
UCLA
UCLA Previously Published Works

Title
Phase Separation in Cell Division

Permalink
https://escholarship.org/uc/item/6ps0n4mf

Journal
Molecular Cell, 80(1)

ISSN
1097-2765

Authors
Ong, Joseph Y
Torres, Jorge Z

Publication Date
2020-10-01

DOI
10.1016/j.molcel.2020.08.007
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/6ps0n4mf
https://escholarship.org
http://www.cdlib.org/


Phase Separation in Cell Division

Joseph Y. Ong1, Jorge Z. Torres1,2,3,*

1Department of Chemistry and Biochemistry, University of California, Los Angeles, CA 90095, 
USA

2Molecular Biology Institute, University of California, Los Angeles, CA 90095, USA

3Jonsson Comprehensive Cancer Center, University of California, Los Angeles, CA 90095, USA

SUMMARY

Cell division requires the assembly and organization of a microtubule spindle for the proper 

separation of chromosomes in mitosis and meiosis. Phase separation is an emerging paradigm for 

understanding spatial and temporal regulation of a variety of cellular processes, including cell 

division. Phase-separated condensates have been recently discovered at many structures during 

cell division as a possible mechanism for properly localizing, organizing, and activating proteins 

involved in cell division. Here, we review how these condensates play roles in regulating 

microtubule density and organization, spindle assembly and function, and activating some of the 

key players in cell division. We conclude with perspectives on areas of future research for this 

exciting and rapidly advancing field.

eTOC Blurb

The process of cell division requires spatial and temporal control over microtubule-associated 

proteins and their regulatory factors to promote the assembly and function of the microtubule 

pindle. In this review, Ong and Torres describe the role of phase separation in cell division and in 

coordinating and organizing the assembly of cell division factors and the microtubule spindle.
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INTRODUCTION

In biology, phase separation is the phenomenon in which biomolecules form phase-separated 

condensates (also called membraneless compartments or coacervates) that have different 

physical and biological functions than the free, soluble macromolecule (Banani et al., 2017; 

Boeynaems et al., 2018). This process has recently emerged as being important for cellular 

processes like RNA function (Bouchard et al., 2018), transcription (Han et al., 2020; Sabari 

et al., 2018), DNA repair (Duan et al., 2019), ubiquitylation (Bouchard et al., 2018; Dao et 

al., 2018; Sun et al., 2018; Yasuda et al., 2020), nuclear pore complex trafficking (Celetti et 

al., 2020; Milles et al., 2013), and cell division (Ding et al., 2019; Jiang et al., 2015; So et 

al., 2019; Trivedi et al., 2019). Underscoring the importance of phase-separated 

macromolecules to human physiology, their dysregulation has been linked to multiple 

disease states, including neurodegenerative diseases and cancer (Spannl et al., 2019), and 

possibly developmental disorders (Desai and Pethe, 2020; Hubstenberger et al., 2013; Plys et 

al., 2019; Schoenfelder et al., 2015).

In particular, the cell division field has seen an emergence of advancements in understanding 

the molecular function of phase separated macromolecules. Cell division is a highly 

dynamic process that relies on the proper formation of a bipolar microtubule-based spindle 

that functions as the primary mechanical structure for driving chromosome congression to 

the metaphase plate and for the equal segregation of DNA into two daughter cells (Lacroix 

et al., 2018). Three key features essential to microtubule spindle function are the spindle 

poles, the microtubule spindle itself, and kinetochores. The spindle poles anchor the minus 

ends of microtubules and serve as the nucleation sites for spindle microtubules. In most 

animal cells, the centrosome serves as the primary microtubule organizing center (MTOC) 

and spindle pole for the dividing cell (Azimzadeh, 2014). The spindle microtubules provide 

the structural framework for the spindle (Prosser and Pelletier, 2017) and include astral 

microtubules, which radiate toward the cell periphery; k-fibers (or kinetochore 

microtubules), which are captured at the kinetochore; and polar (or interpolar) microtubules, 

which extend toward the chromosomes but usually form an attachment to an opposing polar 

microtubule. The kinetochore, a large protein structure that bridges the interaction between a 

k-fiber and the centromeric DNA of chromosomes (Musacchio and Salmon, 2007), is 

important for the capture and movement of chromosomes.

Although the repertoire of proteins necessary for cell division has been well-documented 

and characterized, what roles phase separation play in the fidelity of cell division is an 

exciting area of ongoing research. Phase separation serves as a novel and attractive 

mechanism for orchestrating the cell division machinery and for coordinating and organizing 

complex spatially and temporally sensitive processes. Phase separation has been documented 

at key cell division structures, namely: the spindle pole (centrosomal and acentrosomal), 

spindle body, kinetochore, inner centromere, chromosomes, and elsewhere (Figure 1, Table 

1). In this Review, we focus on the function, properties, and key components of phase 

separation at these cell division structures and provide perspectives on future avenues for 

understanding the role of phase separation within the context of mitosis and meiosis.
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Properties of phase separation

Broadly, phase separated components share a number of properties (Figure 2) (Banani et al., 

2017; Boeynaems et al., 2018). Free, soluble macromolecules, usually RNA, proteins, or 

RNA-protein complexes, can undergo phase separation to form membraneless condensates 

(Figure 2A). These condensates are usually spherical in appearance due to surface tension 

(Banani et al., 2017; Boeynaems et al., 2018). Moreover, their contents are selective (Banani 

et al., 2017; Boeynaems et al., 2018): some macromolecules are incorporated within the 

condensates (dark blue macromolecules), some are excluded from the condensates (red 

macromolecules), and some are neither included nor excluded and have an equal 

concentration within and outside the condensate. Macromolecules incorporated into the 

condensate tend to have higher concentrations than macromolecules in the bulk solution. In 

the case of enzymes and their substrates, this may lead to faster rates of reaction (Banani et 

al., 2017).

The formation of phase-separated condensates depends on a variety of factors. In general, 

macromolecules with intrinsically disordered, low complexity, or repetitive regions tend to 

form phase-separated condensates (Banani et al., 2017; Boeynaems et al., 2018). 

Condensation is usually mediated by post-translational modifications such as 

phosphorylation or poly(ADP-ribosylation) (PARylation) (Duan et al., 2019) and by 

multivalent interactions (Banani et al., 2017), particularly via hydrophobic or charged amino 

acid residue-mediated protein-protein interactions, RNA-RNA interactions, or protein-RNA 

interactions (Mittag and Parker, 2018). Condensation is generally promoted by molecular 

crowding (either induced by high concentrations of proteins or by the addition of a crowding 

agent such as PEG (Milles et al., 2013)) and lower ionic strength solutions (Lin et al., 2015). 

Caution must be used when interpreting in vitro experiments using purified protein, 

however, as the concentrations of purified protein used to observe phase separation by 

microscopy are often much higher than physiological conditions. Moreover, experiments 

using crowding agents such as PEG must similarly be interpreted carefully, as use of 

reagents like PEG may result in artifacts that are not physiologically relevant. While high 

concentrations of proteins and the use of crowding agents are used as aids to form and study 

phase-separated condensates in vitro, further experiments are necessary to confirm the 

existence and understand the role of phase-separated condensates within a cell. Phase-

separated condensates may dissolve when diluted, in high salt solutions, or in the presence 

of small molecules that disrupts hydrophobic interactions such as 1,6-hexanediol (Ding et 

al., 2019). In yeast, autophagy-related phase separated condensates were promoted by an 

acidic pH of 6, the approximate pH of the yeast cytoplasm during starvation conditions 

(Fujioka et al., 2020). Temperature may also play a role in phase separation, though how 

much of a role this plays within a mammalian system is unclear (Jiang et al., 2015).

Many phase-separated condensates have a liquid-like character, sometimes earning them the 

name liquid-liquid phase-separated (LLPS) condensates, as the liquid-like condensates are 

separated (another common term is “de-mixed”) from the liquid of the cytoplasm (Hyman et 

al., 2014). These condensates are distinct from the bulk solution. When in close proximity, 

these condensates can fuse together, mixing their components and growing in size (Figure 

2B) (Banani et al., 2017). They may also undergo fission in the presence of an external force 
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such as a sheer force (Figure 2B) (Banani et al., 2017). Within liquid-like condensates, 

macromolecules diffuse quickly and the contents of the condensate undergo internal 

rearrangements at fast timescales, usually demonstrated by photobleaching experiments 

(Figure 2C) (Banani et al., 2017). Macromolecules can also exchange in and out of the 

liquid-like condensate. For example, nuclear transport receptors enriched in nuclear pore 

complex-based gels recover quickly after photobleaching, suggesting that the nuclear 

transport receptors within the condensate exchange quickly and freely with their soluble 

counterpart (Schmidt and Görlich, 2015). In contrast, the nuclear pore complex-based gels, 

which are in a solid-like condensate due to aging over time (Celetti et al., 2020; Milles et al., 

2013), do not recover after photobleaching, suggesting that the nuclear pore complex-based 

gels are more static and do not freely diffuse within the condensate or exchange with 

solution. In biological systems, this dynamic aspect of condensates may allow for the equal 

distribution of protein complexes over a large cellular substructure.

Some condensates have been observed to “age” over time. Aged condensates can “harden” 

into solid-like or gel-like states (Celetti et al., 2020; Milles et al., 2013) wherein the 

dynamics of their internal rearrangements become slower, as demonstrated via 

photobleaching experiments (Figure 2D, top) (Gouveia et al., 2019; Lin et al., 2015; Park et 

al., 2019), and their ability to fuse decreases (Figure 2D, bottom) (Patel et al., 2015). Instead 

of fusing, aged condensates tend to clump, sometimes forming networks and amyloid-like 

aggregates (Lin et al., 2015). For proteins involved in amyloid diseases, the formation of 

these amyloids can be affected by patient-derived mutations and may play a role in disease 

progression (Conicella et al., 2016; Mackenzie et al., 2017; Molliex et al., 2015; Patel et al., 

2015; Wegmann et al., 2018). In the nuclear pore complex, the formation of gel-like states 

may play a role in nuclear trafficking (Celetti et al., 2020; Milles et al., 2013; Schmidt and 

Görlich, 2015). The physiological function, if any, of the aggregation of aged condensates in 

other biological systems is largely unknown.

Phase separation at the centrosome

The centrosome is the main microtubule organizing center (MTOC) of most eukaryotic cells 

and usually serves as the spindle pole in mitosis (Nigg and Holland, 2018; Prosser and 

Pelletier, 2017). Centrosomes are composed of two centrioles surrounded by pericentriolar 

matrix (PCM) that serves to scaffold proteins necessary for microtubule nucleation and 

anchoring (Azimzadeh, 2014). During interphase, the centrioles undergo a complex round of 

duplication and maturation into a centrosome before it can serve as a proper MTOC for cell 

division (Nigg and Holland, 2018). Many microtubule-associated proteins localize at the 

centrosome to provide structural support and cohesion and to promote microtubule 

nucleation, polymerization, and organization (Nigg and Holland, 2018). Of interest, recent 

examples have surfaced where the phase separation of key centrosomal proteins is essential 

for centrosome maturation and homeostasis.

In the C. elegans embryo, SPD-5 is a protein with roles in centrosome maturation and loss of 

SPD-5 leads to defects in spindle assembly (Laos et al., 2015). In a study to reconstitute 

centrosome morphology and microtubule organization in vitro, SPD-5 was found to form 

phase-separated condensates as a function of molecular crowding (Woodruff et al., 2017). 
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Whereas newly-formed, “young” SPD-5 condensates incorporated other SPD-5 into their 

condensates, older, “aged” SPD-5 condensates did not exhibit dynamic exchange with the 

solution or internal rearrangement after photobleaching in vitro (Woodruff et al., 2017). 

Within the embryo, the dynamics of SPD-5 at the centrosome also resembled that of the 

aged SPD-5 condensates (Woodruff et al., 2017). These data suggest that, in vivo, SPD-5 

undergoes a liquid-like to a solid-like rearrangement as a function of time or droplet size. 

Droplet formation was enhanced by Plk1 kinase activity and via incorporation of SPD-2 

(mammalian homolog: Cep192), and in cells, key centrosomal proteins Plk1, SPD-2, 

TPXL-1 (mammalian homolog: TPX2), and Zyg-9 (mammalian homolog: CKAP5, also 

known as ch-TOG or the mammalian homolog of XMAP215) incorporated into these 

condensates at the centrosomes (Woodruff et al., 2017). The microtubule-associated protein 

EB1 was not incorporated into SPD-5 condensates in vitro, suggesting that these 

condensates are selective (Woodruff et al., 2017). In the presence of TPXL-1 and Zyg-9, 

SPD-5 condensates incorporated and concentrated tubulin both in vitro and in vivo 
(Woodruff et al., 2017). These SPD-5, Zyg-9, and TPXL-1 condensates also formed 

microtubule asters in vitro (Woodruff et al., 2017). These data indicate that phase separation 

at the centrosome is critical for its function as a MTOC.

In Xenopus egg extracts, the ability of Plk4 to form condensates was dependent on its kinase 

activity (Gouveia et al., 2019); in particular, in cultured human cells, Plk4 

autophosphorylation on key residues in its cryptic polo box (CPB) domain promoted phase-

separated condensates (Park et al., 2019). These Plk4 condensates concentrated tubulin and 

acted as the MTOC that recruited and ordered the centrosomal protein STIL and gamma-

tubulin (Gouveia et al., 2019). During centrosome biogenesis and maturation, Plk4-Cep152 

binding in a ring-like structure is first necessary for Plk4 localization to the centrioles (Park 

et al., 2014), then Plk4-STIL binding in a dot-like structure is necessary for the initiation of 

procentriole formation (Moyer and Holland, 2019). When Plk4 formed phase separated 

condensates, the binding between Plk4 and Cep152 became weaker whereas the binding 

between Plk4 and STIL became stronger (Park et al., 2019), suggesting a role for phase 

separation in procentriole formation. When in condensates, Plk4 also resisted ubiquitin-

mediated degradation by excluding the ubiquitin ligase β-TrCP (Park et al., 2019), 

suggesting that phase separation may stabilize proteins by excluding the factors that degrade 

them. Unlike many other condensates, condensates made from recombinant Plk4 in vitro did 

not recover after photobleaching experiments, suggesting that Plk4 condensates resemble a 

more solid gel-like state (Gouveia et al., 2019; Park et al., 2019). These data suggest that, 

during centrosome maturation, Plk4 may transition from a liquid-like to a solid gel-like state 

(in a manner similar to SPD-5 in the C. elegans embryo), perhaps to prevent degradation 

factors or further maturation factors from accumulating at the centrosome. Alternatively, the 

hardening of the centrosome may serve to “cement” microtubules within the centrosome, to 

maintain an ordered array of microtubules, and to resist forces generated by microtubule 

motors. Phase separation then may serve as a means by which different protein interactions 

are controlled through time to spatially and temporally regulate centrosome maturation.
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Phase separation at the acentrosomal meiotic spindle pole and spindle body

Whereas all eukaryotic cells form a microtubule spindle to divide, not all cells use 

centrosomes to nucleate microtubule spindles. For example, plants, fungi, and some algae all 

divide without centrosomes, instead using other organelles or protein complexes to organize 

their microtubules (Yi and Goshima, 2018). Among mammalian cells, the mammalian 

oocyte is unique in that while it expresses many centrosomal proteins, the oocyte lacks a 

centrosome and undergoes an acentrosomal cell division (Dumont and Desai, 2012). How 

these proteins are localized and organized to form a microtubule spindle within the oocyte, a 

large cell relative to other mammalian cells, is an active area of investigation.

Immunofluorescence microscopy of centrosome- and spindle-related proteins in mouse 

metaphase I oocytes identified a number of proteins that localized at the acentrosomal 

MTOC at the spindle poles (So et al., 2019). However, a number of other proteins localized 

in a structure that encompassed the MTOC as well as the spindle itself. This structure 

exhibited droplet-like behavior and high rates of diffusion, suggestive of phase separation 

(So et al., 2019). This structure, which the authors termed the liquid-like meiotic spindle 

domain (LISD), was disrupted by depletion of microtubule-associated protein TACC3, by 

depletion of CHC17 (a binding partner of TACC3), and by inhibition of Aurora A kinase 

activity (So et al., 2019).

In contrast to phase separation at the centrosome, the LISD did not appear to concentrate 

tubulin (So et al., 2019). However, disruption of the LISD resulted in reduced density of k-

fibers and interpolar microtubules, spindle volume, and resulted in delays in meiotic 

progression (So et al., 2019). Consequently, the authors speculate the LISD may serve at 

least two purposes: first, as the oocyte is a large cell, the formation of the LISD may 

sequester and concentrate important meiotic spindle proteins; second, the LISD may 

promote an even distribution of spindle proteins across the entire spindle, preventing the 

accumulation of a particular protein in a confined area (So et al., 2019).

Phase separation at the microtubule spindle

The microtubule spindle is a large and dynamic cellular structure that needs to be assembled 

and disassembled every cell division. Moreover, it is a complicated machine: during cell 

division, microtubules undergo dynamic instability, wherein their lengths change rapidly due 

to fluctuating periods of growth and depolymerization, and the spindle itself is permeated 

with a number of microtubule motors and microtubule-associated proteins that also affect 

microtubule polymerization dynamics, force generation, and mechanical stress propagation 

(Prosser and Pelletier, 2017). How the spindle is organized across many length scales and 

how spindle architecture gives rise to the mechanical properties of the microtubule spindle is 

still under study (Lacroix et al., 2018). Phase separation has begun to describe how the 

microtubule spindle is organized at small and large length scales.

The foundation of the microtubule spindle is the tubulin dimer. Purified tubulin was 

observed not only to polymerize into filaments but also to form spindle-shaped, highly 

oriented domains (Edozie et al., 2019). These micron-scale almond shaped domains, which 

the authors termed tactoids, formed condense bundles in the presence of the Arabidopsis 
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thaliana microtubule crosslinker MAP65 (human ortholog: PRC1) (Edozie et al., 2019). 

Tactoids that elongated and approached a neighboring tactoid fused together into a longer 

tactoid, but only if the two tactoids were parallel along the long axis (end-to-end) (Edozie et 

al., 2019). Interestingly, via photobleaching experiments of the tactoids, MAP65 is able to 

quickly diffuse within the tactoid but the polymerized tubulin of the microtubule itself 

cannot (Edozie et al., 2019). The ability of MAP65 to diffuse within the tactoid is 

reminiscent of the diffusion of proteins in the meiotic LISD and may suggest that phase 

separation-based diffusion may serve to distribute microtubule-associated proteins evenly 

within the meiotic and mitotic spindles. As these results come from an in vitro system 

employing the use of methylcellulose as a crowding agent and GMPCPP to stabilize the 

microtubule filaments, this system fails to account for many important aspects of 

microtubule dynamics, including the actions of molecular motors in shaping the microtubule 

spindle as well as the property of dynamic instability at microtubule ends. Nonetheless, 

these experiments suggest that, at least under some conditions, microtubules and 

microtubule crosslinkers such as MAP65 have the capacity to self-organize microtubules 

into local domains.

Mitotic spindles isolated from frog extracts display similar properties (Gatlin et al., 2009). 

Using microneedle manipulation, two metaphase mitotic spindles brought close together 

would fuse into one mitotic spindle (Gatlin et al., 2009). Unlike tubulin tactoids, mitotic 

spindles could fuse under a variety of orientations: both parallel and perpendicular mitotic 

spindles fused (Gatlin et al., 2009). The ability of these spindles to fuse was dependent on 

the activity of the motor protein dynein (Gatlin et al., 2009). Later experiments that used 

quantitative polarized light microscopy and computational modeling to study the X. laevis 
metaphase mitotic spindle demonstrated that the spindle is self-organized via local domains 

governed by microtubule polymerization dynamics, cross-linkers, and motors (Brugués and 

Needleman, 2014). Given that recent experiments using microneedle manipulation to probe 

biomechanical properties of the spindle demonstrated that different regions of the spindle 

have different degrees of stiffness and viscosities (Suresh et al., 2020; Takagi et al., 2019), 

local phase-separated domains may serve to give rise to the morphology of the mitotic 

spindle and accounts for the generation and propagation of mechanical stress.

Phase separation may thus play a role in providing a physical means for microtubules to find 

and attach to kinetochores in the otherwise crowded microtubule spindle body. Which 

microtubule-associated proteins grant different biomechanical properties, how they are 

localized within the entire microtubule spindle, and how they are affected by phase 

separation within sub-regions or sub-condensates of the microtubule spindle, however, is not 

entirely clear. Moreover, tubulin itself is a highly modified protein (Janke and Magiera, 

2020), and these modifications play important roles in cell division (Barisic and Maiato, 

2016). Because post-translational modifications regulate the formation of phase-separated 

condensates, tubulin modifications that affect the phase separation properties of the 

microtubule spindle may also affect the organization, morphology, and mechanical 

properties of the microtubule spindle. For example, the velocity and the time bound to 

microtubules of molecular motor dynein, which is necessary for the fusion of Xenopus 
mitotic spindles (Gatlin et al., 2009), increases when dynein binds to acetylated tubulin 

(Alper et al., 2014). While it is unknown whether or not tubulin post-translational 
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modifications have any effect on the ability of dynein or other microtubule-associated 

proteins to induce phase separation of tubulin, these modifications nonetheless may regulate 

the phase separation properties of the microtubule spindle either directly through the ability 

of tubulin to assemble and associate with itself or indirectly, via the ability of microtubule-

associated proteins to bind to microtubules.

Key proteins involved in assembling the microtubule spindle also exhibit phase separation 

properties. We highlight the roles of microtubule binding proteins tau, TPX2, and BugZ. Tau 

is a microtubule stabilizing protein which has been highly studied because aggregates of tau 

have been implicated in a number of neurodegenerative diseases (Wang and Mandelkow, 

2016). While a clear role for tau in mitosis or spindle assembly has not yet been identified, 

tau is differentially phosphorylated in mitosis (Pope et al., 1994; Tatebayashi et al., 2006) 

and decorates the microtubule spindle (Connolly et al., 1977; Preuss and Mandelkow, 1998). 

Tau regulates the activity of molecular motors like kinesins and severing enzymes like the 

katanins (Siahaan et al., 2019), two families of enzymes that play roles in shaping the 

mitotic spindle (Cheung et al., 2016; Mayr et al., 2007; Splinter et al., 2010; Stumpff et al., 

2008), and overexpression of tau led to the formation of monopolar spindles and mitotic 

arrest in the Drosophila melanogaster wing disc (Bouge and Parmentier, 2016). In 

experiments with purified protein, tau formed liquid-like condensates (Hernández-Vega et 

al., 2017; Wegmann et al., 2018) that incorporated and concentrated tubulin dimers. These 

tau-tubulin drops served as sites for microtubule nucleation and the tau droplets spread out 

along the emerging microtubule (Hernández-Vega et al., 2017). Tau-coated microtubules 

could fuse or bundle with each other, forming a network of parallel filaments (Hernández-

Vega et al., 2017). Similar to MAP65 on tubulin tactoids, photobleaching experiments 

demonstrated that the fluorescence of tau on microtubule bundles, but not the tubulin itself, 

quickly recovered after photobleaching, suggesting that tau was able to diffuse along the 

microtubule length and with free tau in solution (Hernández-Vega et al., 2017). Moreover, 

tau condensates were observed to age and harden, promoting the formation of tau aggregates 

(Wegmann et al., 2018), though whether this aspect of tau condensates has any function in 

normal spindle assembly or is part of the progression of neurodegenerative diseases is 

unknown.

Similarly, purified TPX2, a microtubule nucleator that promotes branched microtubules 

from an existing microtubule filament (Petry et al., 2013), formed phase-separated 

condensates that incorporated and concentrated tubulin (King and Petry, 2020). In solution, 

these TPX2-tubulin condensates formed microtubule asters, and in Xenopus egg extracts, 

these TPX2-tubulin condensates served as microtubule nucleation points (King and Petry, 

2020). Purified TPX2 preferentially formed droplets on existing microtubules and enhanced 

branched microtubule nucleation (King and Petry, 2020). Interestingly, importin-α/β, 

inhibitors of TPX2 nucleation (Schatz et al., 2003), dissolved TPX2-tubulin condensates 

(King and Petry, 2020). Given that the concentration of importin that can inhibit TPX2 is 

low near the chromosomes by nature of a Ran-GTP gradient (Kalab et al., 2002), importin-

mediated dissolution of TPX2 condensates may partly explain why TPX2 microtubule 

nucleation is high near the chromosomes and how TPX2 promotes correct spindle size and 

function (Bird and Hyman, 2008). Moreover, as TPX2 protects Aurora A from proteasome-
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mediated degradation (Giubettini et al., 2011), TPX2-based phase separation may play a role 

in stabilizing Aurora A by excluding ubiquitin ligases that target Aurora A for destruction.

BuGZ is a mitotic spindle (Jiang et al., 2014; Toledo et al., 2014) and kinetochore-associated 

(Jiang et al., 2014) protein that binds to and stabilizes Bub3, a protein that scaffolds and 

recruits proteins that monitor the proper attachment between microtubules and chromosomes 

via a mechanism known as the spindle assembly checkpoint to prevent improper cell 

division (Musacchio and Salmon, 2007). During mitosis, BuGZ facilitates the loading of 

Bub3 onto the kinetochore and loss of BuGZ leads to a weakening of the spindle assembly 

checkpoint (Jiang et al., 2014; Toledo et al., 2014). Recombinant BuGZ was found to phase 

separate in a temperature-dependent manner, as BuGZ condensates were disrupted at colder 

temperatures (Jiang et al., 2015). In Xenopus egg extracts, which allow for the study of 

kinetochore-independent roles of BuGZ, disruption of BuGZ phase separation resulted in 

fewer microtubule-associated proteins associated with MTOCs generated from Aurora A 

kinase (Jiang et al., 2015). The microtubule aster-like MTOCs formed in the presence of 

phase-separation deficient BuGZ were also smaller and contained fewer microtubules than 

phase-separation capable BuGZ (Jiang et al., 2015). Moreover, in vitro, Aurora A could 

incorporate into BuGZ droplets, promoting Aurora A kinase activity (Huang et al., 2018).

The incorporation of Aurora A into BuGZ phase-separated condensates is particularly 

interesting given the kinetochore localization and function of BuGZ. While Aurora A 

predominately functions in centrosome maturation and spindle assembly (Joukov and De 

Nicolo, 2018), Aurora A has also been demonstrated to phosphorylate a component of the 

kinetochore, Hec1 (DeLuca et al., 2018). BuGZ-based phase-separation may thus function to 

enhance Aurora A phosphorylation both at the centrosome and at the kinetochores. 

However, the experiments demonstrating the phase separation properties of BuGZ were 

performed in Xenopus egg extracts. Xenopus egg extracts allow for the study of phase 

separation of BuGZ with Aurora A (Huang et al., 2018) and microtubule-associated proteins 

(Jiang et al., 2015), but because these extracts lack chromosomes and kinetochores, the role 

of BuGZ phase separation at the kinetochores is unclear. For example, expression of mutant 

forms of BuGZ that lacked the ability to phase separate resulted in abnormal mitotic 

spindles in HeLa cells (Jiang et al., 2015). However, these mutant BuGZ constructs had a 

weaker association with tubulin (Jiang et al., 2015). Since BuGZ promotes Bub3 loading on 

the kinetochores in a microtubule-dependent manner (Jiang et al., 2014; Toledo et al., 2014), 

it is possible that the observed spindle assembly defects may be attributed to errors in 

kinetochore-microtubule attachment from a lack of Bub3 and not necessarily to the phase 

separation properties of BuGZ. Further experiments are necessary to determine if BuGZ 

phase separation, the BuGZ-Bub3 interaction, or both are necessary for proper microtubule 

spindle formation. Interestingly, Aurora A binding partners TACC3 (So et al., 2019), TPX2 

(King and Petry, 2020), and BuGZ (Huang et al., 2018) are all involved in phase-separated 

microtubule assembly processes, potentially suggesting an important role of Aurora A in 

mediating spindle assembly via phase separation.
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Phase separation at the centromere

The centromere is a cellular substructure assembled around CENP-A nucleosomes located at 

centromeric DNA (McKinley and Cheeseman, 2016). One of the major regulators of cell 

division located within the centromere is the Aurora B kinase, whose kinase activity 

generally destabilizes incorrect kinetochore-microtubule attachments, delaying anaphase 

onset until proper kinetochore-microtubule attachments are formed (Hindriksen et al., 2017). 

Aurora B, together with Survivin, Borealin, and INCENP, form the chromosomal passenger 

complex (CPC) (Carmena et al., 2012).

Purified Survivin, Borealin, and INCENP formed phase-separated droplets in vitro and in 

cells at the inner centromere (Trivedi et al., 2019). In vitro, components of the inner 

centromere, including α-satellite RNA and DNA, histone H3 phosphorylated at Thr3, 

SGO1, phosphorylated HP1α, microtubules, and Aurora B, either promoted the formation of 

these phase-separated droplets, were enriched in these phase-separated droplets, or both 

(Trivedi et al., 2019). In contrast, Mad2, an outer kinetochore protein, was excluded from 

CPC-based droplets (Trivedi et al., 2019). In vitro, the ability of Borealin to form phase-

separated droplets was enhanced by Cdk1/Cyclin B phosphorylation. Disruption of phase 

separation of the CPC via expression of a mutant form of Borealin resulted in reduced 

localization of the CPC and Aurora B at the inner centromere and spindle midbody by about 

half (Trivedi et al., 2019). This result suggests that phase separation mediated by Borealin 

contributes to or enhances CPC localization and assembly but is not the only factor that 

contributes to CPC localization or assembly (Carmena et al., 2012; Hindriksen et al., 2017). 

Loss of CPC phase separation also resulted in a delay in mitotic progression, a weakening of 

the spindle assembly checkpoint, and an increase in the number of lagging chromosomes, 

though whether this is simply due to less Aurora B activity from reduced Aurora B 

localization or some other aspect of phase separation is unclear (Trivedi et al., 2019).

Given that Aurora B phosphorylates components of the kinetochore in early mitosis (Broad 

et al., 2020), phase separation of the centromere may serve to spatially separate Aurora B 

and the inner centromere from kinetochore proteins. This hypothesis is particularly 

intriguing given that Mad2 was excluded from the CPC-based droplets. In this way, the 

formation of phase-separated condensates at the centromere serves as a physical means of 

separating the kinetochore and centromere. Phase separation, then, along with other physical 

methods (Akiyoshi et al., 2010), may serve to decrease Aurora B activity at the kinetochore 

and promote the formation of stable kinetochore-microtubule attachments.

Aurora C is a homolog of Aurora B that is expressed predominantly in gametes and has 

important functions in meiosis (Quartuccio and Schindler, 2015). Similar to Aurora B, 

Aurora C binds INCENP and performs similar functions during meiotic divisions (Abdul 

Azeez et al., 2019). Whether or not Aurora C also undergoes phase-separation during 

meiosis is unknown. However, because the phase separation described here was 

reconstituted with Survivin, Borealin, and INCENP, all of which are also present and active 

in meiosis, phase separation may also play a role in the progression of meiosis and gamete 

formation. Perhaps Aurora C can change the localization and function of CPC-based 

condensates in meiosis to fine-tune the CPC for function in meiosis.
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Phase separation at the chromosomes

Whereas chromatin and transcription factors form phase-separated compartments that aid in 

transcription (Han et al., 2020; Sabari et al., 2018), chromosomes themselves play roles in 

phase separation-mediated processes in cell division. Via an siRNA screen for proteins 

involved in chromosome separation, loss of Ki-67 in HeLa cells was observed to cause 

chromosomes to clump together (Cuylen et al., 2016). Microtubules were not able to access 

the kinetochores of clumped chromosomes, leading to mitotic failure (Cuylen et al., 2016). 

No one domain of Ki-67 was responsible for the proper separation of chromosomes; rather, 

Ki-67 acted as a molecular surfactant, coating the surface of the chromosome and using 

electrostatic and/or steric interactions to separate chromosomes from each other and to 

promote a functional mitosis (Cuylen et al., 2016).

In contrast, in meiosis, long noncoding RNA (lncRNA) may serve to join homologous 

chromosomes together. In S. pombe meiosis, sme2 RNA is a lncRNA that accumulates at its 

gene locus and plays a role in facilitating the pairing of homologous recombination (Ding et 

al., 2019). Via microscopy of proteins that localized near the sme2 lncRNA foci, two other 

genetic loci were identified (Ding et al., 2019). These two loci also coded for meiosis-

specific lncRNA, and, similar to sme2 lncRNA, these two novel lncRNAs also accumulated 

and formed foci at their respective genomic locations (Ding et al., 2019). Each of the three 

chromosomes of S. pombe had one gene locus that exhibited fusion under physiological 

conditions (Ding et al., 2019). In particular, two sme2 lncRNA foci (one on each 

homologous chromosome) would fuse, bringing the two chromosomes together for 

homologous recombination; the other two lncRNA behaved likewise (Ding et al., 2019). 

Interestingly, the different lncRNAs were phase separated from each other and would only 

fuse with the compartment that shared the same RNA species (Ding et al., 2019). In meiosis, 

then, phase separation of protein-lncRNA foci served to exclude nonhomologous 

chromosomes and to physically join homologous chromosomes.

Other factors in phase separation during cell division

Cell division is highly regulated by kinases such as the cyclin-dependent kinases, Polo 

kinases, and Aurora kinases (Malumbres and Barbacid, 2009; Mistry et al., 2008; van Vugt 

et al., 2010). Evidence for the role of kinases in promoting the formation of phase-separated 

condensates is growing. Many of the discussed condensates are promoted by 

phosphorylation (centrosomal SPD-5 by Plk1, centrosomal Plk4 by Plk4; the meiotic LISD 

by Aurora A; centromeric CPC by Cdk1) and, at least in one case, kinase activity is 

enhanced by the formation of a phase-separated condensate (BuGZ enhancing Aurora A). A 

prime example of a kinase regulating condensate formation is DYRK3 (Wippich et al., 

2013), which is a cell-cycled regulated kinase that increases in concentration from G1 to M 

phase and is degraded in late mitosis by the APC/C (Rai et al., 2018). DYRK3 localizes to 

and associates with proteins of multiple membraneless compartments such as the 

centrosome, stress granules, and splicing speckles (Rai et al., 2018). Overexpression of 

DYRK3 led to dissolution of these membraneless compartments, and chemical inhibition of 

DYRK3 stabilized them (Rai et al., 2018). These membraneless compartments dissolve 

during mitosis and reform at the end of mitosis dependent on DYRK3 kinase activity and the 

ratio of DYRK3 to substrate, which increases at nuclear envelope break down (NEBD) due 
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to the mixing of the nucleoplasm and cytoplasm (Rai et al., 2018). Inhibition of DYRK3 

kinase activity led to the persistence of membraneless compartments during mitosis and the 

sequestration of mitotic regulator BuGZ (Rai et al., 2018). The inhibition of DYRK3 

consequently resulted in multipolar spindle formation and an increase in mitotic timing (Rai 

et al., 2018). Therefore, DYRK3 kinase activity may serve as a means of solubilizing or 

freeing mitotic factors from membraneless compartments in early mitosis for proper spindle 

assembly and cell division. However, these experiments were performed with only one 

chemical inhibitor of DYRK3, GSK-626616, and at the relatively high concentration of 1 

μM. Given that GSK-626616 has known off-target effects at 1 μM, including other DYRK 

kinases and important signaling and cell-cycle related kinases like ERK8, PIM1, JAK 

kinases, and NEK kinases (Wippich et al., 2013), further study of the role of DYRK3 and 

other kinases is necessary to understand how condensate formation and dissolution may 

serve as regulators of mitosis.

CONCLUSION AND PERSPECTIVES

Phase separation is an increasingly studied phenomenon with emerging roles in regulating 

the fidelity of cell division. At the molecular level, phase separated condensates concentrate 

and localize proteins of interest: thus, microtubules are more easily nucleated at the 

centromere, microtubule-associated proteins and motors are diffuse and spread throughout 

the microtubule spindle, and meiotic factors are sequestered and spread within a particular 

domain of the otherwise large oocyte. Phase separated condensates also sequester other 

factors and provide a means of spatial regulation, as Plk4-condensates exclude ubiquitin 

ligases and the CPC-based centromeric condensate excluded the kinetochore protein Mad2. 

Finally, as the centrosome and centromere were both observed to harden over time and as 

lncRNA complexes in meiosis keep homologous chromosomes together, phase separated 

condensates may serve a structural role, allowing for the formation of an ordered 

microtubule array at the centrosome and for the accommodation of stresses and forces at the 

centromere and within the microtubule spindle.

To what extend does phase separation serve to organize cellular substructures? 

Understanding whether or not certain organelles or substructures exhibit properties of phase 

separation and how, if at all, those properties affect their function is an active area of 

research. For example, here, we highlighted the phase separation properties of centrosomal 

protein SPD-5 and Plk4 in centrosome maturation. However, other proteins involved in 

centrosome maturation do not undergo phase separation. Purified D. melanogaster 
centrosomal protein Centrosomin (human ortholog CDK5RAP2; probable Drosophila 
ortholog for C. elegans SPD-5), for example, was found to form structures that resembled 

phase-separated aggregates by microscopy. In contrast to most phase-separated systems, 

however, Centrosomin did not dynamically rearrange after photobleaching, suggesting that 

these Centrosomin structures are not liquid-like phase-separated aggregates but a micron-

scale ordered structure or a solid-like phase-separated condensate (Feng et al., 2017).

Do these data suggest that the centrosome is not regulated by phase separation? It is possible 

that the dynamic liquid-like state of Centrosomin was unable to be observed due to technical 

reasons. Certain nuclear pore complex proteins have long been known to form aggregate-like 
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gels (Milles et al., 2013), but it was only recently discovered, via innovative microfluidics 

and imaging systems, that nuclear pore complex proteins first transition through a liquid-like 

state before maturing into gel-like states (Celetti et al., 2020). There is a possibility that 

solid-like structures, such as Centrosomin-based structures, are simply “aged” liquid-like 

phase-separated structures, and that technical details prevent the capture of the liquid-like 

states. Alternatively, cellular structures such as the centrosome may simply be composed of 

both ordered structures and phase separated structures.

Much work has focused on how assembly of mitotic and meiotic structures are assembled by 

phase separation, but less work has focused on the relationship between phase separation 

and disassembly. As cells progress through cell division, the activity of kinases like Plk1 or 

Aurora kinases generally decreases as they are degraded by the APC/C (Lindon and Pines, 

2004; Stewart and Fang, 2005). Given the importance of kinase activity in forming phase-

separated condensates (So et al., 2019; Woodruff et al., 2017), it is reasonable to hypothesize 

that condensates may dissolve as kinases and other mitotic and meiotic factors are degraded. 

Is it possible that force by the microtubule spindle has a role in physically breaking apart 

phase-separated condensates or in reducing the concentration of factors such that they no 

longer undergo phase separation? For example, CPC phase-separated condensates, which 

localize at the centromeres of two homologous chromosomes, likely experience both a 

physical force during the metaphase to anaphase transition and a change in the local 

concentration of CPC components, both factors which may cause its dissolution.

How a cell commits to enter and complete cell division has been an active area of study. In 

particular, the rapid events in cell division need to be executed in a non-reversible, 

temporally regulated, and sequential manner. Characteristics of kinases have been shown to 

assist in decisively executing events in cell division. For example, in mitosis, Cdk1 exhibits 

hysteresis and bistability, meaning that, once Cdk1 is active, a small decrease in the 

concentration of its activator Cyclin B does not significantly inhibit Cdk1 activity 

(Pomerening et al., 2003; Sha et al., 2003). This mechanism prevents regression from 

mitosis due to a small change in Cyclin B levels. Moreover, Cdk1 is regulated by positive 

feedback loops at the entry to mitosis, allowing for a rapid and irreversible entry into mitosis 

(Santos et al., 2012). Can phase separation play a similar role in promoting rapid and 

irreversible temporal regulation of cell division? As cell division-promoting factors 

accumulate, they may spontaneously phase separate as a function of concentration or other 

cellular events, such as nuclear envelope breakdown (Rai et al., 2018). These phase-

separated condensates may activate kinases by concentrating kinases and their substrates, 

excluding phosphatases or ubiquitin ligases, or other means (Fujioka et al., 2020; Huang et 

al., 2018). Thus, the formation of phase separated condensates may also serve to enhance 

rapid and irreversible progression through the steps of cell division.

Post-translational modifications, particularly via kinases and ubiquitin ligases, play crucial 

roles at the heart of cell cycle progression and in the establishment of phase separation 

(Bouchard et al., 2018; Dao et al., 2018; Heinkel et al., 2019; Park et al., 2019; Su et al., 

2016; Sun et al., 2018; Yasuda et al., 2020). While phosphatases have been studied in 

regulating phase separation in other systems, they are largely unstudied in cell division. For 

example, phosphatases have been shown to abrogate phase separation in T-cell receptors (Su 
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et al., 2016) and in M. tuberculosis membrane proteins (Heinkel et al., 2019). Interestingly, 

while the M. tuberculosis phosphatase was incorporated into the phase-separated 

condensate, the phosphatase was also localized to distinct foci within the condensate, 

perhaps representing selective enrichment or phase-within-phase separation. Whether these 

findings apply to phosphatases in cell division remains to be uncovered. When kinase 

activity is essential, are phosphatases sequestered within their own condensates, and when 

phosphatase activity is required, do these condensates then fuse with condensates containing 

phosphorylated substrates? Such a mechanism would allow for spatial regulation of 

phosphatases and their substrates.

Similarly, while phase separation may also be driven by ubiquitylation, the main ubiquitin 

ligase in cell division, the APC/C (Pines, 2011), has not yet been shown to undergo phase 

separation. However, the APC/C is active at and localizes to many structures during cell 

division (Acquaviva et al., 2004; Huang and Raff, 2002; Melloy and Holloway, 2004; Torres 

et al., 2010), many of which have been demonstrated to be sites of phase separation, so 

phase separation involving the APC/C or its substrates may be possible. While the presence 

of poly-ubiquitin chains have been shown to induce phase separation (Sun et al., 2018), no 

deubiquitylases have yet been identified as agents of ubiquitin-mediated phase-separated 

condensate dissolution as phosphatases have for kinase-mediated condensates.
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Figure 1. Potential Roles for Phase Separation in Cell Division
Many aspects of mitosis and meiosis are regulated by phase separation. Phase separation 

may play important roles in the organization of cellular structures and in spatial and 

temporal regulation of factors involved in cell division.
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Figure 2. Phase-separated Condensates Have Unique Chemical and Physical Properties
(A) Soluble macromolecules can condense to form phase-separated compartments. These 

compartments are selective in which macromolecules are incorporated and are distinct from 

the bulk solution. Condensates may dissolve back into free macromolecules. The factors that 

affect condensation or dissolution vary.

(B) Phase-separated condensates may exhibit liquid-like droplet behavior. Two or more 

condensates may fuse, increasing their size and mixing their contents. A condensate may 

also undergo fission to form two or more smaller condensates, usually in response to sheer 

force.

(C) Within phase-separated condensates, macromolecules usually have faster rates of 

diffusion and internal rearrangement relative to macromolecules in solid or solid-like 

structures. Macromolecules in phase-separated condensates also tend to have fast rates of 

exchange with macromolecules in free solution.
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(D) Phase-separated condensates can undergo “aging” wherein they harden over time. 

Macromolecules within aged condensates do not diffuse easily and aged condensates tend to 

aggregate instead of fusing.
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Table 1.

Summary of Phase-separated Condensates in Cell Division

Structure Key components Properties Biological Function System

Spindle poles Centrosome
SPD-5 (C. 
elegans), Plk4 (X. 
laevis extracts 
and cultured 
human cells)

• SPD-5 condensates 
promoted by Plk1, 
incorporated centrosome 
factors, nucleated MTs, 
hardened over time

• Concentrates 
tubulin and 
generates 
microtubule 
asters; promotes 
MTOC formation

C. elegans 
embryos (SPD-5) 
(Woodruff et al., 
2017)

• Plk4 condensates promoted 
by autophosphorylation, 
hardened over time, 
promoted centrosome 
maturation and stability

• Centrosome 
maturation

Recombinant Plk4 
and X. laevis 
extracts (Gouveia 
et al., 2019), 
cultured human 
cells (Park et al., 
2019)

Acentrosomal
Centrosome and 
centrosome-
associated 
proteins

• LISD promoted by Aurora A 
kinase activity, TACC3 
binding to CHC17 and to 
microtubules

• Promotes spindle 
assembly and 
formation of 
MTOC

Recombinant 
proteins and 
mammalian 
oocytes (So et al., 
2019)

Spindle body Tubulin, 
microtubule 
motors and 
crosslinkers

• Tubulin polymers form 
tactoids that can fuse with 
other tactoids

• Diffusion of microtubule-
associated proteins

• Two bipolar spindles will 
fuse into one bipolar spindle 
in a dynein- dependent 
manner

• Local range 
liquid-like state 
preserves 
microtubule 
spindle assembly 
and homeostasis

• Regulates 
microtubule 
orientation and 
density

X. laevis extracts 
(Brugues and 
Needleman, 2014; 
Gatlin et al., 
2009), purified 
tubulin and 
recombinant 
proteins (Edozie et 
al., 2019)

Tau • Concentrates tubulin, 
promotes nucleation, 
elongation, and bundling of 
MTs

• Unknown role in 
spindle assembly

Recombinant 
proteins 
(Hernandez-Vega 
et al., 2017)

TPX2 • Concentrates tubulin, 
promotes nucleation of MTs

• Promotes mitotic 
spindle density 
and assembly

Recombinant 
proteins, X. laevis 
extracts (King and 
Petry, 2020)

BuGZ • Concentrates tubulin, 
promotes nucleation and 
bundling of MTs

• Incorporates and promotes 
activity of Aurora A kinase

• Promotes mitotic 
spindle density 
and assembly

X. laevis extracts, 
recombinant 
proteins, and 
cultured human 
cells (Huang et al., 
2018; Jiang et al., 
2015)

Centromere Chromosomal 
passenger 
complex 
(INCENP, 
Borealin, 
Survivin)

• Borealin condensates 
promoted by Cdk1/Cyclin B 
kinase activity, microtubules, 
a-satellite DNA, and 
nucleosomes

• Nucleates microtubules; 
hardens in vitro and in cells

• Promotes 
localization of 
CPC to inner 
centromere and 
midzone, spindle 
assembly 
checkpoint, and 
mitotic timing

Cultured human 
cells (Trivedi et 
al., 2019)

Chromosomes Mitotic
Ki-67

• Ki-67 protein surfactant 
properties mediated via 
steric hindrance and/or 
electrostatic interactions

• Ki-67 promotes 
chromosome 
dispersal and 
promotes MT 
spindle formation

Cultured human 
cells (Cuylen et 
al., 2016)
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Structure Key components Properties Biological Function System

Meiotic
RNA binding 
proteins and 
lncRNA

• Meiotic lncRNA droplets 
fuse with droplets of same 
RNA species

• lncRNA droplets 
promote pairing of 
homologous 
chromosomes

S. pombe (Ding et 
al., 2019)

Other Mostly stress 
granules, RNA 
splicing speckles, 
centrosome/
pericentri olar 
matrix

• DYRK3 promotes 
condensate dissolution at 
NEBD to release mitotic 
factors

• Promotes spindle 
formation and 
mitotic timing

Cultured human 
cells (Rai et al., 
2018)

Abbreviations: MT, microtubule; MTOC, microtubule organizing center; NEBD, nuclear envelope breakdown
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