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Phase separation drives decision making in cell division
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Liquid-liquid phase separation (LLPS) of biomolecules
drives the formation of subcellular compartments with dis-
tinct physicochemical properties. These compartments, free
of lipid bilayers and therefore called membraneless organ-
elles, include nucleoli, centrosomes, heterochromatin, and
centromeres. These have emerged as a new paradigm to account
for subcellular organization and cell fate decisions. Here we
summarize recent studies linking LLPS to mitotic spindle, heter-
ochromatin, and centromere assembly and their plasticity con-
trols in the context of the cell division cycle, highlighting a
functional role for phase behavior and material properties of
proteins assembled onto heterochromatin, centromeres, and
central spindles via LLPS. The techniques and tools for visualiz-
ing and harnessing membraneless organelle dynamics and plas-
ticity in mitosis are also discussed, as is the potential for these
discoveries to promote new research directions for investigating
chromosome dynamics, plasticity, and interchromosome inter-
actions in the decision-making process during mitosis.

Interest in the cell nucleus and its structures dates back to
the late 19th century, when Friedrich Miescher discovered
nucleic acids (1) and Walther Flemming coined the term “chro-
matin” during his study of mitosis (2). Mitosis is a process of
cell duplication by which one cell gives rise to two genetically
identical daughter cells through a series of orchestrated move-
ments by dynamic interactions between chromosomes and
spindles (Fig. 1A4) (3). The process of chromosome movements
in mitosis is defined as prophase, prometaphase, metaphase,
anaphase, and telophase, resulting in equal distribution of
duplicated genomes to two daughter cells (3). Although deca-
des of study might leave the impression that most of the impor-
tant mechanisms of mitotic regulation have already been dis-
covered, many fundamental questions remain. For example,
stem cells undergo an asymmetric division in which cellular
constituents are preferentially segregated into only one of the
two daughter cells, thus endowing the two daughter cells with
different fates (4). Two remaining concerns in stem cell biology
are how stem cells segregate asymmetrically and what mecha-
nisms govern this decision-making process during the meta-
phase-anaphase transition (Fig. 1, Band C).
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Chromosomes are thread-like structures made of proteins
and DNA organized in a compact manner to allow the accurate
transmission of genetic material to daughter cells in mitosis.
Centromeres, chromatins, and telomeres are compartments of
all eukaryotic chromosomes (Fig. 1D) (5-9). Centromeres were
serendipitously identified by study of antisera from patients
with scleroderma (10). The centromere is a chromosomal locus
for spindle organization; the telomere provides stability to the
chromosome during mitosis (3, 7). The two major types of
chromatin, euchromatin and heterochromatin, bear different
transcriptional activities and spatial distribution. Heterochro-
matin is mainly localized at the interphase nuclear periphery
and the region surrounding the nucleolus; euchromatin is
localized in the interior of the nucleus of interphase cells (Fig.
1D) (6, 11). A challenging question in cell biology is how chro-
mosomal compartments are reorganized during cell division.

Early studies aiming to delineate the mechanisms of action in
mitosis involved classical genetic approaches to identify genes
involved in the cell cycle and biochemical approaches to character-
ize proteins necessary for mitosis (12—-15). These studies revealed
that cyclin-dependent kinase signaling and post-translational
modifications regulate cell division. Although biochemical recon-
stitution and phenotypic characterization have identified parts of
the molecular machinery that drives cell division, it remains
unclear how the mitotic machinery is assembled and disassembled
(16). In addition, functional proteomics, biochemical studies, and
computational analyses indicate that a large portion of spindle
and chromosome proteins exhibit intrinsic disorder (17), which
presents a roadblock for structural biological approaches to dis-
sect the machinery for decision making in cell division.

Liquid-liquid phase separation (LLPS) of macromolecules
that possess low structural complexity or intrinsic disorder has
recently emerged as a phenomenon governing the formation of
distinct intracellular compartments with context-dependent
functions (18, 19). Membraneless condensates, spontaneously
formed by LLPS, drive the assembly of both cytoplasmic struc-
tures and nuclear speckles (20). Thus, phase separation is a
means to generate functional compartments and scaffolding
for specific biochemical catalysis (21-23), force generation
(24), cell growth control, and beyond (21, 25-37).

In this review, we begin by outlining the key features of mem-
braneless organelles and chromosome compartments during
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Figure 1. Mitosis is a model system to study membraneless organelle dynamics during cell fate decision. A, schematic illustration of dynamic reorgan-
ization of various membraneless organelles, including the mitotic spindle, chromosomes, centromere, central spindles, and midbody, during the process of
mitosis. The structure and morphological changes are suitable for a two-dimensional image-based phenotypic screen. B, anatomy of a mitotic spindle that is
comprised of several membraneless compartments, including spindle microtubules, astral microtubules, chromosomes, and centrosomes. Mitotic chromo-
somes contain functional subcompartments, including the telomere, centromere, and heterochromatin. The molecular composition of these compartments is
dynamically regulated by cell-cycle machinery, and the assembly of each compartment is driven by LLPS under spatiotemporal cues. Adapted from Ref. 38. C,
immunofluorescence images of prometaphase and metaphase spindles from mitotic HelLa cells. The transition from prometaphase to metaphase involves
chromosome alignment and spindle assembly checkpoint signaling, which determines the cell fate after mitosis and whether the division is asymmetric or
symmetric. A concern is how asymmetric or symmetric division is determined and how LLPS drives the process. Red, centromeres; green, microtubules; blue,
chromosomes. Adapted from Ref. 8. D, schematic drawing of the dynamic change of compartments in mitotic chromosomes and the interphase nucleus. Chro-
mosomes contain functional subcompartments, including telomeres, centromeres, and heterochromatin. These compartments are under the control of cell-
cycle machinery, and the assembly of those membraneless compartments is driven by LLPS. Current interests in the field are how reversible LLPS is regulated
by cell-cycle machinery and the spatiotemporal order of the assembly/disassembly.

the spindle, which is comprised of spindle microtubules, astral
microtubules, centrosomes, and chromosomes (Fig. 1B) (3, 38).

cell division. We then address why and how mitotic processes
exploit the cooperativity and efficiency of phase separation, and

phase transitions more broadly, during cell division. We next
discuss how LLPS and post-translational modifications orches-
trate the chromosome dynamics and plasticity during mitosis.
Finally, we discuss future directions, applying three-dimen-
sional model systems to unravel the dynamics of membraneless
organelles and phase transition in the control of cell division.

Membraneless organelles in mitosis and chromosome
compartmentalization

In mitosis, accurate chromosome segregation requires for-
mation of a bipolar spindle and chromosome movement along
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Microtubules are fibrous polymers that are dynamically regu-
lated by GTP hydrolysis and proteins at the microtubule plus-
and minus-ends (39). During cell division, chromosomes capture
spindle microtubules through a search-and-capture mechanism
by kinetochores, the supramolecular complexes assembled at the
centromere (3, 40). The microtubule attachment to kinetochores
and plus-end growth is necessary for chromosome stability (41—
43). The mitotic spindle is a dynamic and complex membrane-
less organelle regulated by the Ran GTPase gradient (44—47). It
undergoes structural changes to the central spindle during the
metaphase-anaphase transition. The mitotic spindle is then reor-
ganized into an interphase astral network during mitotic exit
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(Fig. 1D). The metaphase-anaphase transition is involved in deci-
sion making, as it determines whether a symmetric or an asym-
metric division program will be executed (4).

Chromatin plasticity and LLPS

Chromatin is contained within compartments that are regu-
lated spatiotemporally by cell-cycle machinery and extracellu-
lar cues such as growth factors (6, 48, 49). Heterochromatin,
situated between the pericentromere and telomeres of mitotic
chromosomes, is essential for maintaining genome stability (6).
It is rich with repetitive sequences and undergoes reorganiza-
tion and compartmentalization as the nuclear DNA condenses
into chromosomes during mitosis (Fig. 1D). Heterochromatin
is involved in nuclear processes ranging from gene repression
to chromosome segregation. The diversified functions of heter-
ochromatin depend on the capacity of these structures to inter-
act with the underlying DNA and to orchestrate various types
of stimulation signals in a context-dependent manner during
the cell division cycle (48, 49).

However, the molecular mechanisms regulating the intrinsic
properties of chromatin and interchromosomal interactions
are poorly illustrated (3, 50, 51). A recent cryogenic EM study
of reconstituted chromatin fibers revealed a double helix
twisted by tetranucleosomal units, which provides mecha-
nistic insights into how nucleosomes are compacted into
higher-order chromatin fibers (52). It was postulated that
gene silencing by heterochromatin is due to the compaction
by HP1 proteins that recruit diverse interacting proteins.
Recent observations suggest that the HPla protein pos-
sesses liquid droplet-like properties (33, 35). Unmodified
HP1a is soluble, but either phosphorylation of its N-termi-
nal extension or DNA binding promotes the formation of
phase-separated droplets (33, 35), demonstrating a context-
dependent change in physiochemical properties. Studies of
plants revealed that, in Arabidopsis, ADCP1 acts as a multi-
valent H3K9me reader (53). Similar to human HP1a and fly
HPla, ADCP1 mediates heterochromatin LLPS. As deter-
mined by use of embryonic stem cell renewal as a model sys-
tem, the LLPS-driven physicochemical property of TRIM66,
which contains a PHD-bromo domain at its C terminus, regulates
chromatin plasticity via binding to unmodified H3R2K4 and
acetylated H3K56 (54). Thus, phase separation of the HPla-
H3K9me3 complex illustrates how the process and product of
phase separation have distinct but coupled roles: LLPS provides
the selectivity and context-dependent recognition, and the result-
ing compartment builds a foundation for establishment of a func-
tional centromere and, during mitosis, accelerates specific bio-
chemical reactions at heterochromatin and the centromere.

To elucidate the molecular mechanisms underlying control
of chromatin plasticity by LLPS, Rosen and colleagues (55) used
12-mer nucleosome arrays containing fluorescence-labeled his-
tone octamers to demonstrate that physiologic concentrations
of monovalent and divalent cations induce the formation of re-
versible LLPS chromatin droplets. Interestingly, acetylation of
histone tails removes the positive charges and causes dissolu-
tion of chromatin droplets, suggesting that epigenetic “readers”
modulate the formation of local genomic compartments via
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protein-protein interactions elicited by post-translational mod-
ifications, demonstrating how the valence of molecular interac-
tions drives LLPS (21, 56). It would be of interest to visualize
the LLPS and chromosome segregation during live cell division.

Centromere plasticity and LLPS

The centromere is situated at the interface of the chromo-
some and the kinetochore that connects to spindle microtu-
bules during mitosis (3, 40). As it contains structurally disor-
dered histone tails (B1), the centromere exhibits characteristics
of macromolecule phase separation. Various weak interactions,
including hydrophobic and electrostatic contacts between mac-
romolecules, are involved in forming and interacting with
neighboring nucleosomes (18, 57).

Structurally, the centromere is comprised of three layers: an
inner centromere that consists of a specialized layer of chroma-
tin with kinase activity, an outer plate that consists of tightly
packed centromeric nucleosomes, and an outermost corona
containing the mitotic motor, CENP-E, and other proteins (3,
9, 40). The inner centromere, which is comprised of Aurora B,
INCENP, borealin, and survivin, is a specialized region that
promotes cohesion, the regulation of kinetochores, and the as-
sembly of specialized chromatin and mechano-sensation of
spindle-pulling forces (49, 58, 59). Inner centromere kinase ac-
tivity is driven by LLPS via a molecular condensate scaffold
built by the chromosome passenger complex (60). It is likely
that this specialized compartment of the inner centromere ena-
bles the formation of a chromatin body with biochemical activ-
ities to regulate protein acetylation, methylation, and phospho-
rylation in a synergistic manner (45, 61). The recently identified
TIP60-Aurora B acetylation-phosphorylation signaling cascade
is an example of how chromatin bodies compartmentalize spa-
tiotemporally regulated biochemical reactions (45, 50). It is also
possible that coacervates formed by Aurora B and its accessory
proteins at the inner centromere transduce physical force
across the sister centromeres to fine-tune Aurora B kinase ac-
tivity in situ during the chromosome segregation process (61).
Given the role of inner centromere activity in sensing mechani-
cal force generated by kinetochore microtubule pulling and
coacervate-driven regulation of Aurora A kinase activity (62,
63), it would be important to track Aurora B kinase with a
FRET-based optical sensor and determine whether Aurora B
activity in the inner coacervates senses mechanical force across
the sister centromeres (i.e. the pulling by spindle microtubules
from two opposing poles).

Accurate chromosome segregation depends on stable inter-
actions of the mitotic spindle with the centromere and with the
spindle matrix. BuGZ, initially identified as an outer plate cen-
tromere protein Bub3-interacting protein, is required for Bub3
stability, Bubl kinetochore function, and chromosome align-
ment (64, 65). BuGZ promotes Aurora A activation via zinc fin-
ger binding to the kinase domain, which promotes substrate
MCAK phosphorylation (63). The coacervates formed by
BuGZ and Aurora A are reminiscent of the functional regula-
tion of coacervates formed by Aurora B, INCENP, borealin,
and survivin in the inner centromere (60). In the future,
it would be important to evaluate how the Aurora A kinase
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Figure 2. Membraneless organelle reorganization in mitosis is driven by LLPS and phosphorylation. A, electron microscopic image of an anaphase
spindle showing membraneless organelles, including the centromere and the central spindle as well as the ultrastructure of chromatin. a, low-magnification
view of a late anaphase Hela cell showing elongated spindle poles, labeled with asterisks. One is apparent; another is in a different section. Interzonal microtu-
bules are readily seen (arrow). b, magnified view of the upper boxed region in a, showing that CENP-E is located between a kinetochore and its associated spin-
dle microtubules (arrow). ¢, magnified view of the area indicated by the arrow in a. Some CENP-E is now localized to the interzonal microtubules (red
arrowheads). Bars, 2 um (a), 70 nm (b), and 90 nm (c). 10-nm gold particles annotate the CENP-E molecules. Adapted from Ref. 68. B, schematic illustration of
the reorganization of the metaphase spindle into an anaphase central spindle. Phosphorylation of CENP-E by BubR1 leads to intramolecular interactions of
CENP-E and drives assembly of the central spindle. Unresolved questions are how LLPS drives coacervate formation and how BubR1 kinase activity is regulated
in the coacervates. Adapted from Ref. 74. C, single-molecule electron microscopic analysis of CENP-E exhibiting its conformational changes. Adapted from Ref.
76.The green illustrates the crowding effect, whereas the yellow arrows indicate the motor domain of CENP-E. It remains to be examined whether BubR1 phos-
phorylation increases CENP-E molecule crowding during metaphase-anaphase transition.

gradient responds to BuGZ in vivo by use of the previously
established FRET-based activity reporter and relate its LLPS
property to the spatiotemporal dynamics of Aurora A distri-
bution (61, 66).

Kinetochore plasticity, reorganization, and LLPS

The kinetochore, the site for spindle microtubule-centro-
mere association, functions as a molecular machine to power
chromosome movements and serves as a signaling device gov-
erning chromosome segregation during mitosis (3, 40, 50). As
mitosis progresses, kinetochores undergo structural and mor-
phological changes (67), resulting in kinetochore disassembly
and reorganization into the spindle midzone (68). Immunoe-
lectron microscopy demonstrates the dynamic translocation of
the kinetochore motor, CENP-E, during the metaphase-ana-
phase transition (68). During the transition, a subset of these
central microtubules overlap in an anti-parallel orientation
(Fig. 24, bottom, red arrowheads), thought to be initiated by
relocation of CENP-E, as visualized by the use of 10-nm gold
particles (Fig. 24) (68). However, the mechanism underlying
the transition from the mitotic spindle to the central spindle
before anaphase onset remains elusive. In addition, the physi-
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cochemical properties of kinetochore remodeling and biogene-
sis of the midzone have not been addressed despite the electron
microscopic analysis of CENP-E dynamics during the meta-
phase-anaphase transition (68, 69) and a microinjection experi-
ment suggesting the function of CENP-E in anaphase (70).

To define the assembly order of spindle midzone architec-
ture, two groups have identified chemical inhibitors of CENP-E
using an enzymatic assay and a phenotype-based screen, re-
spectively (71, 72). By use of the CENP-E inhibitor syntelin,
Ding et al. (71) discovered that inhibition of CENP-E arrested
cells in the prometaphase, with the chromosome syntelically
attached to the spindle microtubules. Further delineation of
CENP-E function in epithelial cell division in 3D organoids led
the authors to uncover the role of CENP-E in central spindle
organization (73). Surprisingly, the relocation of CENP-E from
the kinetochore to the central spindle is regulated by BubR1
phosphorylation (Fig. 2B) (74). Mechanistically, CENP-E con-
tains an N-terminal motor domain followed by a long stretch of
highly disordered region with a property to form biomolecular
condensates via multivalent interactions with PRC1, CLASP,
and other proteins (75). Correlative single-molecule electron
microscopic analyses and in vivo real-time studies suggest that
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CENP-E exhibits structural changes elicited by BubR1 phos-
phorylation, which drives the formation of biomolecular con-
densates at the metaphase-anaphase transition (Fig. 2C) (74,
76). As discussed here, the LLPS-mediated assembly of the cen-
tral spindle is based on in vitro and correlative studies. A press-
ing issue is to establish whether formation and regulation of the
LLPS-mediated midzone condensate are indeed operating in
living cells. The use of bubristatin, a BubR1 inhibitor, combined
with an optical reporter for LLPS property readout will shed
light on LLPS-driven compartmentalization and regulation in
mitotic control (74). It would also be important to delineate
how the phase property of CENP-E is regulated in the central
spindle and to determine whether it regulates asymmetric
division.

Spindle plasticity and membraneless organelle
dynamics in cell division

Centrosomes, also known as microtubule organization cen-
ters, replicate in the S phase and organize the mitotic spindle
through anchoring of microtubule minus-ends (77). Hyman
and colleagues (31, 78), who analyzed the centrosome pro-
teome, found that the coiled-coil protein SPD-5 assembles
into spherical condensates in the presence of crowding agents.
Various centrosomal proteins, including microtubule-associ-
ated proteins, partition into these condensates via interactions
with SPD-5. Thus, the SPD-5-based scaffold acts as a selective
membraneless compartment for centrosome organization and
spindle establishment (78).

Mitotic spindle orientation is controlled by a centrosomal
network and a conserved molecular cascade involving Gy,
LGN, and the NuMA tripartite complex, which guides accurate
positioning of the mitotic cleavage plane (79). Early studies
demonstrated that, during metaphase, a ring-like F-actin struc-
ture surrounding the mitotic spindle is formed temporally (80).
This cytoplasmic F-actin structure is relatively isotropic and
less dynamic. Computational modeling of the spindle-position-
ing process suggests a mechanism by which the ring-like F-
actin structure regulates astral microtubule dynamics and mi-
totic spindle orientation. Yu et al. (81) found that NDP52, a
membrane organelle regulator, regulates spindle orientation
by remodeling the polar F-actin structure. Mechanistically,
NDP52 binds to phosphatidic acid—containing vesicles to ena-
ble NDP52-containing vesicles to anchor to the actin assembly
factor N-WASP via a physical interaction and thereby shorten
actin filaments. Because NDP52 binds with microtubule plus-
ends, it is desirable to delineate the nature of NDP52-contain-
ing compartments in mitotic cells and evaluate how the LLPS
activity of NDP52 underlines the aforementioned regulation of
spindle position.

The microtubule plus-end tracking proteins (EB1 and its
associated proteins, including TIP150 and SKAP) are essential
for spindle assembly and orientation (Fig. 34) (39, 43). In cells,
EB1 and its associated proteins appear as dynamic, microme-
ter-long coacervates and ride on polymerizing microtubules
(39). Xia et al. (42) attempted to define how the EB1 coacer-
vates track growing microtubules and showed that mitosis-de-
pendent acetylation of EB1 guides multivalent interactions
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among EB1, TIP150, and MCAK via regulation of the hydro-
phobic cavity located at its C terminus (Fig. 3B). They further
developed a photoactivatable, complementary fluorescent pro-
tein procedure to image EB1 interactions in live cells at 35 nm
resolution (Fig. 3C) (82). By use of this superresolution imaging
tool, they identified the lysine residues necessary for EB1 track-
ing of growing microtubule plus-ends (82) and developed a new
paradigm by which EB1 coacervates control the dynamics of
microtubule plus-ends in space and time (Fig. 3D). Future stud-
ies should determine how EB1 coacervates guide the decision
making in cell division, as mutations of the tumor suppressor
APC (adenomatous polyposis coli) impair EB1 binding activity
and compromise chromosome stability during division of gas-
trointestinal epithelial cells (83).

Aberrant LLPS and chromosome instability

Error-free mitosis depends on accurate chromosome attach-
ment to spindle microtubules, congression of those chromo-
somes, segregation in anaphase, and assembly of a spindle mid-
zone upon mitotic exit (3, 50). Recent studies of the Cancer
Genome Atlas (83) show that gastric tumorigenesis is a result
of perturbation of chromosome stability during cell division.
Bub1B, which encodes a mitotic kinase, BubR1, and its mutants
are implicated in gastric tumorigenesis (84). Although previ-
ously proposed to be a pseudokinase, Huang et al. (74) solved
the crystal structure of the kinase domain of Drosophila mela-
nogaster BubR1, which is predicted to be catalytically active
based on its folding conformation. As discussed earlier, BubR1
is a bona fide kinase that phosphorylates CENP-E, causing a
switch from a laterally attached microtubule motor to a plus-
end microtubule tip tracker. Inhibition of CENP-E phosphoryl-
ation by inhibiting BubR1 with bubristatin prevents proper
microtubule capture at kinetochores and proper assembly of
the central spindle at mitotic exit (74). Thus, BubR1-mediated
CENP-E phosphorylation is a temporal switch that enables
transition from lateral to end-on microtubule capture and or-
ganization of microtubules into stable midzone arrays (Fig. 44).
The availability of BubR1 chemical probes will enable us to
determine how LLPS-mediated formation of central spindle
condensate controls chromosome stability in mitosis. Because
BubR1 mutations are implicated in chromosome stability and
tumorigenesis in gastrointestinal tracts (83, 85), it would be
of interest to see whether and how the coacervates formed
by CENP-E and BubR1 are modulated by disease-associated
mutations.

Cancer cell genomes are frequently characterized by numeri-
cal and structural chromosomal abnormalities (83). However,
the mechanisms remain elusive. Cleveland and colleagues (86)
have recently integrated a centromere-specific inactivation ap-
proach with selection for a conditionally essential gene,
a strategy termed CEN-SELECT. They showed that a single-
chromosome missegregation into a micronucleus triggers a
broad spectrum of genomic rearrangements, suggesting that
individual chromosome segregation errors during mitotic cell
division are sufficient to drive extensive structural variations
that recapitulate genomic features commonly associated with
human disease (86). In fact, perturbations in heterochromatin
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Figure 3. Superresolution imaging of microtubule plus-end coacervates and mapping of amino acids necessary for LLPS. A, subcellular distribution of
EB1 and TIP150 in metaphase Hela cells. EB1 comet-like coacervates (circles and arrowheads) are driven by LLPS from multiple components, including EB1,
TIP150, MCAK, and SKAP. An unresolved question is how the multivalent interactions are orchestrated to exhibit context-dependent microtubule dynamics
during cell division. Adapted from Refs. 43 and 109). B, schematic illustration of LLPS-driven coacervates formed by EB1 and its binding proteins, including
TIP150 and MCAK, which account for the function of EB1 coacervates in tracking microtubule plus-end dynamics. C, schematic design of photoactivation com-
plementary fluorescence (PACF) localization microscopy for molecular imaging of dimeric proteins at high resolution. Adapted from Ref. 82. D, example of
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structure or interchromosomal interactions result in chromo-
some segregation errors and chromothripsis (or chromosome
shattering) (87). However, it remains to be established whether
the perturbation is related to alteration of phase properties at
the centromere and kinetochore (3, 6, 87).

TTK/Mpsl, a kinetochore-associated dual kinase initially
identified in breast cancer as an amplified oncogene (88), exhib-
its low structural complexity and coacervates to stabilize its
localization at the kinetochore (Fig. 4B) (88, 89). Mitotic phos-
phorylation liberates TTK/Mpsl coacervates from the kineto-
chore and promotes its cytoplasmic distribution. Because
amplification of TTK/Mpsl promotes breast cancer progres-
sion, and inhibition of TTK/Mpsl kinase activity leads to
improved outcomes in clinical oncology (90), it would be of in-
terest to determine whether TTK/Mpsl forms coacervates
with its chemical inhibitor at the kinetochore and whether
coacervates at the kinetochore are involved in the underlying
mechanism for interrogation of breast cancer progression (91,
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92). Pelkmans and colleagues (93) showed that another mitotic
dual kinase, DYRK3, regulates membraneless organelles by pre-
venting unmixing of the cytoplasm into aberrant organelles
during mitosis, indicating that, during cell division, the kinase
activities of Mps1 and DYRK3 control the LLPS. It is now desir-
able to discover how DYRK3 activity is regulated by mitotic ki-
nase(s) and to determine whether there is cross-talk between
TTK/Mps1 and DYRK3 signaling (74, 93).

New technology to unravel membraneless organelle
dynamics

The LLPS-mediated organelle formations discussed here are
largely based on in vitro experimentation and reconstitution. A
pressing objective is to establish whether LLPS-mediated mem-
braneless organelle formation and regulation are involved in
live cell division as modeled by 2D and 3D culture systems. Sev-
eral emerging technologies are suitable to delineate the molec-
ular and cellular mechanisms that control this LLPS-driven

SASBMB




-~
' — 70'

JBC REVIEWS: Membraneless organelle dynamics in mitosis

o
O
- . 70°

CENP-E
coacervates/
BubR1
kinase activity

l,—

Central spindle

formation Bubristatin-1
and anaphase (BRT-1)
onset

Mps1 coacervates
at kinetochores

Mitotic
phosphorylation
Mps1 release
and
cytoplasmic
distribution
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braneless organelles requires CENP-E and BubR1 kinase. Representative phenotypes of the metaphase-anaphase transition in HelLa cells treated with
bubristatin-1 (BRT-1). HeLa cells expressing GFP-tubulin and mCherry-H2B were synchronized at metaphase with MG132. Once released from meta-
phase arrest, cells were treated with BRT-1 or DMSO followed by real-time imaging with deconvolution microscopy. A current interest is to visualize
how CENP-E-BubR1 coacervates regulate BubR1 kinase activity in the central spindle. Scale bar, 10 um. Adapted from Ref. 74. B, LLPS-driven centro-
mere kinase Mps1 (monopolar spindle 1) coacervates are essential for stable kinetochore localization in mitosis. HeLa cells expressing LAP-Mps1 were
exposed to DMSO (bottom) or reversine (an Mps1 inhibitor; top) in the presence of MG132 and nocodazole for synchronization, before being fixed and
counterstained for anti-centromere antibody (ACA; shown as red in merged images) and DNA (blue). It was apparent that Mps1 kinase coacervates are
stable in the presence of reversine, an inhibitor for preventing Mps1 from utilizing ATP, indicating that Mps1 autophosphorylation liberates Mps1
coacervates from kinetochores. A current interest is to determine whether coacervate dissolution is regulated by Mps1 or its downstream effectors.

Scale bar, 10 um. Adapted from Refs. 89 and 110.

membraneless organelle dynamics in mitosis. Advances in mo-
lecular imaging, optical activity reporters, chemical probes, and
3D organoid models will facilitate our understanding of the
role of LLPS-driven membraneless organelle dynamics in cell
division, renewal homeostasis, and disease processes.

Molecular imaging and membraneless organelle dynamics in
2D cell cultures

In eukaryotic cells, membrane-bound and membraneless or-
ganelles undergo dynamic yet organized interactions that
orchestrate complex cellular functions. A better understanding
of organelle contacts and trajectory relies on real-time visual-
ization of live cells. Total internal reflection fluorescence mi-
croscopy (TIRFM) provides high-resolution and high-speed
imaging but is limited by the z-depth of samples as it can image
only within ~100 nm from the basal membrane (82), which is
too small a distance to span many organelles and their contact
sites. To overcome this depth limitation of TIRFM, Li and col-
leagues (94) developed grazing incidence structured illumina-
tion microscopy (GI-SIM) by enabling the illumination to enter
the objective rear pupil inside the critical angle for TIRFM,
which creates an illumination field parallel to the substrate that
is comparable in thickness with the objective depth-of-focus
for organelle interactions in live cells. GI-SIM captures organ-
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elle dynamics at 97-nm resolution (x-y) and 266 frames/s,
which allows precise measurements of microtubule growth or
shrinkage events and therefore distinguishes models of micro-
tubule dynamic instability in interphase cells (94). A challenge
ahead is to capture organelle interactions during mitosis, as GI-
SIM has an optimal sample thickness without compromising
imaging resolution and speed.

Fluorescent proteins and chemical probes are valuable tools
for studying dynamic processes within living cells. A systems-
level analysis of multiple organelle interactions has been devel-
oped using a multi-spectral image acquisition method that
overcomes the challenge of spectral overlap in the fluorescent
protein palette (95). This spectral imaging protocol achieves,
for a single live cell, simultaneous measurements of five differ-
ent organelles, their numbers, volumes, speeds, positions, and
dynamic interorganelle contacts (Fig. 5A4). Because the size and
dynamics of membraneless organelles are similar to those of
membrane organelles, the spectral imaging is applicable to
study the spatiotemporal dynamics of compartmentalization in
the same or different chromosomes during the entire process
of mitosis.

Recent studies in cellular and molecular biophysics, as
well as biochemical reconstitutions, have revealed that
mitotic phosphorylation, acetylation, and methylation of
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Figure 5. Emerging molecular imaging tools for delineating molecular interactions in membraneless organelle dynamics. A, example of spectral
imaging of five organelles in an interphase Hela cell, which provides a proof-of-principle forimaging membraneless organelles during cell division. The proto-
col has been optimized for imaging LLPS-driven centromere assembly dynamics. Scale bar, 10 um (X. Liu and X. Yao, unpublished observations). B, reversible
assembly dynamics of membraneless organelles are driven by post-translational modifications. Those modifications modulate the nature of multivalent inter-
actions and provide a scaffold for organizing multivalent interactions. The figure shows the molecular design of a FRET-based methylation sensor located in
the centromere and an example of the methylation gradient in live mitotic cells. The rational design of this sensor is based on the selective and reversible inter-
action between a chromodomain and trimethylated Lys-9 in histone 3. Adapted from Ref. 66. A similar design can be used to visualize and quantify the con-

centration gradients of phosphorylation and acetylation on different membraneless organelles.

kinetochore proteins have roles in kinetochore organization
(96-98). FRET-based biosensors can be used to measure
localized post-translational modification dynamics. In gen-
eral, the FRET-based sensor reports changes in intramolec-
ular FRET between cyan and yellow fluorescent proteins
(61, 66). Fig. 5B is an example of a FRET-based methylation
sensor based on the selective binding between the chromo-
domains and methylated H3K9 in vitro or in living cells (61).
As seen in Fig. 5B, methylation at the centromere peaks in
metaphase cells (30’) is followed by a gradual decay at ana-
phase onset and reaches a low at telophase (40°), which proj-
ects a cell cycle-dependent methylation profile. It would be
of interest to accomplish simultaneous visualization of
phosphorylation and methylation gradients during chromo-
some segregation with parallel measurements of chromatin
elasticity. This would enable us to consolidate the post-
translational modification dynamics into a working model
in which LLPS-driven compartmentalization controls chro-
matin plasticity and decision making in mitosis.
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Modeling membrane organelle dynamics and cell fate in
organoids

To date, studies of LLPS have relied on the use of well-docu-
mented experimental models, including primary or transformed
cell lines and model systems, such as Caenorhabditis elegans.
Such approaches have elucidated details of LLPS but have lim-
ited clarification of the physiological relevance of membraneless
organelles to human health. Thus, the mechanisms underlying
membraneless organelle spatiotemporal regulation and pertur-
bation of its dynamics in pathogenesis of diseases remain poorly
understood. Although chronic perturbation of LLPS may result
in profound pathological afflictions, including ALS (99) and en-
teric infections such as Helicobacter pylori and SARS-CoV-2
(100, 101), the dynamics of pathogenesis and mechanisms of
action have not been fully characterized. The development of
3D human organoids from various contexts therefore provides a
powerful tool to study, in real time, epithelial development,
stem cellular dynamics, and the host cell response to infection
and other ecological perturbations (73, 102, 103).
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Figure 6. Three-dimensional organoids for modeling spatiotemporal dynamics of membraneless organelles in healthy and disease contexts. A,
mouse gastric organoids were fixed forimmunocytochemical staining of a-tubulin (green) and DNA staining with 4',6-diamidino-2-phenylindole (DAPI) (blue).
The light-sheet micrograph shows two mitotic cells, indicated by arrows, which contain one anaphase cell (white box, white arrow) and three metaphase cells
(vellow arrow). Visualization of chromosome segregation in gastric organoids is used to study chromosome stability and establishment of polarity during cell
renewal and progression of tumor cells in response to extracellular cues such as cytokines. Light-sheet micrography of gastric epithelial and stem cells can be
used to study their responses to various extracellular cues or therapeutic agents. For example, organoids derived from gastric cancer cells of patients might be
used to identify the most effective treatments. Real-time spectral imaging could be used to study the effects of various combinations of agents (adapted from
Ref. 73). Scale bar, 20 um. B, magnified image from A. This mitotic metaphase cell has a lagging chromosome and spindle orientation error (arrow). This image
demonstrates that a combination of light-sheet microscopy with 3D organoids allows high-resolution imaging of single chromosome dynamics in a 3D con-
text (adapted from Ref. 73). Scale bar, 10 um. C, schematic illustration showing how human patient-derived samples can be used to visualize membraneless or-
ganelle dynamics and formation of coacervates and a chemical biological screen for compounds and/or regimens tailored to regulate LLPS for precision and
combination therapeutics of cancers without targeted therapy (adapted from Ref. 73).

Light-sheet fluorescence microscopy allows rapid acquisition
of three-dimensional images over large fields of view and over
long durations (103). Three-dimensional images are compiled
from successive light-sheet illuminations of thin, two-dimen-
sional optical sections. The high spatial and temporal resolu-
tion of the imaging enables tracking of intracellular compo-
nents in relatively thick samples, such as single chromosome
trajectories in 3D gastric organoids (Fig. 6A4) (73). At a higher
magnification, compartments in a single chromosome can be
visualized (Fig. 6B). This platform provides a toolkit for real-
time imaging of LLPS-driven compartmental dynamics of mi-
totic cells in 3D organoids. Future studies, likely using patient-
derived organoids combined with spectral imaging, will afford
insights into the molecular mechanisms underlying LLPS and
will identify small molecules for regulating LLPS in 3D cultures
(Fig. 6C).

Perspectives

Combinations of advanced optical imaging protocols, such
as lattice light-sheet microscopy with adaptive optics and pho-
toactivatable complementary fluorescence, spectral imaging
analyses, and correlative light and cryo-electron microscopic
tomography (104), would increase our understanding of mem-
braneless organelle dynamics and organelle communications.
The newly developed lattice light-sheet microscopy with adapt-
ive optics has enabled, for live organoids, noninvasive, aberra-
tion-free imaging of subcellular processes, including organelle
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contacts and remodeling during mitosis. This technology
reveals the phenotypic diversity within cells from various
organisms and developmental stages and could be useful for
determining, in real-time and at the organelle level, how host
cells adapt to a physiological stimulus or in response to SARS-
CoV-2 infection (101). In this context, inclusion of the expand-
ing collection of gene-edited organoids will allow modeling of
chromosome interactions and LLPS regulation underlying con-
trol of cell division.

The large size and complex architecture of the centromere,
which contains numerous proteins possessing low-complexity
regions, are linked to its regulatory mechanisms involving
post-translational modifications and interchangeable com-
plex subunits between compartments in mitosis (9). Thus,
the centromere must possess intrinsic self-control mechanisms.
According to proteomic and bioinformatics analyses, the cen-
tromere is composed of perhaps 15 scaffolding proteins with a
total of more than 150 proteins (3, 9, 17). Future work will
describe the spatiotemporal dynamics and physicochemical
properties of these low-complexity kinetochore proteins driven
by LLPS during cell division in 3D organoids.

Finally, recent clinical and translational studies support our
early rationale that genetic variation affects protein post-trans-
lational modifications and is involved in rewiring biological
pathways to generate asymmetric division of tumor cells (17,
105). These studies demonstrate how mutations near phos-
phoresidues create molecular switches from its cognate kinase
to a new kinase that rewires cell signaling networks and re-
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veals oncogenic switch properties in a lung cancer bearing an
epidermal growth factor receptor mutant (105). A future chal-
lenge will be to integrate a FRET-based sensor to illuminate, in
live cells, how post-translational modifications and an onco-
genic switch regulate the LLPS of chromosome compartments.
The goal is to break the barrier of sample thickness for illumi-
nation and adapt a context-dependent physiology model sys-
tem, such as 3D organoids, for molecular imaging of live organ-
elle interactions at a superresolution level.

Despite the progress, over the past century, in under-
standing the function and mechanism of centromere assem-
bly and plasticity control, much remains to be explored (16,
106). We still have a minimal understanding of the LLPS
regulation underlying centromere assembly/disassembly
during the cell cycle. Advances will require cryoelectron to-
mographic analyses of the different states of the centro-
meres of mitotic cells in situ. Currently, it is unclear to what
extent LLPS-mediated assembly affinities compare with the
allosteric structure changes elicited by post-translational
modification. In addition, it remains elusive how individual
centromere assembly is regulated and how this is subjected
to interchromosomal interactions in cell-cycle regulation.
LLPS-mediated chromosomal compartmentalization is also
involved in regulating telomere assembly and plasticity
(107). Thus, the challenges ahead are to delineate and distin-
guish the characteristics of membraneless organelles that
are driven by LLPS from those independent of LLPS (108).

Overall, we anticipate that advances in our understanding of
the molecular language of membraneless organelle communi-
cation will enable us to amalgamate the LLPS-driven communi-
cations in 3D organoids into a working model for decision mak-
ing in cell division and targeted interrogation for aberrant
LLPS-driven pathogeneses.
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