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INTRODUCTION

Abstract

Cell division is a highly regulated process essential for the accurate segregation of
chromosomes. Central to this process is the assembly of a bipolar mitotic spindle, a
highly dynamic microtubule (MT)-based structure responsible for chromosome move-
ment. The nucleation and dynamics of MTs are intricately regulated by MT-binding
proteins. Over the recent years, various MT-binding proteins have been reported to
undergo liquid-liquid phase separation, forming either single- or multi-component
condensates on MTs. Herein, we provide a comprehensive summary of the phase
separation characteristics of these proteins. We underscore their critical roles in MT
nucleation, spindle assembly and kinetochore-MT attachment during the cell division
process. Furthermore, we discuss the current challenges and various remaining
unsolved problems, highlights the ongoing research efforts aimed at a deeper under-
standing of the role of the phase separation process during spindle assembly and ori-
entation. Our review aims to contribute to the collective knowledge in this area and
stimulate further investigations that will enhance our comprehension of the intricate

mechanisms governing cell division.

cortex through interactions with cortical factors. MTs, along with associ-

ated binding proteins, collectively generate the forces necessary for the

The precise segregation of chromosomes during mitosis and meiosis,
orchestrated by the spindle, is vital for cell proliferation and develop-
ment. The initiation of bipolar spindle, the microtubule (MT) based
superstructure, occurs through the separation of duplicated centro-
somes before the nuclear envelope breakdown in prophase. Simulta-
neously, the centrosomes form the spindle poles.? Following the
nuclear envelope breakdown, MTs from the two spindle poles attach to
chromosomes at kinetochores, interacting with each other throughout
the prometaphase and metaphase.®* Astral MTs engage with the cell

precise movement and segregation of chromosomes during metaphase
and anaphase.>® After chromosome segregation in anaphase, the mitotic
spindle disassembles, and the central spindle assembles at the cell equa-
tor, facilitating cytokinesis in telophase.

Most cellular MTs are dynamic, a quality essential for their role in
cell physiological activities. During interphase, MTs serve as tracks for
motor-driven transport of organelles and vesicles, characterized by
low catastrophe and growth frequencies.” In contrast, spindle MTs

experience a nearly tenfold increase in catastrophe rates and a
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reduction in the half-time of MT turnover during mitosis.® MT plus-
and minus-ends' dynamics are tightly controlled to ensure proper
spindle assembly. This modulation of MT dynamics involves various
MT-binding proteins.”? 1!

Liquid-liquid phase separation (LLPS) is a low-affinity interaction
primarily driven by hydrophobic interactions between molecules.'?
Numerous membrane-less organelles, such as P-bodies, cell junction
complex and Cajal bodies, form through phase separation.t* > The
intrinsically disordered region (IDR) was essential to drive the phase
separation. LLPS proteins formed condensates which exhibit
liquid-like properties which recruit the binding proteins to have higher
concentration than the macromolecules.’®” Recently, several MT-
binding proteins have been reported to have LLPS characteristics.
LLPS, driven by the concentration of biomolecular condensates at
specific times and locations, finely regulates the binding to MTs,
enhancing efficiency in influencing MT dynamics. During mitosis, key
regulators of MTs biomolecular condensates are discovered at the
mitotic spindle matrix (BuGZ), MT plus-ends, centrosomes (SPD5),'®
spindle poles (NUMA),2”2° inner centromere (INCENP/borealin and
survivin),?* and MT branching nucleation (TPX2).22 Tau, a well-studied
MT-binding protein implicated in various neurodegenerative diseases,
undergoes LLPS.2® However, the role of aggregated tau in spindle
assembly remains unclear. Here, we explore the latest advancements
in LLPS MT-binding proteins during mitosis, including MT plus-ends
tracking proteins such as EB1,%*?% NuMA,*?2° TPX2,2¢ BuGZ,?” and
SKAP.28 Additionally, we discussed the potential role of Aurora-A/B
in coordinately mediated the phase separation of LLPS MT-binding
proteins during mitosis.

Through this review, we aim at the detailed mechanisms of MT-
binding proteins undergoing LLPS in vitro and in vivo, emphasizing the
roles in orchestrating MT dynamics, spindle assembly and spindle orien-
tation under physiological conditions. Furthermore, we propose poten-
tial directions for future research. Understanding the LLPS properties
of MT-binding proteins is pivotal for uncovering the mechanisms gov-

erning the cell cycle, one of the most critical cellular processes.

1 | LLPSOF MTPLUS-END BINDING
PROTEINS

Around the plus tip of MTs, a complex network of proteins accumu-
lates to manipulate the dynamics of the MT ends. These proteins spa-
tially and temporally organize to regulate the physiological function of
MTs, which is essential for the spindle formation, particularly.2?-%°
Recent studies have highlighted the crucial role of MT-binding pro-
teins LLPS in organizing MT plus-end dynamics.

The MT end-binding (EB) protein family, which includes EB1,
EB2, and EBS3, serves as pivotal and scaffold proteins responsible for
tracking the plus-ends of MTs.3! These EBs autonomously track the
growing MT plus-ends and stimulate their elongation, operating inde-
pendently of other proteins in vitro. Notably, EBs are evolutionarily
conserved, the N-terminal calponin homology (CH) domain of EB1

plays a central role in MT binding, recognizing the GTP-/GDP-Pi

capped tubulin state.®? The binding region of EB1 extends to the
dynamic MT tips, forming MT comets. A flexible linker and subse-
quent coiled-coil domain, along with the homodimerization/
heterodimerization domain (EBHD), are responsible for dimerization.®
The C-terminal region of EB1 contains a conserved Glu-Glu-Tyr (EEY)
motif (Figure 1A).34

EB1 plays a crucial role in recruiting various plus-end tracking
proteins to MT plus-ends through its EBHD or EEY motif.>> EBs,
dimerize through the EBHD domain, forming two identical interfaces
within the coiled-coil four-helix bundle. This dimerization facilitates
the recruitment of proteins containing Ser-x-lle-Pro (SXIP) motifs or
LxxPTPh motifs.>> Notable examples of such recruited proteins
include mitotic centromere-associated kinesin (MCAK) in Hela cells,®®
cytoplasmic linker protein (CLIP)-associated proteins (CLASPs) in
CHO-K1 and COS-7 cells,®” and TIP150 in Hela cells and 293T cells.®®
The conserved EEY motif in EB1, bearing similarity to the C-terminal
of a-tubulin, plays a crucial role in binding to Cytoskeleton-Associated
Protein Glycine-rich (CAP-Gly) proteins.®?4° This interaction includes
proteins such as p150%"“¢? of the dynactin complex in HCT116 cells,
MDCK cells, and U20S, in CHO-K1 and COS-7 cells,** CLIP170 in
CHO-K1, COS-1 cells and COS-7 cells*? and CLIP115 in COS-1 cells*®
(Figure 1B). The involvement of EB1 has been demonstrated to exert
a significant influence on MT dynamics. In vitro, 7 uM free
Alexa488-labelled tubulin with 400 nM dimeric EB1 highly increased
the catastrophe frequency from 0.10 + 0.03 to 3.56 + 0.51 min~! on
the pre-existed tetra-rhodamine-labelled, GMPCPP-stabilized seeds.
Even 200 nM EB1 can increase the catastrophe frequency from 0.14
£0.02 to 1.07+007min"! in presence of 8 uM free Alexa
488-labelled tubulin.** Thus EB1 strongly increases catastrophe fre-
quency in vitro. However, in vivo, EB1 promotes persistent MT
growth by suppressing catastrophe activity. This dual role suggests
that proteins in vivo interacting with EB1 play a vital role in the pre-
cise regulation of MT dynamics.

In budding yeast, Mal3 (EB1 homologue), Kar9 and CLIP170 all
exhibit LLPS properties.?*2> The EB1 comets dynamically fuse into
biomolecular condensates in living cells, recovering to 60% of their
original fluorescence intensity within 1 min after photobleaching.
Real-time imaging shows that smaller EB1 condensates fuse with
others to form larger ones. In vitro, the recombinant EB1-GFP protein
undergoes LLPS when the concentration exceeds 4.88 uM. The EB1
droplets enrich the tubulin concentration and form co-condensates
with the interacting proteins, including TIP150 or MACK
(Figure 1B).3645

The IDR in the linker region of EB1, is not sufficient for the LLPS
in living cells. Under physiological conditions, the integrity of EB1 is
essential for the formation of condensates. Different regions of EB1
interact with each other, as demonstrated by Song et al. using a
nuclear magnetic resonance (NMR) chemical shift perturbation assay.
The IDR region interacts with the CH, EBHD and the C-terminal tail,
while the C-terminal tail interacts with EBHD. Two types of positively
charged residues, lysine and arginine (a total of six), in IDR region are
crucial for the EB1 phase separation. The EB1-KR6Q mutant fails to
drive the phase separation but interacts normally with proteins
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Phase separation of microtubule plus-end binding proteins. (A) Domain organization of EB1 and its homologues. The N-terminal

comprises the calponin homology (CH) domain for microtubule (MT) binding, followed by the flexible linker and the homodimerization/
heterodimerization domain (EBHD) responsible for dimerization. The C-terminal features the Glu-Glu-Tyr (EEY) motif. EB1 forms homodimer
through its EBHD. EB1 binds to the Cytoskeleton-Associated Protein Glycine-rich (CAP-Gly) domain-containing proteins according to the EEY
motif. While EB1 interact with the proteins containing the Ser-x-lle-Pro (SXIP) motif by its EBHD. (B) Proteins containing the SXIP motif include
mitotic centromere-associated kinesin (MCAK), cytoplasmic linker protein (CLIP)-associated proteins (CLASPs) and plus-end tracking protein
150 (TIP150) bind to the EBHD of EB1 dimer, while those proteins with the CAP-Gly domain contain p150%"“¢? of the dynactin complex,
CLIP170 and CLIP115. (C) EBs undergo liquid-liquid phase separation (LLPS) and form co-condensates with interacting proteins at the MT-plus
end. EB1 and EB3 undergo LLPS and create co-condensates that enrich tubulin, enhancing MT growth rates. EB1 form condensates with the SxIP
motif-containing proteins, including TIP150 and MCAK. In budding yeast, Mal3 (EB1 homologue) forms co-condensate with kinesin Tea2 and
cargo Tip1(CLIP170 homologue, CAP-Gly domain-containing protein). The EB1-KR6Q mutant which changed the two types positively charged
residues to glutamine, fails to induce LLPS but binds to SxIP motif or CAP-Gly domain-containing proteins. However, without the EB1 LLPS, the
SxIP motif-containing proteins display the dispersed phase. (D) In vivo, Bim1(EB1 homologue), Bik1(CLIP170 homologue) and Kar9 (APC
functional homologue) are the core of the microtubule plus-end tracking proteins. They interacted with each other by multivalent interactions.
Kar9-Bim1-Bik1 phase separates into condensates that track plus-end of astral MTs. As Kar9 interacts with actin-directed motor protein Myo2,
which pulls the astral MTs to the actin filaments at the cortex. These droplets are essential for spindle positioning by tethering MTs to actin and

generating the pulling force.

containing SXIP motifs (CLASP1/2, TIP150 and MACK) or CAP-Gly
domains (p150°"¢9) (Figure 1C).243645

Although some IDRs are enough to drive phase separation, each
IDR seems unique to the protein in forming phase separation, and not
always interchangeable between proteins. For instance, substituting
hnRNPA1 IDR for EB1 IDR (referred to as EB1-hnRNPA1 chimera)
enhances phase separation ability and restores plus-end tracking
activity. However, other chimeras, such as EB1-FUS and EB1-TDP43,
fail to form condensates and cannot restore plus-end tracking activ-
ity.2* The reason could be the 3D structure of each molecule is differ-
ent and therefore requires IDR in certain length and plasticity in
integrating with the rest of the molecule when forming condensation.
Cryo-electron microscopy (Cryo-EM) and Al technique could be a
powerful tool in predicting the motif or structure necessary for the

phase separation. Actually, IDRs contain two types of sequences that

drive the phase separation, including the low-complexity region (LCR)
and short linear motifs (SLiM). On one hand, IDR proteins frequently
harbour LCRs that increase the non-stoichiometric multivalent
interactions. On the other hand, the disordered SLiMs are always rec-
ognized as molecular recognition features that <8 amino acid residues
in length. SLiMs interact with the folded domains that are mediated
by hydrophobic contacts, electrostatic interactions and so on. The
interaction influences the specificity of LLPS condensates.***” Such
as the adaptor protein Nck has a 50-residues linker that contains two
linear motifs, which increases the driving force for the phase-
separation of Nck.*74®

In yeast, the role of IDRs in initiating LLPS is well explained by
examples of studies on EB1. Mal3 (The EB1 homologue in Schizosac-
charomyces pombe), forms a complex with Tea2 (kinesin-7 homologue)
and Tip1 (CLIP170 homologue) at the MT plus ends.*”*° Tea2 and
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Tip1 localization depends on Mal3 in vivo and in vitro. In crowding
conditions with PEG-35k, purified Mal3, Tea2 and Tipl undergo
phase separation independently of MTs.>* The motor Tea2 transports
the condensate towards the plus-ends. Cryo-electron tomography
(Cryo-ET) analysis of MT ends shows an obvious end-decorated coat
at growing MTs when Mal3, Tea2 and Tip1 are added, but not with
Mal3 alone. Non-stoichiometric Tipl and Mal3 accumulate at MT
plus-ends as Tea2 concentration increases, indicating that
Mal3-Tea2-Tipl condensates are not limited by one-on-one interac-
tions.>* The property is similar to Kar9 in Saccharomyces cerevisiae.
Unlike human-EB1, Mal3 possesses two IDRs, IDR1 between the CH
domain and EB homology domain (EBHD), and the C-terminal IDR2.
Multivalency induces phase separation of Mal3-Tea2-Tipl at plus-
ends. IDR1 is essential for comet formation on MT ends, while IDR2
contributes to interaction with the MT lattices. Both IDR1 and
IDR2 are required for Mal3 self-interaction and interaction with
motors. IDR1 and EBHD are essential for recruiting Tip1, and IDR2
enhances motor-dependent accumulation of Tipl at growing ends.
The detailed interaction domains and theoretical models are clearly
outlined.”* However, whether Mal3 forms condensates or co-
condensates with Tea2 and Tipl under physiological conditions
remains unknown, requiring further studies to unveil the role of Mal3
phase separation in spindle assembly and mitosis.

In human cells, CLIP170 undergoes LLPS at MT plus-ends.
Recombinant CLIP170 and EB3 form droplets independently. Miesch
et al. reveal that EB3 co-condenses with CLIP170, increasing the
amount of both proteins in the dense phase. In vitro, EB1-CLIP170
co-condensates enrich tubulin at growing MT tips, facilitating MT
growth rates (Figure 1B).2°

Bim1 (the homologue of EB1 in S. cerevisiae) forms condensates
with Kar9 (functional homologue of APC, MACF, and SLAIN) and Bik1
(orthologue of CLIP-170).°%°% Kar9 is located at individual MT plus-
ends to perform specific functions as an MT-actin crosslinking factor,
tethers the MT plus-end to the actin filaments at the plasma mem-
brane or chromosomes.>*>> Kar9 localization to the plus-end of MT
depends on Bim1. Kar9 interacts with Bik1l and the actin-directed
motor protein Myo2, pulling the MT to the actin filaments at the cor-
tex. Kar9, Biml and Bikl mutually interact (Figure 1D). The
N-terminal of Kar9 is essential for self-association and binding with
My02.56 The C-terminal of Kar9, containing SXIP and LxxPTPh motifs,
interacts with the EBHD of Bim1. Similar to EB1, the CH domain of
Bim1 is responsible for MT-binding and self-interaction, while the
C-terminal tail binds to CAP-Gly domain-containing proteins like Bik1.
In vitro, Kar9-Bim1-Bik1 phase separates into condensates indepen-
dently of MT.>2 Kar9 promotes phase separation of Bim1 and Bik1l
over a broad range of sodium chloride and protein concentration.
Only the full-length Kar9, along with Bim1, drives phase separation.
Kar9 N-terminal domain dimer forms three interfaces that regulate
self-association. However, the self-associated Kar9 undergoes phase
separation only in the presence of Bim1. Notably, the IDR of Kar9 is
not sufficient to drive phase separation.>?

Plus-end tracking proteins have been demonstrated to form con-

densates through multivalency interactions in various organisms.

Understanding the physiological functions of these condensates is of
primary concern. First, as MT-binding proteins, it is essential to mea-
sure whether phase separation mediates MT dynamics. The LLPS
property of EB1/Mal3/Kar9 is crucial for tip-tracking activity. EB1
KR6Q mutant deficient in LLPS is unable to mediate MT plus-end
dynamics.?* Additionally, EB3 is another member of EB family, which
is the core component of the plus-end complex. Both EB1 and EB3
have high ability to regulate the plus-end tracking proteins and also
control the organization of MT minus ends by attaching the MTs to
Golgi membranes.>” The two proteins have many common interactors,
such as CLIP170 and CLASPs. Similar to EB1, EB3/CLIP170 co-
condensates with tubulin to enhance MT growth (Figure 1). Interest-
ingly, different cells seem to have a preference in expressing EB3 or
EB1 to regulate MT. EB3 was highly regulated during myogenic differ-
entiation, whereas the EB1 transcription and translation levels
remained unchanged.>” However, the expression pattern of EB1 and
EB3 is somehow different in neurons. EB3 is mainly expressed in the
central nervous system that links MTs and actin, whereas EB1 was
implicated in axonal transport.’®-° Therefore, EB1 and EB3 may not
have a simple antagonistic or synergistic relation. Similar to EB1,
EB3/CLIP170 co-condensates with tubulin to enhance MT growth
(Figure 1).

The cellular functions of MT plus-end complex LLPS are further
analysed. The EB1 KR6Q mutant, unable to undergo LLPS but still
recruiting interacting proteins, fails to form bipolar spindles and
achieve accurate chromosome segregation, exhibiting spindle position
defects.?* These findings indicate that EB1 LLPS is essential for spin-
dle positioning and kinetochore-MT attachments. In vivo,
Kar9-Bim1-Bik1l condensates on astral MT ends. The phase separa-
tion of Kar9 enables tracking of both growing and shrinking MT plus-
ends, contributing to Kar9's role in tethering MTs to actin filaments in
the cortex (Figure 1D). Consistent tracking facilitates pulling forces
and supports spindle positioning.

LLPS is formed through multiple dynamic and weak interactions
in non-stoichiometric accumulation. These condensates efficiently
perform their biological functions and can quickly transform from one
complex to another. Various proteins track growing tips dependent on
EB1, LLPS provides insights into how EB1 coordinates binding to dif-
ferent proteins spatially and temporally. Investigating the role of
phase-separated MT plus-end in vivo holds promise for a deeper

understanding of their cellular functions.

2 | LLPSIN REGULATING kinetochore-MTs
ATTACHMENT

SKAP forms a complex with astrin, localizing to spindle poles and
kinetochores during mitosis, which is pivotal for the transition to ana-
phase.®* SKAP tracks the plus-ends of MTs, and SKAP's interaction
with EB1 and binding to o/p-tubulin regions play crucial roles in plus-
end tracking.®? SKAP binds to tubulin in solution, enhancing tubulin
polymerization, and the plus-end tracking ability of SKAP is essential

for astral MTs to attach to the cell cortex for spindle positioning.
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SKAP interacts with MIS13, a subunit of the Mis12 complex in the
NDC80 complex, confining its kinetochore localization.®® The
astrin-SKAP complex synergizes with the NDC80 complex, forming an
integrated interface, providing intra-kinetochore tethering and
stabilizing MT interactions (Figure 2A).* Unlike other complexes,
astrin-SKAP is recruited to the end-on sides of kinetochores, and
SKAP deletion impairs spindle pole integrity and destabilizes kineto-
chore fibres, leading to abnormal spindle formation.6?¢° Kinetochores
lacking SKAP exhibit slower movement on both polymerizing and
depolymerizing MTs, indicating SKAP's role in increasing the force for
rescuing MTs and decreasing friction.%*

Recent work by Zhang et al. highlights the formation of a complex
between SKAP and Aurora-B through phase separation, a process
dependent on the C-terminal region of SKAP. In vitro experiments
demonstrated that SKAP spontaneously forms high-fluidity droplets,
recruiting Aurora-B into these structures. The study by Song et al. fur-
ther elucidates the role of astrin-SKAP in transitioning from mono-
oriented kinetochore attachments to end-on attachments.®® This
mechanism involves the protection of mono-oriented attachments by
sensing changes specific to end-on capture and stabilizing these
attachments. The phase-separation ability of SKAP emerges as crucial
for correcting mis-attachments by compartmentalizing Aurora-B and
end-on capture of kinetochore-MTs

guiding the dynamic

(Figure 2A).?® However, the underlying mechanism leading to

(A)

™ EB1

Astrin SKAP

SKAP-Aurora-B

Ndc80 condensates

Aurora-B

increased chromosome segregation errors in LLPS-deficient SKAP
mutants remains unknown. Potential factors, such as altered
plus-ends tracking on MTs or changes in Aurora-B concentration,
may contribute to the observed effects. These findings open avenues
for further research into the intricate processes governing
kinetochore-MT attachment and the role of SKAP's LLPS.

3 | LLPSINTHE ASSEMBLY OF THE
SPINDLE MATRIX

BuGZ, a crucial component of the lamin-B spindle matrix in Xenopus,
plays a pivotal role in regulating spindle morphogenesis by mediating
kinetochore attachment to Bub3, facilitating chromosome align-
ment.®” Bub3, a spindle assembly checkpoint (SAC) protein bound to
kinetochores, generates signals for chromosome alignment. Despite
its weak binding to spindle MTs, BuGZ contains an MT-binding
domain in its N-terminus, crucial for the efficient loading of Bub3 onto
kinetochores. BuGZ initiates MT attachment to kinetochores by
directly binding and stabilizing Bub3, mediated by its conserved
GLEBS motif.¢” Additionally, the interaction between BuGZ and MT
promotes spindle MT assembly, as its deletion leads to prolonged pro-
metaphase arrest and cell death. Jiang et al. discovered that BuGZ
undergoes MT-independent phase separation with temperature-

Only BuGZ

with BuGZ >\/

(©)

Aurora-A
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FIGURE 2 Phase separation of microtubule-binding proteins during microtubule-kinetochore attachment. (A) SKAP's phase separation
governing kinetochore-MT attachment. During the metaphase, SKAP interacts with EB1 and tubulin to track the plus end of spindle MTs. The
astrin-SKAP complex forms an integrated interface with NDC80, which is crucial for tethering MTs to the intra-kinetochore. During the
metaphase-to-anaphase transition, SKAP forms droplets with Aurora-B. SKAP-Aurora-B co-condensates guide the end-on capture of dynamic
kinetochore-microtubules (MTs). (B) In vitro phase separation of BuGZ. Without the presence of tubulin and MT, BuGZ undergoes phase
separation in vitro. BuGZ binds to the kinase domain of Aurora-A and promotes the auto-phosphorylation of Aurora-A. The activated Aurora-A
forms co-condensates with BuGZ. (C) With BuGZ, BuGZ and Aurora-A form co-condensates on spindle MTs, which facilitating MT bundling and
enriching tubulin. High concentration of tubulin dimers stimulates MT polymerization. However, without BuGZ, the phosphorylated Aurora-A
decreased on spindle MTs. The decreased BuGZ and Aurora-A lead to prolonged prometaphase arrest and cell death.
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sensitive features. Compared with the high concentration of BuGZ,
low concentration of purified BuGZ form condensate at higher tem-
perature. While the MT-binding domain deleted BuGZ, named
xBUGZAN, exhibits the similar ability to coacervate. The conserved
phenylalanine (F) and tyrosine (Y) residues drive BuGZ self-interaction
within condensates (Figure 2B). Mutating these conserved Fs and Ys
into serine (xBuGZ13S) increases the minimum concentration and tem-
perature to undergo phase separation. In the presence of MT, BuGZ
forms more droplets along MTs. These condensates bind to MTs, facili-
tating MT bundling, and enriching tubulin. The BuGZ droplets pro-
moted high tubulin concentration and stimulated MT polymerization.
The endogenous concentration of BuGZ was high enough to undergo
phase separation during spindle assembly.?® The mutants xBuGZ13S
and xBuGZAN failed to promote MT assembly from spindle matrix,
indicating the phase separation and MT-binding ability are indispens-
able for promoting tubulin concentration and spindle MT assembly.

Intriguingly, Aurora-A auto-phosphorylates and forms co-
condensates with BuGZ in vitro. BuGZ binds to the kinase domain of
Aurora-A through its two zinc fingers and promotes the activation
of Aurora-A. Aurora-A fused into the BuGZ droplets in vitro (Figure 2B).
Depletion of BuGZ decreases phosphorylated Aurora-A on spindle MTs
(Figure 2C).27%? The mutants xBuGZ13S and xBuGZAN failed to activate
Aurora-A during mitosis, indicating the role of BuGZ LLPS in regulating
Aurora-A. Furthermore, BuGZ reduces the phosphorylation of MCAK at
S196 in Xenopus egg extracts, and then the inactivated MCAK increases
the spindle MT assembly. These results suggest a broader regulatory
impact of BuGZ LLPS on spindle assembly regulation.?”

BuGZ's MT-independent phase separation, coupled with its dual
role in Bub3-mediated kinetochore attachment and direct promotion
of spindle assembly, underscores its significance in coordinating vari-
ous processes critical for proper spindle matrix assembly and func-
tion.%® Further investigations are warranted to elucidate the detailed
mechanisms underlying BuGZ's regulatory interactions during spindle

assembly and its implications in cellular processes.

4 | LLPSINFACILITATING BRANCHING
MT NUCLEATION

The spindle assembly regulator, Targeting Protein for Xenopus Kinesin-
like protein 2 (TPX2), plays a multifaceted role in spindle assembly and
orientation. Proper TPX2 levels are essential for spindle integrity, and
its dysregulation results in aberrant spindle morphology.”®”? TPX2
undergoes dynamic localization changes during the cell cycle, translo-
cating from the nucleus to spindle poles and eventually to the midbody.
TPX2's involvement in branching MT nucleation is particularly note-
worthy. It interacts with tubulin, promoting MT formation and bun-
dling.72 At different concentration ranges, TPX2 exhibit different
status. In vitro studies reveal that TPX2 undergoes phase separation,
forming droplets at 50 nM. Co-condensation with tubulin occurs in the
presence of TPX2, demonstrating its role in mediating branching MT
nucleation. TPX2 phase separates at 200 nM without tubulin, while
50 nM TPX2 forms co-condensates with tubulin. However, only 1 nM

TPX2 localized to MTs (Figure 3A).2% In Xenopus meiotic cytosol, the
physiologically relevant concentration of TPX2 (about 25-100 nM)
forms co-condensates with tubulin on pre-existing MTs and mediates
branching MT nucleation.2¢

The N-terminal domain of TPX2 is responsible for tubulin recruit-
ment and phase separation, while the C-terminal domain is crucial for
branching MT nucleation.?® The minimal active domains are the three
a-helical domains, including o5, a6 and «7, named TPX2%>7%7,
TPX2%°-*7 is capable of binding to MTs and undergoes phase separa-
tion. Guo et al. identified the structure of TPX2*>™*7 on MT lattice
using magic-angle-spinning NMR. TPX2%°~% is intrinsically disordered
and adopts a folded structure to bind to MTs. The aromatic and
hydrophobic residues of TPX2°~*7 play a crucial role in regulating the
binding to the MT lattice.”® The central region of TPX2 binds to
the MT, ap-tubulin dimers, and the C-terminal target Eg5 motors.
NMR-guided docking indicates that the direct interaction between y-
TuRC and TPX2 is important in initiating MT nucleation. Other than
the TPX2 and y-TuRC, augmin and Ran-GTP are essential for the
branching MT nucleation. These factors regulate this process spatially
and temporally. TPX2 binds to the pre-existing MT. A hydrodynamic
Rayleigh-Plateau instability drives TPX2 to form regularly spaced
droplets on MTs. Higher TPX2 concentration increases the space
between droplets. These droplets colocalized with augmin. With
TPX2 and augmin, the ratio of y-TURC on MTs to y-TuRC increased
about 10-fold. From these droplets, MT branches nucleated.”*

Activation of TPX2 occurs upon binding with Ran-GTP, a process
regulated by importin o/p heterodimers.”%”> Importin a/p concentration-
dependent reduction in TPX2-tubulin co-condensation is observed
in vitro (Figure 3B).?%7% In vivo, TPX2 stimulates MT-dependent nucle-
ation in collaboration with Ran-GTP, enhancing branching MT nucleation
efficiency.”” From chromosomes to spindle poles, the concentration of
Ran-GTP decreases while the active importin a/p increases. The conden-
sation of TPX2-tubulin occurs near chromosomes, facilitating MT nucle-
ation, and sharply diminishes once the concentration of activated TPX2
falls below the threshold for phase separation (Figure 3C).2%7¢ The for-
mation of TPX2-tubulin condensation significantly boosts the efficiency
of branching MT nucleation by approximately 100-fold. The phase sepa-
ration property of TPX2-tubulin enhances the rates and efficiency in
physiological contexts.2

TPX2 concentration influences spindle architecture. The cells treated
with TPX2 siRNA, decreased the recruitment of Eg5 to spindle poles and
MT asters, and therefore modulated the spindle morphology. TPX2-Eg5
interaction is crucial for kinetochore fibre formation and chromosome
congression.”® Disrupting this interaction hampers the spindle MT locali-
zation of Eg5; however, the activity of Eg5 does not impact the spindle
MT localization of TPX2. TPX2 also influences the velocity of
Eg5-dependent MT gliding and the accumulation of motor proteins on
MTs (Figure 3C). It is worth noting that TPX2 itself undergoes phase sep-
aration at higher concentrations (about 200 nM), while forming co-
condensates with tubulin at lower concentration of 50 nM. Therefore,
TPX2-tubulin co-condensates are for efficient branching MT nucleation.
However, whether TPX2 co-condensates with Eg5 to mediate its spindle

localization and motility remains to be elucidated.
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FIGURE 3 TPX2 phase separation with tubulin enhances branching MT nucleation efficiency. (A) TPX2 phase separation and co-condensates
with tubulin. At 1 nM concentration, TPX2 localized on MTs. As the concentration increased to 50 nM, TPX2 forms droplets with tubulin. The co-
condensation localized on MTs. Even without tubulin and MT, TPX2 undergoes phase separation after the concentration over 200 nM. (B) High
Importin a/f concentration inhibit TPX2 condensation. With the low importin a/f concentration, TPX2-tubulin co-condensates located onto pre-
existing MTs and initiates branching MT nucleation. High importin o/p concentration inhibits the formation of TPX2 droplets and TPX2-tubulin
co-condensates in vitro. (C) In Vivo TPX2 Activation and Efficiency of Branching MT Nucleation. In vivo, activated TPX2 concentration depends
on RanGTP. RanGTP decreases from chromosomes to spindle poles, indicating high TPX2 concentration near chromosomes. During interphase,
TPX2 concentration is low. After entering the prometaphase, RanGTP concentration increased and the active importin o/p reduced. During
metaphase, TPX2-tubulin co-condensation occurs near chromosomes. TPX2-tubulin droplets increase the efficiency of branching MT nucleation.
However, near the spindle poles, as the RanGTP decreased, the active importin o/p binds to TPX2 to inhibit the formation of TPX2-tubulin
droplets. Other than branching MT nucleation, TPX2 concentration influences the spindle morphology through interacting with Eg5. The spindle
MT localization of Eg5 is TPX2-dependent; whether Eg5 can phase separate with TPX2 remains unknown.

Collaboration between TPX2 and Aurora-A is vital for connecting
MTs with kinetochores during spindle formation.”” TPX2 activates
Aurora-A, and their interaction is characterized by a 43-residue domain
of TPX2 binding to two separate stretches on Aurora-A. Even though
the binding site of PP1 (the phosphatase of Aurora-A) is distant from
TPX2's binding site on Aurora-A, TPX2 inhibits the dephosphorylation
of Aurora-A by protecting Thr288 from dephosphorylation and induc-
ing conformational changes in the activation segment of Aurora-A.”’ In
vitro, TPX2 increases the phosphorylation activity of Aurora-A and pre-
vents its dephosphorylation.8%81 TPX2 depletion affects the binding
affinity of Aurora-A to spindle MTs, resulting in bipolar spindle
defects.®? On the other hand, disrupting Aurora-A affects the function
but not the location of TPX2. The mechanism is still unclear. Like

TPX2-tubulin co-condensates, we speculated that phase separated

TPX2 may form co-condensates with Aurora-A, which protects
Aurora-A from dephosphorylation.

In summary, TPX2's phase separation properties play a pivotal role in
branching MT nucleation, spindle morphology modulation, and its interac-
tions with key regulatory proteins such as tubulin, Eg5 and Aurora-A. Fur-
ther investigations are needed to unravel the intricacies of

TPX2-mediated spindle assembly and its implications in cellular processes.

5 | LLPSFACILITATES SPINDLE
FORMATION AND ORIENTATION

Master regulators of MTs show the LLPS, which is proved to be nec-
essary for accurate spindle formation and orientation. Nuclear and
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mitotic apparatus (NuMA) is a high molecular weight protein intri-
cately involved in spindle organization during cell division.23 NuMA
N-terminus is the dynein-dynactin binding motif. A self-assembly
coiled-coil domain in the central which also contributes to the astral
MTs capturing. The C-terminal region holds a conserved 100-amino
acid MT-binding motif, vital for stabilizing and bundling MTs. NUMA
plays a pivotal role in anchoring dynein-loaded MT plus-end tips at
cortical sites through interactions with Leucine-glycine-asparagine
(LGN), Eg5, cortical 4.1R/G and the plasma membrane.84°

During interphase, NUMA predominantly localizes to the nucleus.
As cells progress into mitosis, NUMA undergoes dynamic redistribution
to the cell cortex and spindle poles.®3 NuMA's interaction with LGN
and Gai subunits of heterotrimeric G proteins (Gai) forms a complex
crucial for spindle orientation. This complex recruits dynein to astral

MTs, generating pulling forces on spindle poles, thereby determining

NuMA
condensate

NuMA-S1969A

condensate
®, NuMA-P/A
o condensate

membrane .
localized NuMA V Kif2A

spindle orientation.®%®” The spindle pole localized NuMA recruit dynein
to the minus ends of spindle MTs and clusters near the centrosomes
along with dynein and dynactin.®8 NuMA's spatial and temporal distri-
bution, particularly at spindle poles, is critical for proper spindle posi-
tioning and pole formation.

During G2/M transition, NUMA forms liquid droplets spontane-
ously and the C-terminal NuMA forms droplets in vivo. This phase
separation is observed in vitro through droplet formation and FRAP
experiments. The C-terminal NUMA concentrates tubulin in vitro, pro-
moting spindle pole assembly by concentrating tubulins, binding to
MTs, and recruiting essential regulators (Figure 4A).*72° Aurora-A
phosphorylation at S1969 regulates the phase separation, increasing
the dynamics of NUMA droplets during mitosis. The S1969A mutant
forms larger and unrecoverable droplets compared to the wild-type
NuMA (Figure 4A). In contrast to NuMA and NuMA-51969D, both

1
Normal :

Abnormal

/-\ Gai
LGN

e dynein/
/@™ idynactin
e
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~ 2\8 /dynactin

FIGURE 4 NuMA undergoes phase separation on spindle poles, regulating spindle formation. (A and B) NuMA droplet formation during
G2/M transition. In vivo, during the G2/M transition, NUMA forms droplets on both spindle poles and the cell cortex. The NUMA condensates
increase the tubulin concentration to promote the spindle pole assembly. The S1969A phosphorylation mutant, which could not be
phosphorylated by Aurora-A, forms larger droplets localized only to spindle poles. Another mutant, NuUMA-P/A (38 prolines mutated to alanines),
forms smaller droplets than the C-terminal wild-type NuMA. The NuMA-P/A mutation localized only to the cell cortex instead of spindle poles.
(C) Recruitment of Kif2A to NuMA Droplets. NuMA interacts with Kif2A, an MT depolymerase. Kif2A is recruited into NuMA droplets on spindle
poles, enhancing Kif2A concentration essential for spindle MT depolymerization on the minus-ends. Kif2A droplet formation is dependent on the
phase separation of NuMA. Kif2A depolymerizes spindle MTs and generates poleward MT flux. (D) NuMA droplets in cortical force generation.
NuMA droplets assemble on the plasma membrane, interacting with MT motor dynein, dynactin, LGN and Gai. The condensates enrich the

interacting proteins and enhance the cortical force generation.
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localized to spindle poles and the cell cortex, NUMA-S1969A was
solely localized to the spindle poles in vivo (Figure 4B). The prolines in
the C-terminals contribute to the formation of droplets. Mutating the
38 prolines to alanines (NUMA-P/A) decreases the diameter of drop-
lets without reducing the MT-binding ability (Figure 4A). Surprisingly,
the location of the NUMA-P/A mutation shifts from spindle poles to
the cell cortex (Figure 4B).?2° However, the mechanism behind the
altered location remains elusive. Based on the localization patterns of
these two mutant types and the characteristics of droplet size and flu-
idity, we speculate that the increased ability to form large or rigid
droplets restricts the transport of NUMA from the centrosome to the
cortex. The 1911-1925 amino acid motif of NUMA interacts with
KifC1 to facilitate its localization to spindle poles.'? Kif2A was identi-
fied in NUMA droplets on spindle poles. Kif2A, an MT depolymerase,
forms condensates dependent on NuMA on the spindle poles. The
presence or absence of Kif2A has no influence on the spindle pole
location of NuMA (Figure 4C). However, Kif2A's role in depolymeriz-
ing MTs is crucial for spindle length control. During mitosis, NUMA
phase-separated on the spindle poles is critical for recruiting Kif2A to
depolymerize spindle MTs and generates poleward MT flux. Disrupt-
ing the phase separation leads to longer spindle length.’

Additionally, NuMA interacts with EB1 at the plus ends of astral
MTs, contributing to their connection with the cell cortex.®? The
NuMA condensates in the cell cortex enrich interacting proteins,
including dynein, dynactin, LGN and Gai (Figure 4D). While EB1
undergoes phase separation at MT plus-ends, the co-condensation of
EB1 with NuUMA requires further investigation. These findings high-
light the intricate role of NUMA's phase separation in spindle pole for-
mation, spindle orientation, and its interactions with key regulatory
proteins such as Kif2A and EB1.

6 | CELLCYCLE-RELATED KINASES IN
MODIFYING MT-BINDING PROTEINS LLPS

Mitosis, a highly regulated process, involves the dynamic interplay of
various kinases and phosphatases that modulate the behaviour
of MT-binding proteins, orchestrating the transition from interphase
toM phase.9O Two conserved serine/threonine kinases, Aurora-A and
Aurora-B, exhibit distinct subcellular localizations and contribute sig-
nificantly to mitotic regulation.

Aurora-A, localized at centrosomes during mitosis, ensures cen-
trosome maturation and bipolar spindle establishment. Its co-
condensation with BuGZ droplets promotes Aurora-A kinase activity
on spindle MTs, regulating numerous MT-binding proteins.®®
Aurora-A phosphorylates NUMA at three serine residues (Ser1969,
Ser1991 and Ser2047), influencing spindle orientation without affect-
ing NuMA's affinity for MTs or LGN.”’ Notably, Aurora-A
phosphorylation of NUMA at S1969 reduces phase separation during
mitosis. TPX2 enhances Aurora-A activity, maintaining normal spindle
length, and coordinating with Aurora-A in regulating NuMA-mediated
spindle orientation. Overexpressed TPX2, potentially due to over-

aggregation, fails to recruit Aurora-A, resulting in a super-alignment

phenotype.”? We hypothesize that the excessive aggregation of TPX2
reduces its ability to undergo phase separation, and the low mobility
of TPX2 hinders the recruitment and activation of Aurora-A. Addition-
ally, this may also impact the phosphorylation of NUMA and its ability
to form droplets. These findings indicate that Aurora-A has the poten-
tial to coordinately regulate the phase separation of various proteins
during mitosis.

Aurora-B, located at centromeres and spindle mid-zone, phos-
phorylates multiple MT-binding elements at incorrectly attached
kinetochores. In prometaphase, EB1 recruits Aurora-B kinase to cen-
tromeres, allowing spindle MTs to regulate kinetochore phosphoryla-
tion.”® However, in human cells, EB1 interacts with Auroras but is not
their substrate. EB1 inhibits the interaction between Aurora-B and
PP2A, preventing Aurora-B dephosphorylation.”* Aurora-B phosphor-
ylates EB2, reducing its MT association, which is crucial for proper
chromosome segregation.”® During different mitotic stages, Aurora-A
and Aurora-B phosphorylate S176 of EB3, and this phosphorylation is
enriched in the midbody, controlling cortical MT growth during mitotic
exit.”® EB1 and EB3 undergo phase separation at the MT plus-ends,
whether Aurora-A or Aurora-B are fused to the droplets remains
unknown. The condensates confine the proteins in the specific area
and inhibit the protein diffused speed.

Furthermore, Aurora-B phosphorylates outer kinetochore proteins,
including the Ndc80 complex and the Ska complex, regulating
kinetochore-MT turnover and preventing attachment errors. This phos-
phorylation reduces MT binding while increasing MT catastrophe activ-
ity.?”?® Interestingly, Aurora-B's kinase activity at the kinetochore (rather
than the centromere) is also dependent on Ska, especially in an MT-
dependent manner.”® Depletion of the Ska complex leads to the loss of
Aurora-B's phosphorylation function, impacting the subsequent phosphor-
ylation of kinetochore substrates such as the Ndc80 complex and the
inner kinetochore protein MCAK.?® The N-terminal disordered loop region
of Skal interacts with the C-terminal region of the EB1 dimer, promoting
the formation of an extended structure of the EB1-Ska complex on the
MT lattice.”® Disruption of the EB1-Ska complex, through the depletion of
EB1 or Ska, results in chromosomes scattering throughout the spindle.
The absence of the EB1-Ska complex leads to MT depolymerization and
defective MT-kinetochore attachment.'®® The Ska complex, with its disor-
dered loop region interacting with EB1, plays a key role in kinetochore-
MT attachment. While the Ska complex's role in phase separation is not
explicitly reported, its involvement in the EB1-Ska complex formation and
Aurora-B recruitment suggests the potential for phase separation at the
kinetochore. These insights highlight the intricate regulatory roles of
kinases such as Aurora-A and Aurora-B in modulating the phase separa-
tion dynamics of key MT-binding proteins during mitosis, contributing to

the precise orchestration of cellular events.

7 | DISCUSSION AND FUTURE
PERSPECTIVE

LLPS is a physical phenomenon that has been intensively studied for

the last decades.’® Key events in cell activities have been proved to
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be mediated by LLPS on some proteins; for instance, MT-binding pro-
teins LLPS in the regulation of cytoskeleton dynamics.1216:17:22:26
LLPS of MT-binding proteins generates focal elevated concentration
on the cytoskeleton and allows for important chemical reactions to
occur swiftly, therefore, regulating the precise MT and actin filaments
rearrangement. The utilization of an in vitro system provides a unique
advantage over studying the phase separation of MT-binding proteins
and their contribution to MT array regulation.24-27:¢8191 The data
from in vitro assay may provide a plausible explanation for the compli-
cated dynamics of the MT array in vivo, such as spindle morphological
changes in mitosis and meiosis. In this review, we summarize the LLPS
of MT-binding proteins and their roles in spindle MT regulation, for
example, NUMA, EB1 and TPX2. From a larger perspective, more MT-
binding proteins may show similar LLPS under certain circumstances
in manipulating MTs, such as katanin, kinesins and so on.

In the future, certain questions remain. First, the biological step-
wise process of fusion between these droplets during the relatively
short period of spindle formation and separation is elusive. For exam-
ple, EB1 can form aggregates with different proteins, raising questions
about whether these aggregates move together or disassemble into
monomers before coalescing with other proteins. Second, the roles of
potential factors that regulate the phase separation process, such as
Aurora-A, are enigmatic. Third, the droplets' size and fluidity control
mechanisms in phase separation are worth the exploration. For exam-
ple, the post-translational modification especially phosphorylation is
proved to regulate the LLPS size control process. Whether other post-
translational modifications that participate in centrosome maturation
or spindle MT assembly also regulate LLPS are still unknown.?+28:102
As research progresses, addressing these questions will contribute to
a more comprehensive understanding of the intricate processes
involved in MT dynamics and organization. The in vitro MT system
provides a more faithful representation of in vivo functionality, con-
tributing to a comprehensive understanding of the roles these pro-
teins play in MT organization and regulation. This approach lays the
groundwork for future investigations into MT-binding protein func-
tions. Transmission electron microscope and immunoelectron micros-
copy are the most direct way to visualize the localization and
formation of these condensations in vivo. With immune-gold labelling,
the precise subcellular location is more easily visible. Of note, the abil-
ity to form condensations and its biological functions is not an exact
correspondence. More experiments from physiological conditions are
essential to uncover the roles of MT-binding proteins. In recent stud-
ies, the structure of TDP-43 derived amyloid fibrils has been analysed
by cryo-EM, which is different from the previously described TDP-
43 structures in the number and relative orientation of the protofi-
laments including the fibril purified from patient tissue. TDP-43
forms multiple fibril structures with different tertiary or quaternary
structures in vivo, which all display the phase-separation ability
in vitro by the laser confocal fluorescence microscope or electron
microscopy.'®® That is to say, these in vitro-formed condensates
do not necessarily perform the same function. Hence, the cryo-EM
is a helpful tool to investigate whether the structures of the

phase-separated droplets from in vitro and physiological conditions

are coincident or not. Additionally, more in vivo experimental
results are needed to confirm the role of LLPS in the physiological
state.

Our review mainly addresses the role of MT-binding protein
phase separation in the spindle assembly and orientation during mito-
sis. Actually, in mammalian oocytes, phase separation of MT regula-
tory factors is important for the acentrosomal spindle assembly during
meiosis. The liquid-like meiotic spindle domain (LISD) was identified
and permeated the spindle poles. The LISD concentrates many MT
regulatory factors including centrosomal proteins, MT minus-end
binding proteins and proteins that control MT nucleation and stability.
The LISD assembly is dependent on Aurora-A, TACC3 and CHC17.
The LISD is essential for MT assembly and the stable acentrosomal
spindles in meiotic spindle assembly.2°*1%5 |n conclusion, phase sepa-
ration is a widely existing principle to promote spindle assembly in dif-
ferent cells. We provide insights for further studies on the
mechanisms underlying the LLPS of MT-binding proteins and the rela-
tionship with its physiology function.

AUTHOR CONTRIBUTIONS

SS wrote the manuscript and drew the figures. PL and JZ conceived
the study and edited the manuscript. YY conceived the study and cre-
ated the images. [Correction added on 22 July 2024, after first online
publication: Author Contributions has been updated].

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

ORCID

Shuang Sun "= https://orcid.org/0000-0003-1396-563X

Peiwei Liu "> https://orcid.org/0000-0001-5597-2200

REFERENCES

1. Qi F, Zhou J. Multifaceted roles of centrosomes in development,
health, and disease. J Mol Cell Biol. 2021;13:611-621.

2. Wu J, Akhmanova A. Microtubule-organizing centers. Annu Rev Cell
Dev Biol. 2017;33:51-75.

3. Mogilner A, Wollman R, Civelekoglu-Scholey G, Scholey J. Modeling
mitosis. Trends Cell Biol. 2006;16:88-96.

4. Tanenbaum ME, Medema RH. Mechanisms of centrosome separa-
tion and bipolar spindle assembly. Dev Cell. 2010;19:797-806.

5. Hoffmann I. Centrosomes in mitotic spindle assembly and orienta-
tion. Curr Opin Struct Biol. 2021;66:193-198.

6. Lechler T, Mapelli M. Spindle positioning and its impact on verte-
brate tissue architecture and cell fate. Nat Rev Mol Cell Biol. 2021;22:
691-708.

7. Goodson HV, Jonasson EM. Microtubules and microtubule-
associated proteins. Cold Spring Harb Perspect Biol. 2018;10:
a022608.

8. Akhmanova A, Steinmetz MO. Control of microtubule organization
and dynamics: two ends in the limelight. Nat Rev Mol Cell Biol. 2015;
16:711-726.

9. Brouhard GJ, Rice LM. Microtubule dynamics: an interplay of
biochemistry and mechanics. Nat Rev Mol Cell Biol. 2018;19:
451-463.

10. Sun S, Xu Z, Hu H, et al. The Bacillus cereus toxin alveolysin disrupts
the intestinal epithelial barrier by inducing microtubule disorganiza-
tion through CFAP100. Sci Signal. 2023;16:eade8111.


https://orcid.org/0000-0003-1396-563X
https://orcid.org/0000-0003-1396-563X
https://orcid.org/0000-0001-5597-2200
https://orcid.org/0000-0001-5597-2200

SUN ET AL

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Zhong T, Wu X, Xie W, et al. ENKD1 promotes epidermal stratifica-
tion by regulating spindle orientation in basal keratinocytes. Cell
Death Differ. 2022;29:1719-1729.

Hyman AA, Weber CA, Jllicher F. Liquid-liquid phase separation in
biology. Annu Rev Cell Dev Biol. 2014,;30:39-58.

Yang P, Mathieu C, Kolaitis RM, et al. G3BP1 is a tunable switch that
triggers phase separation to assemble stress granules. Cell. 2020;
181:325-345.e28.

Sun S, Zhou J. Phase separation as a therapeutic target in tight
junction-associated human diseases. Acta Pharmacol Sin. 2020;41:
1310-1313.

Banani SF, Rice AM, Peeples WB, et al. Compositional control of
phase-separated cellular bodies. Cell. 2016;166:651-663.

Zhang H, Ji X, Li P, et al. Liquid-liquid phase separation in biology:
mechanisms, physiological functions and human diseases. Sci China
Life Sci. 2020;63:953-985.

Mehta S, Zhang J. Liquid-liquid phase separation drives cellular func-
tion and dysfunction in cancer. Nat Rev Cancer. 2022;22:239-252.
Woodruff JB, Ferreira Gomes B, Widlund PO, Mahamid J,
Honigmann A, Hyman AA. The centrosome is a selective condensate
that nucleates microtubules by concentrating tubulin. Cell. 2017;
169:1066-1077.e10.

Sun M, Jia M, Ren H, et al. NUMA regulates mitotic spindle assem-
bly, structural dynamics and function via phase separation. Nat Com-
mun. 2021;12:7157.

Ma H, Qi F, Ji L, et al. NuMA forms condensates through phase sep-
aration to drive spindle pole assembly. J Mol Cell Biol. 2022;14:
mjab081.

Trivedi P, Stukenberg PT. A condensed view of the chromosome
passenger complex. Trends Cell Biol. 2020;30:676-687.

Ong JY, Torres JZ. Phase separation in cell division. Mol Cell. 2020;
80:9-20.

Boyko S, Surewicz WK. Tau liquid-liquid phase separation in neuro-
degenerative diseases. Trends Cell Biol. 2022;32:611-623.

Song X, Yang F, Yang T, et al. Phase separation of EB1 guides micro-
tubule plus-end dynamics. Nat Cell Biol. 2023;25:79-91.

Miesch J, Wimbish RT, Velluz MC, Aumeier C. Phase separation of
+TIP networks regulates microtubule dynamics. Proc Natl Acad Sci U
S A.2023;120:e2301457120.

King MR, Petry S. Phase separation of TPX2 enhances and spatially
coordinates microtubule nucleation. Nat Commun. 2020;11:270.
Woodruff JB. Phase separation of BuGZ promotes Aurora A activa-
tion and spindle assembly. J Cell Biol. 2018;217:9-10.

Zhang M, Yang F, Wang W, et al. SKAP interacts with Aurora B to
guide end-on capture of spindle microtubules via phase separation.
J Mol Cell Biol. 2022;13(12):841-852.

Vaughan KT. TIP maker and TIP marker; EB1 as a master controller
of microtubule plus ends. J Cell Biol. 2005;171:197-200.

Nehlig A, Molina A, Rodrigues-Ferreira S, Honoré S, Nahmias C. Reg-
ulation of end-binding protein EB1 in the control of microtubule
dynamics. Cell Mol Life Sci. 2017;74:2381-2393.

Bieling P, Laan L, Schek H, et al. Reconstitution of a microtubule
plus-end tracking system in vitro. Nature. 2007;450:1100-1105.
Hayashi I, lkura M. Crystal structure of the amino-terminal
microtubule-binding domain of end-binding protein 1 (EB1). J Biol
Chem. 2003;278:36430-36434.

Slep KC, Rogers SL, Elliott SL, Ohkura H, Kolodziej PA, Vale RD.
Structural determinants for EB1-mediated recruitment of APC and
spectraplakins to the microtubule plus end. J Cell Biol. 2005;168:
587-598.

Honnappa S, Gouveia SM, Weisbrich A, et al. An EB1-binding motif
acts as a microtubule tip localization signal. Cell. 2009;138:366-376.
Honnappa S, John CM, Kostrewa D, Winkler FK, Steinmetz MO.
Structural insights into the EB1-APC interaction. EMBO J. 2005;24:
261-269.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

—Wl LEY_|110f13

Jiang K, Wang J, Liu J, et al. TIP150 interacts with and targets
MCAK at the microtubule plus ends. EMBO Rep. 2009;10:
857-865.

Mimori-Kiyosue Y, Grigoriev |, Lansbergen G, et al. CLASP1 and
CLASP2 bind to EB1 and regulate microtubule plus-end dynamics at
the cell cortex. J Cell Biol. 2005;168:141-153.

Ward T, Wang M, Liu X, et al. Regulation of a dynamic interaction
between two microtubule-binding proteins, EB1 and TIP150, by the
mitotic p300/CBP-associated factor (PCAF) orchestrates kineto-
chore microtubule plasticity and chromosome stability during mito-
sis. J Biol Chem. 2013;288:15771-15785.

Weisbrich A, Honnappa S, Jaussi R, et al. Structure-function rela-
tionship of CAP-Gly domains. Nat Struct Mol Biol. 2007;14:
959-967.

Askham JM, Vaughan KT, Goodson HV, Morrison EE. Evidence that
an interaction between EB1 and p150(Glued) is required for the for-
mation and maintenance of a radial microtubule array anchored at
the centrosome. Mol Biol Cell. 2002;13:3627-3645.

Louie RK, Bahmanyar S, Siemers KA, et al. Adenomatous polyposis
coli and EB1 localize in close proximity of the mother centriole and
EB1 is a functional component of centrosomes. J Cell Sci. 2004;117:
1117-1128.

Komarova YA, Akhmanova AS, Kojima S, Galjart N, Borisy GG. Cyto-
plasmic linker proteins promote microtubule rescue in vivo. J Cell
Biol. 2002;159:589-599.

Komarova Y, Lansbergen G, Galjart N, Grosveld F, Borisy GG,
Akhmanova A. EB1 and EB3 control CLIP dissociation from the ends
of growing microtubules. Mol Biol Cell. 2005;16:5334-5345.
Lawrence EJ, Arpag G, Norris SR, Zanic M. Human CLASP2 specifi-
cally regulates microtubule catastrophe and rescue. Mol Biol Cell.
2018;29:1168-1177.

Xia P, Zhou J, Song X, et al. Aurora A orchestrates entosis by regu-
lating a dynamic MCAK-TIP150 interaction. J Mol Cell Biol. 2014;6:
240-254.

Harmon TS, Holehouse AS, Rosen MK, Pappu RV. Intrinsically disor-
dered linkers determine the interplay between phase separation and
gelation in multivalent proteins. Elife. 2017;6:€30294.

Li P, Banjade S, Cheng HC, et al. Phase transitions in the assembly of
multivalent signalling proteins. Nature. 2012;483:336-340.

Banjade S, Wu Q, Mittal A, Peeples WB, Pappu RV, Rosen MK.
Conserved interdomain linker promotes phase separation of the
multivalent adaptor protein Nck. Proc Natl Acad Sci U S A. 2015;112:
E6426-E6435.

des Georges A, Katsuki M, Drummond DR, et al. Mal3, the Schizosac-
charomyces pombe homolog of EB1, changes the microtubule lattice.
Nat Struct Mol Biol. 2008;15:1102-1108.

von Loeffelholz O, Venables NA, Drummond DR, Katsuki M,
Cross R, Moores CA. Nucleotide- and Mal3-dependent changes in
fission yeast microtubules suggest a structural plasticity view of
dynamics. Nat Commun. 2017;8:2110.

Maan R, Reese L, Volkov VA, et al. Multivalent interactions facilitate
motor-dependent protein accumulation at growing microtubule
plus-ends. Nat Cell Biol. 2023;25:68-78.

Meier SM, Farcas AM, Kumar A, et al. Multivalency ensures persis-
tence of a +TIP body at specialized microtubule ends. Nat Cell Biol.
2023;25:56-67.

Zimniak T, Stengl K, Mechtler K, Westermann S. Phosphoregulation
of the budding yeast EB1 homologue Bim1p by Aurora/lpllp. J Cell
Biol. 2009;186:379-391.

Kumar A, Meier SM, Farcas AM, Manatschal C, Barral Y,
Steinmetz MO. Structure and regulation of the microtubule plus-end
tracking protein Kar9. Structure. 2021;29:1266-1278.e64.

Paoletti A, Bornens M. Kar9 asymmetrical loading on spindle poles
mediates proper spindle alignment in budding yeast. Dev Cell. 2003;
4:289-290.



12 0f 13 WILEY_ 2

56.
57.

58.

59.
60.
61.

62.

63.

64.

65.

66.
67.

68.

69.

70.
71.
72.
73.
74.

75.

SUN ET AL

Kammerer D, Stevermann L, Liakopoulos D. Ubiquitylation regulates
interactions of astral microtubules with the cleavage apparatus. Curr
Biol. 2010;20:1233-1243.

Yang C, Wu J, de Heus C, et al. EB1 and EB3 regulate microtubule
minus end organization and Golgi morphology. J Cell Biol. 2017;216:
3179-3198.

Nakagawa H, Koyama K, Murata Y, Morito M, Akiyama T,
Nakamura Y. EB3, a novel member of the EB1 family preferentially
expressed in the central nervous system, binds to a CNS-specific
APC homologue. Oncogene. 2000;19:210-216.

Leterrier C, Vacher H, Fache MP, et al. End-binding proteins EB3
and EB1 link microtubules to ankyrin G in the axon initial segment.
Proc Natl Acad Sci U S A. 2011;108:8826-8831.

Straube A, Merdes A. EB3 regulates microtubule dynamics at the cell
cortex and is required for myoblast elongation and fusion. Curr Biol.
2007;17:1318-1325.

Rosas-Salvans M, Sutanto R, Suresh P, Dumont S. The Astrin-SKAP
complex reduces friction at the kinetochore-microtubule interface.
Curr Biol. 2022;32(12):2621-2631.e3.

Dunsch AK, Linnane E, Barr FA, Gruneberg U. The astrin-
kinastrin/SKAP complex localizes to microtubule plus ends and
facilitates chromosome alignment. J Cell Biol. 2011;192(6):
959-968.

Jiang K, Faltova L, Hua S, et al. Structural basis of formation of the
microtubule minus-end-regulating CAMSAP-Katanin complex. Struc-
ture. 2018;26(3):375-382.e4.

Kern DA-O, Monda JK, Su KC, Wilson-Kubalek EM,
Cheeseman IA-O. Astrin-SKAP complex reconstitution reveals its
kinetochore interaction with microtubule-bound Ndc80. Elife.
2017;6:26866.

Wang X, Zhuang X, Cao D, et al. Mitotic regulator SKAP forms a link
between kinetochore core complex KMN and dynamic spindle
microtubules. J Biol Chem. 2012;284(47):39380-39390.

Song X, Conti D, Shrestha RL, Braun D, Draviam VM. Counteraction
between Astrin-PP1 and Cyclin-B-CDK1 pathways protects
chromosome-microtubule attachments independent of biorienta-
tion. Nat Commun. 2021;12:7010.

Jiang H, He X, Wang S, et al. A microtubule-associated zinc finger
protein, BuGZ, regulates mitotic chromosome alignment by ensuring
Bub3 stability and kinetochore targeting. Dev Cell. 2014;28:
268-281.

Jiang H, Wang S, Huang Y, et al. Phase transition of spindle-
associated protein regulate spindle apparatus assembly. Cell. 2015;
163:108-122.

Huang Y, Li T, Ems McClung SC, et al. Aurora A activation in mitosis
promoted by BuGZ. J Cell Biol. 2018;217:107-116.

Gruss OJ, Wittmann M, Yokoyama H, et al. Chromosome-induced
microtubule assembly mediated by TPX2 is required for spindle for-
mation in Hela cells. Nat Cell Biol. 2002;4(11):871-879.

Wittmann T, Wilm M, Karsenti E, Vernos I. TPX2, a novel xenopus
MAP involved in spindle pole organization. J Cell Biol. 2000;149(7):
1405-1418.

Schatz CA, Santarella R, Hoenger A, et al. Importin alpha-regulated
nucleation of microtubules by TPX2. EMBO J. 2003;22(9):2060-
2070.

Guo C, Alfaro-Aco R, Zhang C, Russell RW, Petry S, Polenova T.
Structural basis of protein condensation on microtubules underlying
branching microtubule nucleation. Nat Commun. 2023;14:3682.
Setru SU, Gouveia B, Alfaro-Aco R, Shaevitz JW, Stone HA, Petry S.
A hydrodynamic instability drives protein droplet formation on
microtubules to nucleate branches. Nat Phys. 2021;17:493-498.
Gruss OJ, Carazo-Salas RE, Schatz CA, et al. Ran induces spindle
assembly by reversing the inhibitory effect of importin alpha on
TPX2 activity. Cell. 2001;104(1):10-93.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Safari MS, King MR, Brangwynne CP, Petry S. Interaction of spindle
assembly factor TPX2 with importins-a/p inhibits protein phase sep-
aration. J Biol Chem. 2021;297:100998.

Petry S, Groen AC, Ishihara K, Mitchison TJ, Vale RD. Branching
microtubule nucleation in Xenopus egg extracts mediated by augmin
and TPX2. Cell. 2013;152(4):768-777.

Ma N, Titus J, Gable A, Ross JL, Wadsworth P. TPX2 regulates the
localization and activity of Eg5 in the mammalian mitotic spindle.
J Cell Biol. 2011;195(1):11-98.

Bayliss R, Sardon T, Vernos |, Conti E. Structural basis of Aurora-A
activation by TPX2 at the mitotic spindle. Mol Cell. 2003;12(4):
851-862.

Eyers PA, Erikson E, Chen LG, Maller JL. A novel mechanism for acti-
vation of the protein kinase Aurora a. Curr Biol. 2003;13:691-697.
Tsai MY, Wiese C, Cao K, et al. A Ran signalling pathway mediated
by the mitotic kinase Aurora A in spindle assembly. Nat Cell Biol.
2003;5:242-248.

Bird AW, Hyman AA. Building a spindle of the correct length in
human cells requires the interaction between TPX2 and Aurora A.
J Cell Biol. 2008;182(2):289-300.

Radulescu AE, Cleveland DW. NuMA after 30 years: the matrix
revisited. Trends Cell Biol. 2010;20:214-222.

Ran J, Li H, Zhang Y, et al. A non-mitotic role for Eg5 in regulating
cilium formation and sonic hedgehog signaling. Sci Bull. 2021;66:
1620-1623.

Takayanagi H, Hayase J, Kamakura S, et al. Intramolecular interac-
tion in LGN, an adaptor protein that regulates mitotic spindle orien-
tation. J Biol Chem. 2019;294:19655-19666.

Okumura M, Natsume T, Kanemaki MT, Kiyomitsu T. Dynein-Dynac-
tin-NuUMA clusters generate cortical spindle-pulling forces as a
multi-arm ensemble. Elife. 2018;7:€36559.

Seldin L, Muroyama A, Lechler T. NuMA-microtubule interactions
are critical for spindle orientation and the morphogenesis of diverse
epidermal structures. Elife. 2016;5:e12504.

Hueschen CL, Kenny SJ, Xu K, Dumont S. NuMA recruits dynein
activity to microtubule minus-ends at mitosis. Elife. 2017;6:€29328.
Song X, Yang F, Liu X, et al. Dynamic crotonylation of EB1 by TIP60
ensures accurate spindle positioning in mitosis. Nat Chem Biol. 2021;
17:1314-1323.

Domingo-Sananes MR, Kapuy O, Hunt T, Novak B. Switches and
latches: a biochemical tug-of-war between the kinases and phospha-
tases that control mitosis. Philos Trans R Soc Lond B Biol Sci. 2011;
366:3584-3594.

Gallini S, Carminati M, De Mattia F, et al. NuMA phosphorylation by
Aurora-A orchestrates spindle orientation. Curr Biol. 2016;26:
458-469.

Polverino F, Naso FD, Asteriti IA, et al. The Aurora-A/TPX2 axis
directs spindle orientation in adherent human cells by regulating
NuMA and microtubule stability. Curr Biol. 2021;31:658-667.e55.
Banerjee B, Kestner C, Stukenberg PT. EB1 enables spindle microtu-
bules to regulate centromeric recruitment of Aurora B. J Cell Biol.
2014;204(6):947-963.

Sun L, Gao J, Dong X, et al. EB1 promotes Aurora-B kinase activity
through blocking its inactivation by protein phosphatase 2A. Proc
Natl Acad Sci U S A. 2008;105(20):7153-7158.

limori M, Watanabe S, Kiyonari S, et al. Phosphorylation of EB2 by
Aurora B and CDK1 ensures mitotic progression and genome stabil-
ity. Nat Commun. 2016;7:11117.

Ferreira JG, Pereira AJ, Akhmanova A, Maiato H. Aurora B spatially
regulates EB3 phosphorylation to coordinate daughter cell adhesion
with cytokinesis. J Cell Biol. 2013;201(5):709-724.

Schmidt JC, Arthanari H, Boeszoermenyi A, et al. The kinetochore-
bound Skal complex tracks depolymerizing microtubules and binds
to curved protofilaments. Dev Cell. 2012;23(5):1081.



SUN ET AL
98. Redli PM, Gasic I, Meraldi P, Nigg EA, Santamaria A. The Ska com- 104.
plex promotes Aurora B activity to ensure chromosome biorienta-
tion. J Cell Biol. 2016;215:77-93.
99. Radhakrishnan RM, Kizhakkeduth ST, Nair VM, et al. Kinetochore- 105.

100.

101.

102.

108.

microtubule attachment in human cells is regulated by the interaction
of a conserved motif of Skal with EB1. J Biol Chem. 2023;299:102853.
Thomas GE, Bandopadhyay K, Sutradhar S, et al. EB1 regulates
attachment of Skal with microtubules by forming extended struc-
tures on the microtubule lattice. Nat Commun. 2016;7:11665.

Xie S, Li J, Sun S, et al. TUBright: a peptide probe for imaging micro-
tubules. Anal Chem. 2022;94:11168-11174.

Yu F, Yang S, Ni H, et al. O-GIcNAcylation regulates centrosome
behavior and cell polarity to reduce pulmonary fibrosis and maintain
the epithelial phenotype. Adv Sci. 2023;10:2303545.

Sharma K, Stockert F, Shenoy J, et al. Cryo-EM observation of the
amyloid key structure of polymorphic TDP-43 amyloid fibrils. Nat
Commun. 2024;15:486.

: —Wl LEY_| 13091

So C, Seres KB, Steyer AM, et al. A liquid-like spindle domain pro-
motes acentrosomal spindle assembly in mammalian oocytes. Sci-
ence. 2019;364:eaat9557.

Wang X, Baumann C, De La Fuente R, Viveiros MM. Loss of acen-
triolar MTOCs disrupts spindle pole Aurora A and assembly of the
liquid-like meiotic spindle domain in oocytes. J Cell Sci. 2021;134:
jcs256297.

How to cite this article: Sun S, Yang Y, Zhou J, Liu P. Liquid-
liquid phase separation of microtubule-binding proteins in the
regulation of spindle assembly. Cell Prolif. 2024;57(10):
€13649. doi:10.1111/cpr.13649


info:doi/10.1111/cpr.13649

	Liquid–liquid phase separation of microtubule‐binding proteins in the regulation of spindle assembly
	INTRODUCTION
	1  LLPS OF MT PLUS‐END BINDING PROTEINS
	2  LLPS IN REGULATING kinetochore‐MTs ATTACHMENT
	3  LLPS IN THE ASSEMBLY OF THE SPINDLE MATRIX
	4  LLPS IN FACILITATING BRANCHING MT NUCLEATION
	5  LLPS FACILITATES SPINDLE FORMATION AND ORIENTATION
	6  CELL CYCLE‐RELATED KINASES IN MODIFYING MT‐BINDING PROTEINS LLPS
	7  DISCUSSION AND FUTURE PERSPECTIVE
	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTEREST STATEMENT
	ORCID
	REFERENCES


