. elegans PVD
neurons revealed an interaction between the ER network and
mitochondria at dendritic branching points, which is crucial
for mitochondrial fission (Liu et al., 2019). They showed
that mitochondria are highly enriched at the dendritic branch
points where the ER network is more complex in neurons
expressing wildtype Atlastin-1. However, neurons expressing
mutant Atlastin-1 had a less complex ER network and a
reduced number of mitochondria at dendritic branch points (Liu
et al., 2019). This suggests that the local ER network regulates
mitochondrial distribution at dendritic branch points. Analysis of
mitochondrial fission showed that the local ER network at branch

points can attach to and promote the fission of mitochondria.
Together with unpublished results indicating that ER tubule
extension strongly relies on transient MT entry into dendrites,
Liu et al. proposed a model in which the interaction between
the complex ER network and mitochondria at dendritic branch
points depends on MTs and is required for mitochondrial fission
(Liu et al., 2019).

Surprisingly, a recent study revealed that ER-mitochondria
contacts can also mark the mitochondrial fusion site (Abrisch
et al.,, 2020) consistent with the observation that mitochondria
fusion occurs in proximity to the ER (Guo et al, 2018).
Abrisch et al. found that Mitofusin-1 (Mfnl), a regulator of
mitochondrial fusion, is localized to ER-mitochondria contact
sites and fluorescence loss in photobleaching (FLIP) experiments
in U20S and COS7 cells showed that Mfn1 and Drp1 colocalize
and both fusion and fission events take place at the same site
where the ER contacts mitochondria (Abrisch et al., 2020). This
suggests a remarkable mechanism in which the ER can regulate
both mitochondrial fusion and fission at the same position and
provides a way to respond to cellular needs in a quick and
coordinated manner. However, how switching between fusion
and fission is achieved remains unclear.

Complex Interactions Between Mitochondria, Late
Endosomes/Lysosomes, and the MT Cytoskeleton
Mitochondria can also  hitchhike on motile late
endosomes/lysosomes coupled to MT-bound motor proteins.
Late endosomes/lysosomes that move in close proximity to
mitochondria were reported to be important for mitochondrial
morphology. Dynamic tubulation of mitochondria can be
achieved during this hitchhiking, thus providing a mechanism
for mitochondrial fusion (Guo et al, 2018). An indirect
involvement of the MT cytoskeleton in the changes of
mitochondrial morphology and corresponding functions
can be speculated as mitochondrial hitchhiking along motile late
endosomes/lysosomes requires MTs.

In summary, there is an outstanding communication between
membrane-bound organelles in association with cytoskeleton,
which is essential for organelle positioning, dynamics and
morphology as well as cytoskeletal dynamics.

THE INTERPLAY BETWEEN THE
CYTOSKELETON AND BIOMOLECULAR
CONDENSATES

Biomolecular condensates form distinct compartments in the cell
that lack a membrane boundary and are present in both the
cytoplasm and nucleoplasm (Banani et al., 2017; Boeynaems et al.,
2018; Sabari et al., 2020). In the cytoplasm, various biomolecular
condensates have been identified of which some are cell-type
specific (e.g., germ granules in germline cells) or stress condition-
dependent (e.g., Sec bodies and stress granules) (Voronina et al.,
2011; Decker and Parker, 2012; Zacharogianni et al., 2014; Banani
etal., 2017). Liquid-liquid phase separation can also underlie the
formation of neuronal synaptic densities and membrane clusters
near the plasma membrane (Wu X. et al., 2020). In addition to
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this, a fast-growing body of work shows that a number of viruses
form cytosolic liquid-liquid phase separated condensates upon
infection of cells, termed “viral factories” and viruses are known
to induce changes in stress granule and P-body formation and
composition (Alberti and Dormann, 2019).

Several cytosolic biomolecular condensates interact with
the cytoskeleton, either directly or indirectly via “hitchhiking”
(see section “Interactions Between Membrane-Bound Organelles
and Biomolecular Condensates in Conjunction With the
Cytoskeleton”) and/or influence cytoskeletal remodeling. In this
section we will focus on several of the best-studied cytoplasmic
biomolecular condensates (P-bodies, stress granules and RNP
transport granules) and discuss their direct interactions and
interplay with the cytoskeleton as well as highlight the known
functional roles of these interactions.

Direct Interactions Between
Biomolecular Condensates and the

Cytoskeleton

Regulation of Biomolecular Condensate Transport by
the Cytoskeleton

Like membrane-bound organelles, biomolecular condensates
can use the cytoskeleton for active, motor-driven transport
throughout the cell (Figure 2A). One of these biomolecular
condensates is the RNP transport granule, which consist of RNA-
binding proteins (RBPs) and messenger RNAs (mRNAs). These
granules can form by liquid-liquid phase separation and are well-
known to be transported to ensure proper mRNA localization
to specific subcellular locations for subsequent local mRNA
translation (Figure 2A; Knowles et al., 1996; Buxbaum et al.,
2015; Das et al., 2019). This RNP transport for mRNA localization
is highly conserved and has been observed in many different
model systems such as budding yeast (Saccharomyces cerevisiae),
fibroblasts, Drosophila and Xenopus oocytes, oligodendrocytes
and neurons where it plays a crucial role in biological processes
such as cell division, migration, cell polarization, and axon
guidance and neuronal synaptic plasticity (Holt and Bullock,
2009; Buxbaum et al., 2015). Extensive research in these different
organisms and cell types has shown that mRNA/RNP transport
depends on both the microtubule and actin cytoskeleton and is
driven by kinesin, dynein and myosin motor proteins (Figure 2A;
Kanai et al., 2004; Gopal et al., 2017; Mofatteh and Bullock,
2017; McClintock et al., 2018; Das et al., 2019; Baumann
et al., 2020). RNA-binding proteins can interact with molecular
motor proteins thereby enabling the transport of translationally
represssd mRNAs in RNP granules along the cytoskeleton.
During cell division of budding yeast, a well-characterized mRNP
granule containing Ashl mRNA and several other mRNAs is
transported to the tip of a daughter cell on the actin cytoskeleton
mediated by the adaptor protein She3p, that couples the RNA-
binding protein (RBP) She2P with the myosin motor protein
Myo4p (Long et al., 1997; Takizawa et al., 1997; Edelmann et al.,
2017). Other well-established examples include the transport
of Vgl mRNA in Xenopus oocytes, that relies on overlapping
functions of both kinesin-1 and kinesin-2 motors (Messitt et al.,
2008) and the MT-based transport and actin-mediated anchoring

of oskar and bicoid mRNAs in Drosophila oocytes (Trcek and
Lehmann, 2019). In addition, several recent studies, both in vitro
and in rat DRG neurons and mouse hippocampal neurons, have
elucidated the interaction of the several RBPs (APC, SFPQ,
and ZBP1) with specific adaptor and motor proteins, such
as KAP3 with kinesin-2 and KLC1 or PAT1 with kinesin-1
(Baumann et al., 2020; Fukuda et al., 2020; Wu H. et al., 2020).
Despite this progress in our understanding of RNP granule
transport, many questions remain unanswered; for example, it is
unclear how anchoring of RNP granules to specific subcellular
locations is regulated and how mRNAs and RBPs are released
from motor proteins.

In addition to RNP transport granules, the cytoplasm contains
several other well-studied membraneless RNP granules such as
P-bodies and stress granules (Buchan, 2014; Riggs et al., 2020).
P-bodies are RNP granules that are highly conserved from yeast
to humans (Eystathioy et al., 2002; Sheth and Parker, 2003; Riggs
etal., 2020). In mammalian cells, P-bodies are present under basal
conditions but can dynamically change in number, size and its
components upon changes in the availability of non-translating
mRNAs (Kedersha et al., 2005; Teixeira et al., 2005; Decker and
Parker, 2012; Wang et al., 2018). Stress conditions that affect
the amount of non-translating mRNAs therefore change P-body
number and size. P-bodies are enriched in translationally inactive
mRNAs and proteins involved in mRNA decapping, turnover and
silencing, but lack ribosomal proteins and translation initiation
factors (Hubstenberger et al, 2017; Luo et al., 2018). They
have therefore been suggested to play a role in translational
repression, microRNA-induced mRNA silencing, RNA storage
and mRNA decay, although recent studies suggest that decay
may not occur in P-bodies and they mainly serve as a repository
for translationally repressed mRNAs that can reenter translation
upon release (Brengues et al., 2005; Horvathova et al., 2017;
Hubstenberger et al., 2017; Riggs et al., 2020).

P-bodies are able to perform directed movement in plant,
yeast and mammalian cells (Figure 2A; Kedersha et al., 2005;
Aizer et al, 2008; Cougot et al., 2008; Hamada et al., 2012;
Garmendia-Torres et al., 2014; Rajgor et al,, 2014). In plant cells
(Arabidopsis thaliana), long-distance movement of P-bodies was
dependent on the actin cytoskeleton and pausing behavior was
observed at cortical microtubules (Figure 2A; Hamada et al,
2012; Steffens et al., 2014). In mammalian cells, live-cell imaging
and single particle tracking experiments showed that P-bodies
associate to both the actin and MT cytoskeleton (Aizer et al.,
2008). Stationary P-bodies were associated with actin whereas
P-bodies exhibited mainly confined movements and occasional
long-range movements in association with MTs (Figure 2A;
Aizer et al., 2008; Rajgor et al., 2014). MT depolymerization
by nocodazole or vinblastine treatment severely reduced P-body
movement (Aizer et al., 2008).

Several proteins have been implicated in the interaction
between P-bodies and the cytoskeleton. Early studies in yeast
showed that P-body markers Edc3p and Dcplp can interact
with tubulin proteins (Gavin et al., 2006). In addition, several
P-body components, as well as mRNAs, were shown to co-
precipitate and colocalize with the myosin motor protein Myo2p
in budding yeast (Chang et al., 2008). During cell division in
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FIGURE 2 | The interplay and interactions between biomolecular condensates and the cytoskeleton. (A) The transport of RNP transport granules (i), P-bodies (i) and
stress granules (jii) is mediated by the actin and microtubule cytoskeleton driven by motor proteins. (B) The formation/assembly, disassembly and the fusion/docking
of P-bodies (i) and stress granules (i) is influenced by the cytoskeleton and motor proteins. (C) The local cytoskeleton can be remodeled by RNPs through mRNA
supply and local translation of both actin (i) and microtubule (ji) proteins. (D) Both actin (i) and microtubule (i) nucleation can be driven by concentration of specific
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yeast, unidirectional transport of P-bodies, marked by Edc3p,
was observed to be dependent on a complex of Myo4p and
the She2P/She3P RBPs (Figure 2A; Garmendia-Torres et al,
2014). In HeLa cells, the expression of the dominant negative
tail of another myosin protein, Myosin Va, reduced P-body
motility although the authors suggested that this could be
caused indirectly by reducing mRNP transport toward P-bodies
(Lindsay and McCaffrey, 2011). Another study showed that
interactions between DCP proteins and myosin proteins are
likely conserved in yeast (Dcplp with myo2p) and mammals
(human Dcpla and Dcplb with mouse myosin Va) by performing
yeast two-hybrid and coprecipitation experiments (Steffens et al.,
2014). The presence of several myosin proteins in a large
screen identification of P-body components further confirm the
association between myosin motor proteins and P-bodies in
mammalian cells (Hubstenberger et al., 2017). A more direct
and functional link was found with the identification of an
isoform of the MT-associated protein Nesprin, p50"¢P!. This
protein was found to interact with and localize to P-bodies
and anchor them to MTs, thereby facilitating P-body movement
(Figure 2A; Rajgor et al, 2014). In neurons, several reports
show that P-bodies or P-body-like structures that partly resemble
neuronal transport granules undergo motor-driven transport on
MTs in dendrites (Cougot et al., 2008; Zeitelhofer et al., 2008; Oh
et al., 2013). These neuronal P-bodies increase their localization
to dendritic synapses in response to neuronal activation, driven
by the kinesin-1 motor (Figure 2A; Zeitelhofer et al., 2008;
Cougot et al., 2008; Oh et al., 2013). Neuronal P-bodies have
also been observed in axons of peripheral neurons but whether
and how they are actively transported remains to be investigated
(Melemedjian et al., 2014; Sahoo et al., 2018).

Stress granules are closely related to both P-bodies and
RNP transport granules and can share many of the same
components but appear only after stress conditions that inhibit
translation (Kedersha et al., 2005; Khong et al., 2017; Markmiller
et al, 2018; Youn et al, 2018; Matheny et al, 2019; Youn
et al.,, 2019). Their exact composition differs between specific
stress conditions and cell types (Markmiller et al., 2018). Stress
granules sequester mRNAs and stalled initiation complexes and
are therefore considered to be a storage site for certain non-
translating mRNAs during stress that can re-enter translation
when stress is relieved (Riggs et al, 2020). A recent study,
however, partly challenged this notion and showed that stress
granules also contain translating mRNAs that can shuttle between
stress granules and the cytoplasm (Mateju et al., 2020).

Several studies have shown that stress granules can undergo
directed transport although they appear to be less motile than
P-bodies (Figure 2A; Kedersha et al., 2005). In plant cells, one
study observed rapid and long-distance movement of stress
granules marked by eIF42-GFP that decreased only upon actin,
but not MT depolymerization (Figure 2A; Hamada et al., 2018).
By contrast, another study in plant cells observed movement
of stress granules (marked by Rbp47b) along MTs but the role
of actin was not examined (Gutierrez-Beltran et al., 2015). In
HeLa cells, it was shown that arsenite-induced stress granules
move throughout the cytoplasm in a mostly diffusive manner
(Chernov et al., 2009; Nadezhdina et al., 2010). However, a

small percentage (+10%) of stress granules exhibited directed
movement (Figure 2A; Nadezhdina et al., 2010). Both diffusive
and directed stress granule movement was dependent on MTs,
but not actin, as shown by colocalization experiments and
treatment with cytoskeleton destabilizing drugs. It remains
unknown which proteins drive stress granule movement, and
it is unclear if movement can occur via direct interactions
or whether it is mainly driven by indirect interactions with
MTs via “hitchhiking” mechanisms (Liao et al., 2019), which
will be further discussed in section “Interactions Between
Membrane-Bound Organelles and Biomolecular Condensates in
Conjunction With the Cytoskeleton.”.

Regulation of Biomolecular Condensate Remodeling
by the Cytoskeleton

Besides their movement throughout the cell, RNP granules
(transport/neuronal granules, P-bodies and stress granules) are
known to be highly dynamic structures that can assemble,
disassemble and remodel by rapidly exchanging mRNAs and
possibly proteins with each other and the cytoplasm (Kedersha
et al, 2005; Aulas et al., 2017; Wang et al., 2018; Moon
et al., 2019). Fluorescence recovery after photobleaching (FRAP)
experiments have shown that RNP granules can exchange protein
components with the cytoplasm (Tauber et al., 2020). Various
molecular mechanisms such as extracellular cues, signaling,
protein-protein interactions and posttranslational modifications
as well as cellular states are known to influence these dynamics
(Formicola et al., 2019; Tauber et al., 2020). In addition to this,
the cytoskeleton plays an important role in the remodeling of
biomolecular condensates (Figure 2B).

P-body formation and disassembly/dynamics are also affected
by the cytoskeleton and motor-based transport. In budding yeast,
U20S and HeLa cells, depolymerization of MTs with different
treatments led to an increase in P-body formation (Figure 2B;
Sweet et al., 2007; Aizer et al., 2008; Carbonaro et al., 2011; Huang
et al., 2011; Ayache et al, 2015). Interestingly, taxol-induced
MT stabilization also increased P-body number (Carbonaro
et al, 2011). The mechanisms that lead to increased P-body
formation after MT depolymerization or stabilization are not
entirely clear, but these MT disruptions likely lead to a decrease
in mRNA translation and a release of mRNAs from polysomes.
However, in yeast, benomyl-induced MT depolymerization did
not seem to affect mRNA translation based on polysome profiles
(Sweet et al., 2007). On the other hand, it has been shown
that MT depolymerization with both nocodazole and vinblastine
treatment decreases protein synthesis (Carbonaro et al., 2011;
Coldwell et al., 2013; Ayache et al., 2015; Szaflarski et al., 2016).
It is possible that both MT-depolymerization and stabilization
(through impaired MT dynamics) lead to defective mRNA
transport (Lifland et al., 2011; Pease-Raissi et al., 2017), either to
sites of active translation or possibly into P-bodies themselves.
In support of this, both MT stabilization with taxol or MT
depolymerization with vinblastine or 2ME2 induced the release
of HIF-1ae mRNA from polysomes and subsequent incorporation
into P-bodies. This effect was reversible after nocodazole washout
and subsequent MT repolymerization (Carbonaro et al., 2011).
In contrast to mRNAs, the depolymerization of MTs with
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nocodazole did not change the dynamic exchange of Dcp
proteins in and out of P-bodies based on FRAP experiments
(Aizer et al., 2008).

The involvement of specific motor proteins on P-body
formation has also been investigated (Loschi et al., 2009). Whilst
under basal conditions P-body size or number was not affected
by knockdown of the motor proteins dynein and kinesin, their
increase in size was significantly affected after dynein, but not
kinesin-1 knockdown under ER or oxidative stress conditions
(Loschi et al., 2009). Interestingly, simultaneous knockdown
of kinesin abrogated the effect of dynein knockdown on the
stress-induced increase in P-body size. This led the authors
to suggest that both anterograde and retrograde transport are
important for the exchange of mRNAs from RNP granules
into and out of P-bodies, at least under stress conditions
(Figure 2B; Loschi et al, 2009). In addition to this, siRNA-
mediated knockdown of the actin-based Myosin Va motor was
found to decrease P-body assembly, but not stress granule
formation in HeLa cells (Figure 2B; Lindsay and McCaffrey,
2011). The release of mRNAs from P-bodies may indeed also
be regulated by the actin cytoskeleton, since P-body disassembly
was found to be delayed in a yeast myosin motor mutant
(Chang et al., 2008).

Under stress conditions, P-bodies often transiently dock in
close proximity to stress granules and mRNAs are able to move
bidirectionally between P-bodies and stress granules (Kedersha
etal., 2005; Moon et al., 2019). When P-bodies and stress granules
are docked together, they appear less motile (Kedersha et al,
2005) and the close docking of stress granules with P-bodies is
dependent on intact microtubules (Figure 2B; Aizer et al., 2008;
Rajgor et al., 2014). In cells with intact microtubules but where
P-bodies were detached from microtubules by overexpression of
a p50"¢P! mutant the association between stress granules and
P-bodies was also reduced (Rajgor et al., 2014). Together, this
suggests that the cytoskeleton may provide a scaffold for P-body-
stress granule docking. It would be interesting to determine
if P-bodies and stress granules dock at specific locations on
microtubules and how this could be mediated.

Stress granule formation is normally a reversible process
that starts only under certain stress conditions (Wheeler et al.,
2016; Riggs et al., 2020). After stress induction, granules start
increasing in size by accumulating components or fusing with
other stress granules (Kedersha et al., 2005; Nadezhdina et al,,
2010; Wheeler etal., 2016). When stress is relieved, stress granules
can disassemble or dissolve into the cytoplasm by releasing their
contents into the cytoplasm. Splitting or fission of larger stress
granules into smaller ones has been observed during disassembly
(Kedersha et al., 2005; Nadezhdina et al., 2010; Wheeler et al.,
2016; Lee et al,, 2020). Both the formation and disassembly
of stress granules have been shown to be dependent on the
cytoskeleton and motor proteins (Figure 2B). Two initial studies
first reported that MT depolymerization completely inhibited
the formation of stress granules, but subsequent studies have
shown it is more likely that MT disruption does not completely
prevent stress granule formation but rather results in more
numerous but smaller stress granules (Ivanov et al., 2003;
Kwon et al.,, 2007; Chernov et al., 2009; Fujimura et al., 2009;

Kolobova et al., 2009; Loschi et al., 2009). Interestingly, the
addition of the MT-stabilizing drug taxol also resulted in smaller
stress granules (Chernov et al., 2009). After stress relief, MT
disruption impaired stress granule disassembly (Nadezhdina
etal,, 2010). The role of motor proteins in stress granule assembly
and disassembly remains somewhat unclear as several studies
have reported contradictory results. Whilst two studies reported
a decreased formation of stress granules after treatment with
dynein inhibitors (Kwon et al., 2007; Tsai et al., 2009), two
other studies observed no effect (Chernov et al., 2009; Fujimura
et al, 2009). In support of a role for dynein motors and
retrograde transport in stress granules assembly, knockdown of
dynein heavy chain 1 (DHC1) and the adaptor protein Bicaudal
D1 in mammalian cells inhibits stress granule formation, and
knockdown of dynein light chain subunit 2A in primary neurons
impaired stress granule formation (Loschi et al., 2009; Tsai et al.,
2009). Kinesin knockdown or kinesin inhibitors did not impair
stress granule formation, but KIF5B or KLC knockdown did
delay stress granule disassembly (Figure 2B; Loschi et al., 2009;
Tsai et al., 2009). By contrast, inhibition of dynein, but not of
kinesin motors in neurons, delayed stress granule disassembly
(Figure 2B; Tsai et al., 2009). Interestingly, kinesin and dynein
transport seemed to counterbalance each other as knockdown
of KIF5B counteracted the effect of DHC1 knockdown in stress
granule assembly and conversely, DHC1 knockdown partially
rescued the delay in stress granule disassembly after KIF5B
knockdown (Loschi et al., 2009).

Together, these results suggest microtubules are not crucial
for the initial assembly of stress granules but are important for
the formation of larger stress granules and for stress granule
disassembly. This effect is likely mediated by facilitating transport
of protein and mRNA components into and out of stress
granules via motor proteins and/or increasing the chance of
stress granule fusion.

Research on the role of the actin cytoskeleton on stress
granule formation has yielded inconclusive results. One report
observed an increase in stress granule size after Latrinculin
B-mediated actin depolymerization in CV-1 cells (Ivanov et al.,
2003), whilst another study found more numerous but smaller
stress granules after cytochalasin B treatment in COS-7 cells
(Loschi et al., 2009). Yet another study reported no change in
stress granule formation after latrunculin B or cytochaslasin D
treatment in HeLa cells, although stress granule size was not
measured (Kwon et al, 2007). These discrepancies could be
explained by differences in treatments and non-actin related side-
effects (Ornelles et al., 1986). In addition, the actin-based Myosin
Va motor was not required for stress granule formation, but this
does not exclude the possibility that other actin-based motors are
involved (Lindsay and McCaffrey, 2011).

Although understudied, several studies report an association
of intermediate filaments with RNP condensates. A recent
report showed that the intermediate filament protein vimentin
associates with both P-bodies and stress granules and both
stress granule formation and clearance is affected in vimentin
knockout cells (Pattabiraman et al., 2020). Toxic ALS-associated
poly-dipeptides were also found to bind along vimentin
filaments (Lin et al., 2016). In addition to this, giantin-based
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intermediate filaments have been suggested to serve as a scaffold
for cytoplasmic condensates marked by myxovirus resistance
proteins (reviewed in Sehgal et al., 2020). Together this shows
that intermediate filaments may play an important role in the
dynamics of various biomolecular condensates.

Biomolecular Condensates Can

Influence the Cytoskeleton

Conversely, biomolecular condensates can influence the actin
and microtubule cytoskeleton, either by supplying mRNAs
encoding cytoskeletal proteins for local translation (Figure 2C)
or by concentrating certain proteins that promote actin or
microtubule nucleation (Figure 2D).

Early work has shown that mRNAs encoding cytoskeletal
proteins such as Tau and P-actin are localized to specific
subcellular locations in neurons, oocytes and other cell types
(Jeffery et al., 1983; Litman et al., 1994). As mentioned above,
these mRNAs travel together with RBPs in RNP granules along
the cytoskeleton, in a translationally repressed state and are
released for local translation upon stimulation with specific cues
or signals. This local translation of mRNAs encoding cytoskeletal
proteins is exemplified in axon guidance, where the steering of
axonal growth cones in response to guidance cues relies on the
local protein synthesis of specific cytoskeletal proteins (Buxbaum
et al., 2015; Cioni et al, 2018). In addition, it was suggested
that mRNAs encoding the actin cytoskeleton regulators Arp2 and
Nd1 can be released from P-bodies in dendrites in response to
neuronal activation, thereby influencing local F-actin dynamics
at synapses (Oh et al., 2013). Intriguingly, it has been shown that
both actin and microtubule regulators can act as RBPs in RNP
granules containing mRNAs coding for cytoskeletal regulators
(Preitner et al, 2014; Vidaki et al, 2017). This provides a
possible self-regulatory mechanism in which certain cytoskeletal
regulators coordinate the assembly of the actin or microtubule
cytoskeleton by forming RNP granules that contain mRNAs
encoding their components (Figure 2C).

As mentioned above, besides RNP granule formation, liquid-
liquid phase separation can also underlie the formation of
biomolecular condensates that enables the concentration of
certain proteins to drive specific functions. In this manner,
both actin and microtubule nucleation can be promoted
by concentrating cytoskeletal proteins via phase separation
mechanisms. For actin, this has been shown to occur near the
plasma membrane, where clustering of transmembrane proteins
with adaptor proteins can induce phase transitions forming a
dense phase at the plasma membrane. This mechanism increases
the dwell time of effector proteins that are recruited to these
adaptor proteins and increase the likelihood of activation of
signaling pathways (Case et al., 2019). In response to extracellular
signals, the transmembrane protein Nephrin is phosphorylated
and has been shown to subsequently trigger the formation
of these phase-separated membrane clusters in combination
with the adaptor protein Nck and the actin nucleation factors
N-WASP and the ARP2/3 complex (Banjade and Rosen, 2014;
Case et al., 2019; Kim et al., 2019). This promotes an increase
in actin nucleation/assembly, thereby influencing the local

organization of the cytoskeleton close to plasma membrane
(Figure 2D). Similarly, T-cell receptors can form phase-separated
clusters at the plasma membrane via phosphorylation-dependent
association with the linker protein LAT (Su et al., 2016). These
TCR-LAT clusters recruit specific adaptor and effector proteins
whilst excluding others. In this manner, these clusters concentrate
Nck, N-WASP and the ARP2/3 complex thereby enhancing
actin filament assembly (Su et al., 2016). In addition, zona
occludens proteins were shown to self-organize at tight junctions
by phase separation and attract and concentrate cytoskeletal
adaptor proteins and F-actin (Beutel et al., 2019). Together, this
shows that phase separation at the plasma membrane creates
membraneless compartments that influence the local actin
cytoskeleton by enhancing actin polymerization. It is conceivable
that other membrane proteins can drive the formation of phase-
separated clusters and future research will have to determine
how widespread this mechanism is. For example, it is interesting
to speculate that this may be involved in axon guidance since
extracellular cues are known to induce local changes in the
actin cytoskeleton, thereby influencing growth cone steering
(Dorskind and Kolodkin, 2020).

Microtubule nucleation can also be driven by phase
separation. Several recent studies have shown that phase
separation may be an important mechanism during cell division
by promoting microtubule nucleation (Ong and Torres, 2020).
In vitro work using C. elegans proteins revealed that tubulin
concentration was increased approximately 4-fold by the
formation of biomolecular condensates at the centrosome
containing the scaffold protein SPD-5, which in turn recruits the
microtubule effector protein homologs of XMAP215/CKAP5
and TPX2. This increase in tubulin concentration was sufficient
to drive microtubule nucleation (Figure 2D; Woodruff et al.,
2017). The microtubule-associated protein PLK4 was also shown
to self-assemble into condensates and recruit and concentrate
tubulin thereby promoting the formation of a microtubule
organizing center (Montenegro Gouveia et al, 2018). In a
similar manner, several other proteins have been shown to
promote microtubule assembly by concentrating tubulin via
phase separation at mitotic spindles (Jiang et al., 2015; So et al,,
2019; King and Petry, 2020; Safari et al., 2020). In addition, it
was shown that tubulin can be concentrated into liquid-like
phase separated droplets in vitro formed by the microtubule-
associated protein Tau (Hernandez-Vega et al., 2017). This
concentrated tubulin polymerizes within these droplets and
forms microtubule bundles (Figure 2D). Interestingly, tau
droplets have been observed in neurons (Wegmann et al., 2018).
This mechanism provides an interesting possibility for the
formation of local, non-centrosomal microtubule nucleation
(Kuijpers and Hoogenraad, 2011).

Finally, it has been suggested that the actin cytoskeleton itself
can exhibit liquid-like behavior and form condensates (Weirich
et al., 2017). In the presence of the crosslinker filamin, actin
filaments can be condensed into a liquid droplet phase. This
enables a mechanism to control the morphology and dynamics
of the actin cytoskeleton.

Together, these recent studies provide compelling evidence
that phase separation and the formation of condensates can
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promote the nucleation and remodeling of the cytoskeleton at
specific subcellular locations.

INTERACTIONS BETWEEN
MEMBRANE-BOUND ORGANELLES
AND BIOMOLECULAR CONDENSATES
IN CONJUNCTION WITH THE
CYTOSKELETON

As discussed in the previous two sections, it has become clear that
both membrane-bound organelles and biomolecular condensates
are directly or indirectly contacting the cytoskeleton. Increasing
evidence shows that they also frequently form contacts with each
other, often in conjunction with the cytoskeleton (Salogiannis
and Reck-Peterson, 2017; Bethune et al., 2019; Zhao and Zhang,
2020). The functional roles of these contacts and their interplay
with the cytoskeleton are just starting to emerge and recent
advances will be discussed in this section.

Biomolecular Condensates Can
Associate With Membrane-Bound

Organelles

One of the first examples of an association between biomolecular
condensates and membrane-bound organelles was shown when
GW-bodies were found to associate with LAMP1- and CD63-
positive lysosomes/multivesicular bodies (MVBs) (Gibbings
et al, 2009; Lee et al, 2009). These GW-bodies, containing
the miRNA processing proteins GW-182 and Ago2, are closely
related to P-bodies and share several components but likely
represent different condensates (Patel et al., 2016). The formation
of MVBs was found to be important for miRNA-mediated gene
silencing (Gibbings et al., 2009; Lee et al., 2009).

Huang et al. revealed that a large proportion of P-bodies
can interact with mitochondria in various cell lines (Huang
et al., 2011). Electron microscopy and live cell imaging analysis
in HeLa cells showed that P-bodies can form close and
dynamic contacts with mitochondria. The authors state they
did not observe a close association of P-bodies with other
organelles, such as the ER, endosomes or vacuoles, with electron
microscopy. Depolymerization of the microtubule network
by vinblastine treatment increased the number of P-bodies
but decreased the association frequency with mitochondria,
suggesting an intact microtubule network is required for these
contacts. P-body depletion did not influence mitochondrial
morphology and function and CCCP-induced mitochondrial
uncoupling did not affect the size or number of P-bodies or
their contact with mitochondria. By contrast, CCCP treatment
drastically affected miRNA- and siRNA-mediated gene silencing,
possibly by decreasing the accumulation of Ago2 in P-bodies
(Huang et al., 2011).

In addition to mitochondria, a clear association between
the ER and P-bodies has been established. In yeast, P-bodies
only form under stress conditions and in this model system
they were observed in close proximity to the ER with
both co-localization analysis using fluorescence microscopy

and by electron microscopy imaging (Kilchert et al., 2010).
Differential centrifugation experiments to isolate ER membranes
confirmed that P-bodies are physically associated to the ER
(Kilchert et al., 2010; Weidner et al., 2014). Subsequently, the
yeast ER proteins Scpl60 and Brfl (closest human homologs
are vigilin and FMRP) were found to interact with several
P-body components but deletion of these proteins did not impair
P-body localization to the ER (Weidner et al., 2014). Although
an association with the ER was not observed in HeLa cells
(Huang et al,, 2011), a very recent and elegant study used live-
cell imaging methods to reveal that P-bodies, as well as stress
granules can indeed form dynamic contacts with the ER in
U20S cells (Lee et al., 2020). The authors also investigated the
relationship between ER shape and ER translational status with
P-body formation and found that ER tubules and inhibition
of translation promote P-body formation. Intriguingly, they
revealed that fission of both P-bodies and stress granules occurs
at ER contact sites (Lee et al., 2020). Two other recent studies
also described associations of RNP or stress granules with the
ER. In Xenopus RGC axons, a close association of RNA granules
was observed with the ER (Cioni et al., 2019) and in U20S cells
a high colocalization of G3BP1-positive stress granules with the
ER was found (Liao et al., 2019). The functional relevance of
contacts between the ER and P-bodies or other RNP granules
remains to be determined but possibly includes the exchange
of mRNAs and regulation of RNP granule size. Although RNP
granules do not contain a membrane, it is conceivable that the
microtubule cytoskeleton is involved in RNP granule fission
events analogous to the regulation of fission of membrane-
bound organelles by the ER (Friedman et al, 2010; Rowland
et al,, 2014). In addition, since both P-bodies and stress granules
interact with the ER and they all associate with microtubules, it
is possible that the ER plays a role in the docking of P-bodies
to stress granules. Moreover, it is unknown if the interaction
of P-bodies and stress granules with the ER can reciprocally
influence ER organization.

Two additional types of RNP granules have been shown
to be associated with the ER; TIS granules and Sec bodies.
TIS granules, containing the RBPs TIS11B and HuR as well
as the chaperone protein HSPAS, are intertwined with ER
sheets and concentrate specific mRNAs with AU-rich elements
(Ma and Mayr, 2018). These gel-like granules are present
under physiological conditions and have a tubular mesh-like
morphology, driven by RNA-RNA interactions, that is different
from the spherical morphology described for other RNP granules
(Ma et al, 2020). The formation of TIS granules and its
association to ER sheets enables the local translation of specific
AU-rich mRNAs at the ER.

Sec bodies represent another stress-induced condensate and
are also related to the ER since they are formed at ER exit
sites (ERES) upon amino acid starvation in Drosophila S2 cells
(Zacharogianni et al., 2014; Aguilera-Gomez et al., 2016). These
condensates protect ERES components during stress and act as
a reservoir to reinitiate secretory vesicle formation after stress
relief. Thus far, it remains unknown if these Sec bodies also
exist in mammalian cells and if their formation and disassembly
require an intact cytoskeleton.
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Together, these studies illustrate that interactions between
biomolecular condensates and membrane-bound organelles
occur frequently, but for most of these interactions the exact
mechanisms and functions as well as their relationship with the
cytoskeleton will require further investigation.

Biomolecular Condensates Can
“Hitchhike” on Membrane-Bound

Organelles for Transport

In recent years, it has become clear that both RNP transport
granules and stress granules can also be transported via the
cytoskeleton by “hitchhiking” on membrane-bound organelles.
During asymmetric cell division in budding yeast, the cortical ER,
a tubular ER structure which is in close contact with the plasma
membrane, is transported by myosin motor proteins on the actin
cytoskeleton to the daughter cell (Estrada et al., 2003). During
this process, it has been shown that several mRNAs can be co-
transported on the ER membrane via the adaptor RBP She2p to
the yeast bud for local translation (Schmid et al., 2006; Aronov
et al., 2007). This represents a first example of coordinated co-
transport of biomolecular condensates (RNPs) with membrane-
bound organelles on the cytoskeleton. Another clear and one
of the best-studied examples of “hitchhiking” of RNP granules
with membrane-bound organelles was found during the highly
polarized growth of hyphae of the fungus Ustilago Maydis. In
this organism, transport of several mRNAs by the RNA-binding
protein Rrm4 is essential for this polarized growth (Konig et al.,
2009; Bethune et al., 2019). It was found that Rrm4 colocalizes
and co-moves only with motile but not static Rab5a-positive
early endosomes that travel along MTs driven by kinesin-3 or
dynein motors (Baumann et al., 2012, 2014). Several specific
mRNAs, including mRNAs coding for all four septins (cdc3,
cdcl0, cdcll, and cdcl2), co-transport together with ribosomes
on these endosomes. These septin proteins can form heteromeric
complexes on the cytoplasmic surface of endosomes in a Rrm4-
dependent matter, indicating local translation occurs on these
endosomes (Baumann et al., 2014; Higuchi et al., 2014). Since
these findings, many components of this transport system in
fungal hyphae, including adaptor proteins and additional mRNAs
and RBPs have been identified (Pohlmann et al., 2015; Jankowski
etal., 2019; Olgeiser et al., 2019).

In neurons, a similar hitchhiking mechanism involving
RNP granules and endosomes was recently uncovered. Live-
cell imaging of Xenopus Laevis RGC axons revealed that RNP
granules often associate and co-transport with both Rabs-
positive early endosomes and Rab7-positive late endosomes
(Cioni et al., 2019). Another study found frequent associations
and co-movement of heat shock-induced stress granules with
LAMP1-positive lysosomes in a microtubule and motor-
dependent fashion in U20S cells and iPSC-derived cortical
neurons (Liao et al, 2019). Interestingly, the authors utilized
APEX2-mediated proximity labeling analysis in human iPSC-
induced neurons to identify that Annexin 11 (ANXAIl), a
RNA granule-associated phosphoinositide binding protein also
found in stress granules (Markmiller et al., 2018), tethers stress
granules to actively transported lysosomes. Interestingly, stress

granule-lysosome contacts were observed at the ER in U20S cells
(Liao etal., 2019). As described above, we recently found that ER-
lysosome contacts in the soma of neurons are important for the
axonal translocation of lysosomes (Ozkan et al., 2020). Together,
this raises the interesting possibility that neuronal somatic ER
tubules provide a platform for mRNA localization or transfer to
lysosomes and likely indirectly regulate RNP transport into axons
by influencing lysosome distribution.

RNP granule hitchhiking provides a mechanism for neurons
to localize mRNAs into axons for their local translation and
indeed, the axonal translation of two mitochondrial mRNAs
(laminb2 and vdac) was shown to occur on Rab7a-positive late
endosomes (Cioni et al., 2019). Interestingly, late endosomes
that colocalized with RNA granules and stained positive for
puromycin (indicating protein synthesis), were often observed
in close proximity to mitochondria, suggesting newly synthesized
proteins may be delivered to mitochondria by late endosomes.

An important role for endosomes in mRNA localization and
translation is further supported by a recent study that showed
both translation-dependent and -independent association of
various mRNAs to early endosomes in HeLa cells (Popovic
et al., 2020). This study provided important insights into which
mRNAs localize to early endosomes and it will be interesting to
determine if endosome-localized mRNAs are conserved across
cell types and organisms or if there are cell-type specific
or even context-dependent differences in endosomal mRNA
localization and translation. In addition, future research will have
to clarify why there seem to be cell-type specific differences in
which type of endosome (early, late or lysosomes) is mainly
responsible for mRNA transport and localized mRNA translation
(Baumann et al., 2014; Cioni et al., 2019; Liao et al., 2019;
Popovic et al., 2020).

Interestingly, two recent reports described a role for late
endosomes/lysosomes in the transport of microRNAs in axons.
Gershoni-Emek et al. (2018) showed that miRNAs and RNAi
proteins colocalized and co-moved with acidic compartments
marked by Lysotracker and frequently dock at mitochondria.
The second report convincingly showed that pre-miRNAs
are transported on CD63-positive late endosomes/lysosomes
in RGC axons (Corradi et al., 2020). Since RNAi proteins
and possibly miRNAs are known to reside in P-bodies or
GW-bodies, these studies raise the interesting possibility that
P-bodies or GW-bodies also utilize hitchhiking on endo-
lysosomes for their co-transport. This possibility is supported
by the aforementioned association of CD63- or LAMP1-positive
multivesicular bodies/lysosomes with GW-bodies in Drosophila
and human cells (Gibbings et al., 2009; Lee et al., 2009).

Finally, RNP granule hitchhiking on endosomal
compartments can influence the local cytoskeleton by localizing
and translating certain cytoskeletal mRNAs at specific subcellular
locations. As mentioned above, all four mRNAs encoding the
cytoskeletal septin proteins are localized to early endosomes
in fungal hyphae and their translation on these endosomes is
essential for correct septin filamentation and fungal growth
(Baumann et al.,, 2014). In addition, B-actin mRNA was found
to co-move on late endosomes/lysosomes in axons and several
mRNAs coding for cytoskeletal proteins were identified on
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EEA1-positive early endosomes in HeLa cells (Cioni et al., 2019;
Liao et al,, 2019; Popovic et al., 2020).

Together, these studies show that there is an intricate interplay
between (multiple) membrane-bound organelles, biomolecular
condensates and the cytoskeleton which is crucial for maintaining
the proper distribution and function of both the organelles
themselves as well as the cytoskeleton.

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

It has long been clear that the distinct domains that organize a
cell and allow the separation of cellular/biochemical processes,
such as membrane-bound organelles, biomolecular condensates,
and the cytoskeleton, do not merely perform their functions
by themselves. Rather, they have to be well-coordinated by
communicating with each other through frequent and dynamic
interactions. The extent of complexity of these interactions is
only recently becoming clear and has greatly advanced with the
advent of new imaging and biochemical techniques. For example,
the recent development of multispectral imaging approaches
allowed the simultaneous imaging of six different membrane-
bound organelles and revealed a complex organelle interactome
that depends on an intact microtubule cytoskeleton (Valm et al.,
2017). In addition, super-resolution imaging approaches that
enable live-cell multi-color imaging at a high spatiotemporal
resolution such as the above discussed GI-SIM imaging (Guo
et al., 2018) revealed new types of inter-organelle interactions in
conjunction with the cytoskeleton and their effect on organelle
dynamics. These imaging techniques can be further applied
in the future to study the dynamics of interactions between
the cytoskeleton, (multiple) membrane-bound organelles and
biomolecular condensates in different cell types and different
cellular states and conditions. Moreover, the recent and
continuing development of novel split reporter systems is

improving the visualization of inter-organelle contacts (reviewed
by Scorrano et al., 2019) and novel biochemical approaches such
as proximity labeling will advance our understanding of the
molecular makeup of each cellular compartment. The latter is
especially important because it is often unknown which proteins
mediate and regulate these contacts and these novel techniques
will be able to identify possible tethering and regulatory proteins
(Lam et al.,, 2015; Fazal et al., 2019; Gingras et al., 2019).

The highly complex interactions and interplay illustrated
in this review may be especially important for the correct
organization and functioning of morphologically complex and
highly polarized cells such as neurons. Many studies have
shown that dysfunction of the cytoskeleton, several membrane-
bound organelles and biomolecular condensates is implicated
in neuron dysfunction and neurological disorders (Figure 3;
Fowler et al, 2019; Sleigh et al., 2019; Zbinden et al., 2020).
However, the role of the complex interactions and interplay
between them in disease pathogenesis is much less clear. Several
lines of evidence support the notion that disruptions of this
complex interplay may be an important causative factor in
neurological disorders. For instance, mutations in ANXAT11, the
protein that was found to tether stress granules to lysosomes
for their hitchhiking-based transport, cause ALS. These ALS-
associated mutations in ANXA11 impair its tethering function
and reduce RNA transport into the axon (Figure 3; Liao
et al, 2019). Mutations in the late endosome/lysosome protein
Rab7 that cause the neuropathy Charcot-Marie-Tooth Type
2B impair the axonal synthesis of mitochondrial proteins and
led to reduced mitochondrial function and axonal viability
(Figure 3). Although the exact mechanism leading to this
phenotype is not entirely clear, it is conceivable that this is
a consequence of impaired local translation of mitochondrial
mRNAs on Rab7-positive endosomes that would normally be
delivered to nearby mitochondria via the cytoskeleton to sustain
their function (Cioni et al, 2019). In addition, the lysosome-
associated axonal transport of a miRNA and RNAi proteins,
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possibly contained in P-bodies (Gibbings et al., 2009; Lee
et al., 2009), and their docking at mitochondria was altered in
ALS-associated SOD1 mutant neurons (Figure 3; Gershoni-
Emek et al, 2018). Finally, it is known that mutations
in the ER-resident and MT-severing protein Spastin cause
the neurodegenerative disease HSP (Blackstone, 2012). As
mentioned above, Spastin interacts with IST1 at ER-late
endosome/lysosome contact sites to promote endosomal
fission (Figure 3; Allison et al, 2013). In both primary
neurons from Spastin-HSP mice and HSP-patient-derived
iPSC neurons enlarged lysosomes were observed, suggesting a
disturbance of the complex interaction between the ER, late
endosome/lysosomes and MTs although the exact mechanism
that leads to the enlarged lysosomes in HSP patients remains to
be determined (Allison et al., 2017).

In addition, several exciting recent studies have shown
that there is crosstalk between cytoskeletal components. These
components are inter-linked by proteins that directly or
indirectly bind to the MT and actin cytoskeleton, and this
crosstalk has been shown to play essential roles in cell division,
migration, immune synapse and axonal growth (Rodriguez et al.,
2003; Mohan and John, 2015; van de Willige et al., 2019; Biswas
and Kalil, 2018; Martin-Cofreces and Sanchez-Madrid, 2018).
The role of this cytoskeletal crosstalk on organelle dynamics
remains largely unexplored.
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