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Formation of biomolecular condensates that are not enclosed by membranes via liquid-liquid phase separa-
tion (LLPS) is a general strategy that cells adopt to organize membraneless subcellular compartments for
diverse functions. Neurons are highly polarized with elaborate branching and functional compartmentaliza-
tion of their neurites, thus, raising additional demand for the proper subcellular localization of both mem-
braneless and membrane-based organelles. Recent studies have provided evidence that several protein as-
semblies involved in the establishment of neuronal stem cell (NSC) polarity and in the asymmetric division of
NSCs form distinct molecular condensates via LLPS. In synapses of adult neurons, molecular apparatuses
controlling presynaptic neurotransmitter release and postsynaptic signaling transmission are also likely
formed via LLPS. These molecular condensates, though not enclosed by lipid bilayers, directly associate
with plasma membranes or membrane-based organelles, indicating that direct communication between
membraneless and membrane-based organelles is a common theme in neurons and other types of cells.
Introduction
Compartmentalized distribution and subsequent local concen-

tration of different molecular components allow eukaryotic cells

to segregate various cellular processes into distinct sub-cellular

regions. Such sub-cellular compartmentalization is vital for intra-

and inter-cellular signaling as well as for development of animal

tissues and organs. The best-known mode of cellular compart-

mentalization is to use lipid membrane bilayers as physical bar-

riers to enclose a certain cellular space containing defined mo-

lecular components. By installing various proteins embedded

in or associated with the surface of lipid membranes, these

membrane-separated cellular compartments can interact and

communicate with each other to support the wellbeing of cells.

Another distinct cellular compartmentalization mode has

recently been recognized as a widely used strategy for diverse

cellular functions including cell polarity establishment and main-

tenance, cell signaling, cell and organ development, cell survival,

and aging, among others (Su et al., 2016; Zeng et al., 2016; Lin

et al., 2015; Molliex et al., 2015; Murakami et al., 2015; Patel

et al., 2015; Kim et al., 2013; Han et al., 2012; Kato et al.,

2012; Brangwynne et al., 2011, 2009; and also see Chen et al.,

2020; Banani et al., 2017; Shin and Brangwynne, 2017 for recent

reviews). This cellular compartmentalization mode does not use

membrane bilayers to enclose a certain molecular assembly, but

instead harnesses the self-condensation properties of molecular

networks formed by cellular biopolymers including proteins and

nucleic acids in aqueous cellular milieu. Since this class of

cellular compartments are not enclosed by lipid membranes

and are formed via a physical chemistry process known as

liquid-liquid phase separation (LLPS), these compartmentalized

molecular assemblies are often referred to as membraneless or-
ganelles or biological condensates in the literature (Banani et al.,

2017; Shin and Brangwynne, 2017). A prominent feature of

LLPS-mediated biological condensate formation is that sub-

cellular compartments form autonomously (i.e., without requiring

energy input) with defined molecular components at very high

concentrations and without needing physical barriers to sepa-

rate the condensed phase from the dilute bulk aqueous phase.

Almost all demonstrated or inferred cellular functions of biolog-

ical condensates reported in the literature are mechanistically

rooted in the above feature.

Neurons are extremely polarized morphologically and func-

tionally throughout their birth, growth, and adulthood. In the early

brain development, neuroepithelial cells (or neuronal stem cells,

NSCs) form polarized sheets with apical-basal polarity. Proper

timing and balance of symmetric and asymmetric divisions of

neuroepithelia determine the right number and the right types

of different neurons in the animal brain (Holguera and Desplan,

2018; Doe, 2017; Taverna et al., 2014; Knoblich, 2010; Kriegstein

and Alvarez-Buylla, 2009). A new-born neuron will migrate and

grow into an extremely polarized cell with one single axon and

multiple dendrites before integrating into a certain circuitry sys-

tem. A mature neuron will need to keep its overall morphology

intact throughout the entire lifespan of an organism for healthy

living, but at the same time it will also need to constantly alter

its local connections with target cells (i.e., synapses) to support

functional plasticity of the animal brain. Due to their unique

polarity features, neurons can take cellular compartmentaliza-

tion to an extreme with their soma occupying only a tiny fraction

of the total cell volume and axonal and dendritic processes pro-

jecting centimeters or even meters away from their somas.

Accordingly, neurons possess their own unique cellular
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compartmentalization strategies in addition to the ones shared

among different cell types (Chen et al., 2020; S€udhof, 2017; Sil-

bereis et al., 2016).

In this review, we will focus on the recent developments on the

LLPS-mediated cellular compartmentalization of neurons during

their development and throughout their adulthood. We summa-

rize recent findings suggesting that the LLPS-mediated forma-

tion of molecular assemblies is critical for the polarity of neuroe-

pithelial cells and for the asymmetric division of NSCs. We

discuss how LLPS may be an ideal mechanism through which

mature neurons form highly compartmentalized yet highly dy-

namic molecular assemblies critical for neurotransmitter release

in presynaptic boutons and for signal processing in the postsyn-

aptic densities (PSDs) of neuronal synapses. Due to the space

limit, this review will not cover biological condensate formation

during the aging and degeneration of neurons, but readers can

turn to recent reviews on this topic including one in this issue

of Developmental Cell (Nedelsky and Taylor, 2019; Ryan and

Fawzi, 2019; Wolozin and Ivanov, 2019; Chuang et al., 2018; St

George-Hyslop et al., 2018).

Phase Separation in Neuronal Development
In this section, we discuss the role of LLPS in neural develop-

ment with a focus on the asymmetric division of neuroepithelial

cells. Asymmetric cell division is a fascinating process in the

context of neural development because in a single cell, multiple

condensates of various types control cell polarity, orchestrate

cell division, organize lateral interactions, and so on. Under-

standing how a cell organizes these phase-separated conden-

sates in different subcellular regions of the cell to guide asym-

metric cell division and how the different condensates interact

with one another is a challenging problem.

Despite vast differences both in the number and in the

morphology of cells in the nervous system, the operating mech-

anisms governing nervous system development are strikingly

conserved throughout evolution. For example, the nervous sys-

tems of Drosophila and mice, which are representative of inver-

tebrates and mammals, respectively, originate from simple

polarized neuroepithelial sheets. These polarized epithelia can

proliferate via symmetric divisions or by dividing asymmetrically

to generate neuronal progenitors and eventually different types

of neurons or glia (Figure 1) (Holguera and Desplan, 2018; Venkei

and Yamashita, 2018; Taverna et al., 2014; Knoblich, 2010;

Kriegstein and Alvarez-Buylla, 2009). Two cellular processes

are vital during nervous system development: the development

and maintenance of polarity of neuroepithelial cells and neuro-

progenitors and the alignment of the mitotic spindle axis with

the cell polarity axis during cell division. Extensive studies in

the past several decades have revealed that distinct molecular

complexes are required for these two processes (Wen and

Zhang, 2018; Bergstralh et al., 2017; di Pietro et al., 2016;

Taverna et al., 2014; Knoblich, 2010; Siller and Doe, 2009).

Emerging evidence in the last few years indicate that some of

these complexes may be assembled via LLPS to form

condensed molecular networks in distinct cellular compart-

ments (Liu et al., 2020a, 2020b; Kono et al., 2019; Shan

et al., 2018).

Here, we take type I neuroblasts (NBs) as the example of NSCs

for nervous system development in Drosophila. Neuroepithelial
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cells form a polarized sheet in the embryonic neuroectoderm

with each cell having a cuboid shape and an apical-basal axis

perpendicular to the cell sheet plane (Figures 1A and 1B). The

apical and basolateral membrane domains of Drosophila neuro-

epithelia are demarcated by junctional protein complexes known

as adherens junctions (AJs) and septate junctions (SJs, corre-

sponding to tight junctions [TJs] in mammalian epithelia). A de-

laminated NB enters cell cycle and divides asymmetrically. Dur-

ing mitosis, this NB establishes another distinct mode of apical-

basal polarity, where several sets of protein complexes become

highly concentrated and unevenly distributed beneath either the

apical or the basal cortical membrane forming crescent-shaped

condensates under a fluorescence microscope (Figure 1A). The

apical protein condensates directly interact with astral microtu-

bules to align the mitotic spindle axis in parallel with the cell po-

larity axis. Therefore, the cleavage plane of the NB division lies in

parallel with the neuroepithelial sheet, resulting into two distinct

daughter cells: a larger NB capable of self-renewal and a smaller

ganglion mother cell (GMC), which can divide once more to form

neurons or glia (Figures 1A and 1C).

A hallmark of the asymmetric division of NBs is the formation

of several sets of highly condensed protein complexes beneath

the basal (the Numb-Pon and Mira-Pros complexes) (Lu et al.,

1998; Ikeshima-Kataoka et al., 1997; Shen et al., 1997; Rhyu

et al., 1994; Doe et al., 1991; Uemura et al., 1989) or the apical

membrane (e.g., the Baz-Par6-aPKC, Pins-Mud-Gai complexes)

(Bowman et al., 2006; Schaefer et al., 2000; Wodarz et al., 2000;

Yu et al., 2000; Kuchinke et al., 1998) (Figure 2A). The assembly

and local condensation of these complexes are long known to be

dynamic—they start to form at the onset of interphase, become

most condensed during metaphase, and dissolve after telo-

phase during mitosis (Taverna et al., 2014; Knoblich, 2010;

Gönczy, 2008). Fluorescence recovery after photobleaching

(FRAP) assays showed quite early on that Pon, Numb, and

Mira concentrated at the basal membrane crescent, as well as

Par6 condensed within the apical membrane crescent, can ex-

change with their counterparts in the dilute cytoplasm in living

NBs or in C. elegans embryos (Goehring et al., 2011; Erben

et al., 2008; Mayer et al., 2005; Lu et al., 1999). These observa-

tions indicate that the apical and basal protein complexes in

NBs can form highly condensed assemblies that are not en-

closed by membranes; a large protein concentration gradient

exists between the condensate phase and the cytosolic phase,

with an obvious boundary in between; proteins can freely diffuse

between the two phases; and the formation or dispersion of each

of these condensates is modulated in a cell cycle-dependent

manner. All these features imply that these condensed protein

assemblies may be formed via LLPS.

LLPS-Mediated Formation of the Basal Numb-Pon

Complex

A recent study has provided direct biochemical evidence that the

Numb-Pon complex can undergo phase separation in vitro (Shan

et al., 2018). The authors discovered that the Numb PTB domain,

using two distinct surfaces, binds to a bipartite motif containing

the canonical ‘‘NxxF’’ sequence and a previously uncharacter-

ized ‘‘NP[F/Y]E[V/I]xR’’ sequence arranged in tandem. Interest-

ingly, Pon contains three such bipartite motifs at its N-terminal

end (Figure 2B), suggesting the potential involvement of multiva-

lent interactions in forming the Numb-Pon complex (Li et al.,



Figure 1. Cell Polarity and Asymmetric Cell Division in Neuronal Development
(A) Schematic diagrams showing the asymmetric cell division of a Drosophila NB. The apical and basolateral crescents, AJs, and SJs are likely organized
through LLPS.
(B) Polarity of cuboidal mammalian epithelial cells.
(C) Schematic diagrams showing neurogenesis of the mouse neocortex. (C1) At the early developmental stage, each RGC divides asymmetrically to produce a
self-renewing RGC and a neuron migrating to the basal cortical plate (CP). (C2) Each RGC indirectly generates neurons via first producing an intermediate
progenitor cell (IPC) in the subventricular zone (SVZ) through oblique division. (C3) At the late developmental stage, the RGCs divide obliquely to generate outer
RGCs (oRGCs) located at the SVZ. Each oRGC divides symmetrically to self-renew and asymmetrically to generate an IPC or two neurons.
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2012). When the Numb PTB domain was mixed with a Pon frag-

ment containing the three bipartite motifs, the complex under-

went phase separation, which was largely compromised when

the protein interaction was weakened, or the valency was

decreased. In larval brains, treatment with 1,6-hexanediol

dispersed the basal condensation of Pon and Numb in dividing
NBs. The condensates were restored after washing out the

chemical. This hexanediol sensitivity provides evidence support-

ing possible LLPS of the Pon-Numb complex in vivo. In

Drosophila larval NBs where WT Pon was replaced by mutants

defective in phase separation with Numb, the basal localization

of Numb was abolished whereas the basal condensation of
Developmental Cell 54, September 28, 2020 3



Figure 2. Molecular Assemblies form LLPS-
Mediated Condensates in a Polarized
Epithelial Cell
(A) Schematic diagram showing protein conden-
sates in a polarized epithelial cell.
(B) Domain organization and interaction network of
protein complexes mediating the establishment
and maintenance of cell polarity in specific sub-
domains. Interactions between proteins within
each network and self-association of protein do-
mains are denoted by two-way arrows. Phos-
phorylation and other types of bindings are indi-
cated by one-way arrows.
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these Ponmutants remained intact. This is consistent with earlier

results that the C-terminal end of the protein is essential for Pon

condensation at basal membranes (Lu et al., 1999). Thus, it ap-

pears that, different from the Numb and Pon binary system

in vitro, Numb is not a driver but a client to co-condensate with

Pon in NBs. The threshold concentration needed for the Numb

PTB and Pon mixture to undergo LLPS in vitro was quite high

(at least a few mM). This may be partly due to the fact that thema-

jority of sequences located at the N- and C-terminal ends of the

PTB domain were not included. In addition, the ~400-residue

C-terminal part of Numb (and Numbl in mammals) is predicted

to be unstructured and particularly enriched with Pro and Gln,

a sequence feature that is known to promote LLPS of proteins

(Wang et al., 2018; Pak et al., 2016).

LLPS-Mediated Basal Condensation of the Mira-Pros

Complex

The localization and concentration of the Mira-Pros complex at

the basal membrane cortex of NBs is critical for the smaller

GMC to differentiate into neurons (Figure 1A). Mira is rapidly

degraded in GMCs, and consequently, its binding partner

Pros, a transcription factor, is released into nuclei to drive

neuronal differentiation (Choksi et al., 2006; Ikeshima-Kataoka

et al., 1997; Shen et al., 1997). A very recent study discovered

that overexpression of GFP-Pros led to the formation of chromo-

some-localized puncta in addition to the basal crescent of Pros

in mitotic NBs and these NBs prematurely differentiated into

GMCs, perhaps due to the limited anchoring capacity of the

basal Mira (Liu et al., 2020a). The chromosome retention

behavior of Pros depends on a 59-residue fragment (aa812-

870) at the center of the protein (Figure 2A), which is located

outside the basal membrane localization domain. Interestingly,

this 59-residue fragment by itself can undergo phase separation

driven by the typical intrinsically disordered region (IDR)
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sequence. Deleting this fragment or re-

placing the five aromatic residues within

the fragment impaired the phase separa-

tion, eliminated the chromosome reten-

tion, and compromised the tumor sup-

pression activity of Pros. Importantly,

replacing this 59-residue fragment with

another IDR sequence capable of LLPS

or even with a leucine zipper dimerization

domain could rescue all the above pheno-

types. Pros, via its 59-residue chromo-

some retention fragment, can promote

LLPS of HP1a and consequently drive
the expansion of the trimethylated H3K9 heterochromatin

domain and Pros-mediated suppression of target genes. One

of the Pros targets is Mira, explaining that, once GMCs are

committed to differentiation, a feedback loop is established to

ensure a low level of Mira in GMCs (Choksi et al., 2006). It is

possible that the Mira-Pros condensates at the basal membrane

cortex of NBs may also be formed via LLPS, as both proteins

contain hallmark features for phase separation (Banani et al.,

2017; Shin and Brangwynne, 2017). The formation of different

condensates of Pros in different cellular compartments, at

various time points, and for distinct activities of Pros provides

a nice example showing the functional roles of molecular assem-

bly formation mediated by phase separation in neuronal devel-

opment and likely in many other cellular processes.

The Par Complex Condensates

The Par complex (Baz-Par6-aPKC in Drosophila and Par3-Par6-

aPKC in mammals), originally discovered in C. elegans while

screening for genes required for asymmetric division of worm

embryo development (Hung and Kemphues 1999; Tabuse

et al., 1998; Etemad-Moghadam et al., 1995), is highly evolution-

arily conserved and known to be required for essentially all as-

pects of cell polarity events (St Johnston, 2018; Lang andMunro,

2017; Goehring, 2014; Rodriguez-Boulan and Macara, 2014;

Knoblich, 2010; Goldstein and Macara, 2007). The apical-basal

polarity axis of NBs is set up by the Par complex, which in turn

interacts with the Pins-Mud complex to orientate the mitotic

spindle and determines the basal localization of the Numb-

Pon, Mira-Pros complexes via aPKC-mediated phosphorylation

(St Johnston, 2018; Knoblich, 2010; Gönczy, 2008) (Figure 2).

The apical localization of the Par complex itself is likely directly

inherited from the neuroectoderm when NBs delaminate. Imag-

ing studies of fixed or living fly embryos with endogenous or

ectopically expressed Baz have shown that the Par complex
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typically forms a crescent-shaped condensate beneath the api-

cal membrane of NB. Most of these Par complex images were

acquired via confocal microscopes with the focal plane near par-

allel to the apical-basal axis of NBs. Interestingly, when the imag-

ing focal plane is perpendicular to the apical-basal axis and

focused on the apical side of NBs, each component of the Par

complex showed a patch-like distribution with clearly visible in-

dividual puncta within the patches (Liu et al., 2020b). Such

patch-like Par complex formation has also been observed

when Drosophila S2 cells were induced to polarize with overex-

pression of Baz, and the small puncta are dynamic and can fuse

into larger ones (Kono et al., 2019). All these observations sug-

gest that the Par complex in NBs or in induced polar S2 cells

may be formed via LLPS.

The Par complex formation involves extensive intermolecular

interactions among the three proteins (Holly et al., 2020; Wang

et al., 2012; Hirano et al., 2005; Joberty et al., 2000; Lin et al.,

2000; Wodarz et al., 2000; Izumi et al., 1998) and oligomerization

of theN-terminal domain (NTD, also known asCR1) of Baz or Par3

(Feng et al., 2007; Benton and Johnston, 2003) (Figure 2B). The

multivalent network of interactions suggests that phase separa-

tion may contribute to the formation of the Par complex (Li

et al., 2012). Indeed, Liu et al. (Liu et al., 2020b) showed that the

N-terminal half of Par3 containing NTD-PDZ1-3 (Par3N) could un-

dergo LLPS, although at fairly high concentration (a few mM). For-

mation of the Par6-Par3N complex lowered the phase separation

threshold concentration to a sub-micromolar level. The authors

showed that the Par3 NTD-mediated complex multimerization

and the direct binding between Par6 and Par3 are critical for the

complex to undergo LLPS in vitro and in heterologous cells. Re-

placing endogenous Baz or Par6 in Drosophila NBs with Baz or

Par6 mutants that are defective in LLPS compromised the apical

condensation of Baz and Par6 and led to defects in neuronal dif-

ferentiation of the larval brain. Themonomeric mutant of Baz/Par3

NT showed reduced phase separation with Par6, and deletion of

its NTD disrupted the formation of condensed droplet-like struc-

tures in Drosophila S2 cells (Kono et al., 2019). Interestingly,

when the Baz NTD was replaced with the IDRs of fused in sar-

coma (FUS; aa1-141 and aa1-214), the resulting Baz chimeras

could rescue phase separation of the Par3-Par6 complex in heter-

ologous cells (Liu et al., 2020b). The FUS1-214-baz transgenic flies

were not viable, presumably due to the very strong LLPS of the

Baz chimera arising from the FUS1-214 fragment (Murakami

et al., 2015; Patel et al., 2015). Instead, a shorter FUS fragment

(aa1-141) with a lower LLPS capacity was used. Replacing the

endogenous Baz with FUS1-141-baz led to the apical condensate

formation of the Baz chimera, restored the apical crescent forma-

tion of Par6 and aPKC as well as the basal localization of Mira in

NBs, and largely rescued the smaller brain phenotype caused

by the NTD deletion of Baz. These findings strongly indicate that

LLPS, instead of the classical protein-protein interactions, is crit-

ical for the apical condensation of the Par complex in NBs and the

Par complex-regulated brain development in Drosophila.

Formation of TJ Condensates

The apical and basolateral membrane domains of polarized

mammalian epithelia (e.g., neuroepithelia in ectoderm) are sepa-

rated by TJs and AJs (Figure 1B). Zona occludens (ZO) proteins

ZO1-3 are scaffold proteins belonging to the membrane-associ-

ated guanylate kinase (MAGUK) family that are critical for the as-
sembly of TJs by forming dense clusters right beneath the apical

membrane domain (Figure 2B) (Zhu et al., 2016; Fanning and An-

derson, 2009; Umeda et al., 2006; Stevenson et al., 1986). ZO1 is

also a critical component in the assembly of the apical junction

complex (AJC) at the endfeet of radial glial cells (RGCs, which

are NSCs in mammalian cortex development, Figure 1C). Beutel

et al. (Beutel et al., 2019) showed that purified ZO proteins can

undergo phase separation via multivalent inter- and intra-molec-

ular interactions. The ZO1 condensate can selectively enrich

ZO1 TJ-binding partners, such as afadin and claudins The ZO1

condensate formation is negatively regulated by ZO1 phosphor-

ylation. By tagging the endogenous ZO1 with a fluorescent tag,

the authors showed that ZO1 in polarized MDCK cells appears

to phase separate using the continuous TJ belts as the template.

Depolymerization of TJ actin filaments by latrunculin-A (LatA) in

polarized MDCK cells led to the formation of many droplet-like

puncta, which were co-condensed with cingulin and actin.

Washing LatA out restored the continuous ZO1 condensation

on the TJ belts. In 3D MDCK cysts grown in Matrigel, ZO1 mu-

tants defective in LLPS displayed leaky TJ barriers. In a back-

to-back paper with Beutel et al. (Beutel et al., 2019), Schwayer

et al. (Schwayer et al., 2019) showed that during early develop-

ment of zebrafish embryos ZO1 could form condensed assem-

blies via phase separation and these ZO1 condensates were

transported by actomyosin flow toward and incorporated into

TJs via binding to actin filaments. Together, these two studies re-

vealed that formation of highly concentrated ZO1 condensates

via LLPS is critical for organizing large TJ assemblies, which

are in turn critical for polarity development and maintenance of

epithelial cells. LLPS-mediated molecular assembly formation

may even be a general mechanism for forming other inter-cellular

junctional structures, such as AJs in epithelial cells and trans-

synaptic adhesion assemblies in neurons.

Phase Separation in Developed Neurons
In this section we focus on LLPS in the assembly and organiza-

tion of synapses in developed neurons. We summarize recent

findings on the phase separation-mediated formation of PSDs

in excitatory synapses as well as on LLPS in synaptic vesical

clustering and on active zone formation in presynaptic boutons.

These examples highlight the exciting implications of LLPS in

highly polarized and extremely compartmentalized neurons.

Asymmetric division of NSCs and subsequently the combined

asymmetric division and symmetric division of RGCs, in spatially

and temporally defined manners, generate billions of neurons

with diverse morphologies and functions in mammalian brains

(Figure 1C). These neurons grow and migrate into specific re-

gions and form elaborate networks in the adult brain

(Figure 3A). In order to keep its morphological and functional po-

larity, a neuron must solve a basic logistic challenge of localizing

different molecular components to and concentrating them in

distinct compartments (e.g., dendritic protrusions or axon termi-

nal boutons) that are far away from the soma where most of

thesemolecules aremade or degraded. Each neuron takes thou-

sands of both excitatory and inhibitory inputs from other neurons

(and occasionally from itself) via the formation of micron-sized

physical connections known as synapses, which are the most

basic units enabling neurons to communicate with each other.

Regardless of whether it is excitatory or inhibitory, each synapse
Developmental Cell 54, September 28, 2020 5



Figure 3. Complex Morphologies and Intricate Connections of Neurons
(A) Schematic drawing showing an example of circuitry formation in mouse hippocampal neurons. Dentate gyrus (DG) granule cells project to CA3 pyramidal
neurons via the mossy fibers (MFs). The CA3 pyramidal neurons then project to CA1 pyramidal neurons via the Schaffer collateral (SC). The axons of CA1 py-
ramidal neurons project to other brain regions. Interneurons project to the soma or dendritic shafts of the pyramidal neurons.
(B and C) Electron microscope images of an inhibitory and an excitatory synapse observed in a hippocampal pyramidal neuron. Scale bar, 200 nm. Images are
adapted from SynapseWeb (https://synapseweb.clm.utexas.edu/).
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is asymmetric and contains three distinct sub-compartments: a

presynaptic terminal responsible for neurotransmitter release, a

postsynaptic apparatus for receiving and interpreting the signals

carried by neurotransmitters, and a synaptic cleft enriched with

cell adhesion molecules to connect pre- and postsynaptic

plasma membranes and to align molecular machineries respon-

sible for neurotransmitter release (Figures 3B and 3C) (Chen

et al., 2020; S€udhof, 2018; Biederer et al., 2017). Under the elec-

tron microscope (EM), the bulk of neurotransmitter-containing

synaptic vesicles (SVs) are clustered densely near the presynap-

tic membrane (the so-called reserve pool of SVs). Only a few SVs

are docked to the presynaptic active zone for rapid transmitter

release induced by an action potential. The depleted SVs in the

active zone after transmitter release can be rapidly replenished

by SVs from the reserve pool (Alabi and Tsien, 2012; S€udhof,

2012). At the postsynaptic side of synapses, a thick electron-

dense molecular layer known as the PSD is formed beneath

the synaptic membrane. Excitatory synapses tend to have

thicker PSDs than inhibitory synapses (Figures 3B and 3C).

PSDs are molecular assemblies formed by numerous proteins

with very high concentrations. Both the volumes and molecular

constituents of PSDs are dynamically modulated by synaptic ac-

tivities. A series of recent studies have provided evidence that

LLPS is directly involved in the formation of SV clusters and

active zone molecular assemblies in the presynaptic boutons

as well as the assembly and activity-dependent modulation of

PSDs (Pechstein et al., 2020; Wu et al., 2019; Milovanovic

et al., 2018; Zeng et al., 2019, 2018, 2016).
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LLPS in PSD Formation and AMPA Receptor Synaptic

Transmission

Activity-dependent modulation of synapse formation and elimi-

nation and synaptic strength are regarded as one of the most

important steps in learning and memory. The physical size of a

PSD is positively correlated with the strength of a synapse (Berry

and Nedivi, 2017; Nishiyama and Yasuda, 2015). For example,

excitatory PSDs (ePSDs) are assembled by a set of highly abun-

dant multidomain scaffold proteins including PSD-95 (Kornau

et al., 1995), synapse-associated protein 90/postsynaptic den-

sity-95–associated protein (SAPAP) (Kim et al., 1997), Shank

(Naisbitt et al., 1999), andHomer (Xiao et al., 1998), forming high-

ly densemolecular condensates attached to but not enclosed by

the postsynaptic membranes (Figures 4A and 4B) (Chen et al.,

2020; Zhu et al., 2016; Feng and Zhang, 2009). Via PSD-95-

mediated binding to transmembrane AMPA receptor (AMPAR)

regulatory proteins (TARPs), which are AMPAR auxiliary sub-

units, ePSDs can promote the number and density of AMPARs

on PSD membranes and thus strengthen synapses (Nicoll

et al., 2006). Via Homer- and Shank-mediated binding to the

actin cytoskeleton away from the postsynaptic membrane,

ePSD can support or even promote structural stability of a syn-

apse. Additionally, different enzymes (e.g., SynGAP [Chen

et al., 1998; Kim et al., 1998]) can enrich themselves into the

small but spatially defined space of PSDs by interacting with

PSD scaffold proteins (e.g., specific binding of SynGAP to the

PDZ3-SH3-GK tandem of PSD-95; Zeng et al. 2016). Upon syn-

aptic stimulation, SynGAP is dispersed from the PSD

https://synapseweb.clm.utexas.edu/


Figure 4. Phase Separation at the Synapse
(A) Schematic diagram of LLPS-mediated con-
densates at synapses. Synapsin condensates,
active zone condensates, hypothetical synaptic
cleft condensates, ePSD condensates, and
speculated iPSD condensates are indicated.
(B–D) Domain organization and interaction
network of major scaffold proteins mediating
phase separation of the ePSD (B), synapsins (C),
and the active zone (D). Interactions between
proteins within each network and self-associa-
tions of domains are denoted by two-way arrows.
Other types of binding are indicated by one-way
arrows.
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condensates in living neurons—an example highlighting the dy-

namic nature of PSD assemblies (Araki et al., 2015).

In an effort to try to understand howSynGAP can be specifically

and abundantly incorporated into PSDs, Zeng et al. (Zeng et al.,

2016) discovered that mixing SynGAP (the C-terminal fragment

containing the coiled coil and PDZ-binding motif to be precise)

with the full-length PSD-95 led to the formation of condensed

droplets via LLPS. Both proteins alone were highly soluble and

monodispersed in solution. Disruption of the high-affinity binding

between SynGAP and PSD-95 or converting the SynGAP trimer

into a monomer completely abolished LLPS between SynGAP

and PSD-95 and impaired PSD-95-mediated synaptic clustering

of SynGAP, indicating that the highly specific and multivalent

interaction between PSD-95 and SynGAP is critical for the com-

plex to phase separate. Based on the observations from the highly

simplified two component system (i.e., PSD-95 and SynGAP), the

authors proposed that PSDsmay be autonomously assembled by

major scaffold proteins via LLPS. The authors went on to test their

hypothesis by trying to reconstitute PSDs using purified scaffold

proteins as the core organizers (PSD-95, SAPAP1, Shank3, and
Dev
Homer3; Figure 4B). They found that mix-

ing the four-scaffold proteins, either at

the molar ratio of 1:1:1:1 or at molar ratios

derived from quantitative mass spectrom-

etry- or quantitative imaging-based

studies of PSDs, led to the formation of

phase-separated condensates with all

four proteins colocalized together (Zeng

et al., 2018). Phase separation of the

four-scaffold PSD system is driven by

highly specific and multivalent interactions

and occurs at a threshold concentration of

below1 mM for eachprotein, which is lower

than their physiological concentrations at

the synapse (Sheng and Hoogenraad,

2007; Sugiyama et al., 2005). These con-

densates can recruit and enrich SynGAP

and cluster the cytoplasmic tails of

NR2B, indicating that the reconstituted

PSDs have the capacity to cluster gluta-

mate receptors and enrich synaptic en-

zymes. By tethering the NR2B tail tetramer

to supported lipid membrane bilayers

(SLBs) mimicking postsynaptic mem-

branes, the phase separation threshold

for the four-scaffold PSD system was
further lowered. During the study, the authors also developed

methods to measure the absolute concentration or density of

each component of PSD condensates in solution or on SLBs

and found that phase separation could concentrate proteins into

the tiny volume of a condensed phase by up to over 1,000-fold

(see also Wu et al., 2019). An interesting and likely physiologically

relevant observation is that Homer 1a, a monomeric splicing

variant of tetrameric Homer 1c, can disperse the reconstituted

PSDs in solution or on SLBs in a dose-dependent manner, due

to the monomeric Homer 1a directly competing with the tetra-

meric Homer 1c for binding to Shank3. Sleeping induces a

massive increase in the expression of Homer 1a without obvious

changes in Homer 1c, accompanied by a global down-scaling

of the size of PSDs in cortical neurons of mice (de Vivo et al.,

2017; Diering et al., 2017). Gephyrin, which is the key scaffold pro-

tein of the inhibitory PSD (iPSD), was not only not enriched in the

ePSD condensate, it was in fact actively excluded from the ePSD.

This observation indicates that the LLPS-mediated formation of

PSD condensates is highly specific and suggests that an ePSD

condensate and an iPSD condensate may co-exist within a tiny
elopmental Cell 54, September 28, 2020 7
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dendritic spine protrusion in neurons. This reconstituted PSD sys-

tem, though still much simpler than the PSDs in living neurons, not

only provides strong evidence supporting the model of LLPS-

mediatedPSD formation butmay also function as an experimental

platform for understanding molecular mechanisms underlying

synapse formation and regulation in vitro.

Given that the strength of a synapse is positively correlatedwith

the ePSD size and the number of AMPARs in the synaptic mem-

branes (Nishiyama and Yasuda, 2015; Huganir and Nicoll, 2013),

LLPS-mediated ePSD formation may be directly linked to AMPAR

synaptic clustering. In a recent study, Zenget al. (Zenget al., 2019)

discovered that the entire cytoplasmic tail of TARPs was involved

in binding to PSD-95 with the TARP PBM binding to PDZ2 via the

canonical PDZ-PBM recognition mode and an upstream Arg-rich

motif bound to a negatively charged surface away from the

PBM-binding groove of PDZ1. Such multivalent TARP-PSD-95

binding not only renders a strong interaction between the two pro-

teins but also triggers LLPS of the TARP/PSD-95 complex. Mem-

brane-tethered TARP tails can be clustered via LLPS by the ePSD

mixture, which comprises PSD-95, SynGAP, SAPAP, Shank, and

Homer at physiological concentrations—a finding that is reminis-

cent of the clustering of the AMPAR-TARP complex at PSDs in

living neurons. Mutation of TARP tails impairing the multivalent

interaction between TARP and PSD-95 disrupted or weakened

the phase separation of the TARP and ePSDmixture. Importantly,

such TARP mutants (TARP g-8 to be specific) impaired AMPAR

synaptic transmission and long-term potentiation in hippocampal

neurons, indicating that LLPS-mediated PSD formation is func-

tionally connected with the AMPAR synaptic clustering and trans-

mission.

Clustering of SVs by Synapsin Condensates

Synapsins are extremely abundant (in the order of 100 mM or

more) in presynaptic boutons (Takamori et al., 2006). Knockout

of synapsins or injection of an antibody against synapsin led to

the dispersion and disappearance of the reserve pool of SVs

without affecting the docked SVs in active zones (Pieribone

et al., 1995; Rosahl et al., 1995, and reviewed in Milovanovic

and De Camilli, 2017). If an individual SV is treated as a protein

molecule, SVs contain signature features of protein conden-

sates. These features include forming dense clusters without

physical barriers, SVs within and outside clusters are mobile

and can exchange with each other, and SV associated proteins,

such as synapsins and intersectin, are capable of forming multi-

valent interaction-mediated molecular networks (Milovanovic

and De Camilli, 2017). Indeed, Milovanovic and colleagues (Milo-

vanovic et al., 2018) found that synapsin I alone at a concentra-

tion of few mM could undergo phase separation driven by its

C-terminal IDRs (Figures 4A and 4C). Intersectin, which contains

five SH3 domains and binds to Pro-rich sequences in synapsin

IDRs, can promote synapsin phase separation. Remarkably,

when small and negatively charged synthetic liposomes resem-

bling SVs were mixed with synapsin I, liposomes and synapsin I

formed co-condensate via phase separation. EM images of a

glutaraldehyde-fixed mixture containing liposomes and synap-

sin I showed liposome clustering. Phosphorylation of synapsin

I by CaMKII could disperse the condensates formed by synapsin

I alone or by the synapsin-liposome mixture. This in vitro study

suggests that, via LLPS, synapsins can form dense clusters

and subsequently recruit SVs into the condensed phase. The for-
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mation of the synapsin I-SV co-condensate serves to cluster SVs

but at the same time do not prevent the clustered SVs from

exchanging with surrounding pools such as those in active

zones. A very recent published paper (Pechstein et al., 2020)

showed that injection of antibodies specific to the IDR region

of synapsin I into living lamprey giant reticulospinal axons selec-

tively dispersed the reserve pool of SVs, providing another evi-

dence that synapsin I IDR-driven LLPS plays a critical role in

the SV clustering in vivo.

Organizing Presynaptic Active Zones by the RIM and

RIM-BP Condensates

Docking and fusion of SVs in active zones require a distinct set of

multidomain scaffold proteins including Rab3-interacting mole-

cule (RIM), RIM binding protein (RIM-BP), and ELKS (Acuna

et al., 2016; Wang et al., 2016; S€udhof, 2012; Ohtsuka et al.,

2002; Wang et al., 2000, 1997). EM images of active zones ob-

tained from synapses under chemically fixed conditions revealed

grid-like electron-dense structures known as dense projections,

which largely disappeared when both RIM and RIM-BP or RIM-

BP and ELKS were removed (Acuna et al., 2016; Wang et al.,

2016). Super-resolution optical imaging study has also shown

that RIM forms dense clusters in active zones (Tang et al.,

2016). Thus, analogous to PSDs, the presynaptic active zones

may also be formed by a set of scaffold proteins via LLPS. A

study by Wu et al. (Wu et al., 2019) provided evidence to support

this hypothesis. The study showed that a RIM and RIM-BP

mixture at a concentration ~1 mM readily started to form conden-

sates via LLPS. Interactions between the three SH3 domains of

RIM-BP and multiple Pro-rich motifs as well as several IDRs of

RIM are critical for the formation of the RIM and RIM-BP conden-

sates (Figures 4A and 4D). Interestingly, the RIM/RIM-BP con-

densates can recruit and massively cluster the cytoplasmic tails

of voltage-gated Ca2+ channels (VGCCs) in solution or tethered

to SLBs, indicating that clustering of VGCCs near the vesicle

release sites is also mediated by phase separation. The study

by Wu et al. indicated that presynaptic active zones may be

formed by major scaffold proteins including RIM, RIM-BP, and

likely others, such as ELKS and Liprins via LLPS and anchored

to the presynaptic membranes via binding to proteins, such as

VGCCs and LAR phosphatase. However, currently it is not clear

how docked SVs are physically connected to active zones.

Communication between Membraneless and
Membrane-Based Organelles
Except for the condensation of Pros on chromosomes, the

LLPS-mediated molecular condensates discussed above all

share a common feature. Although not enclosed by lipid mem-

branes, these condensed molecular assemblies directly interact

with membrane-based compartments, such as plasma mem-

branes or SVs. The interaction between molecular condensates

and lipid membranes can occur in different ways, including

direct binding of condensates to transmembrane proteins (e.g.,

binding of the TARP tail to PSD-95 in PSDs and the VGCC tail

to the RIM/RIM-BP complex) or binding of a protein in the con-

densates to lipids in membranes (e.g., synapsins binding to

negatively charged lipids in liposomes). Direct interactions be-

tween membraneless compartments and membrane-based

subcellular organelles or plasma membranes significantly

expand modes of operations for many cellular processes in cells
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including neurons. For example, limited amounts of molecules

will be able to concentrate into a small volume via LLPS and sub-

sequently be localized at defined subcellular regions (e.g.,

beneath pre- or postsynaptic plasma membranes). It is conceiv-

able that membraneless molecular condensates may utilize

elaborate lipid membrane-based sorting and trafficking mecha-

nisms for intracellular distribution or secretion to the extracellular

space. It is also possible that certain extracellular protein assem-

blies may form condensates and interact with the outer plasma

membranes of cells (e.g., highly condensed proteinaceous mo-

lecular assemblies in the synaptic junctions). Emerging evidence

shows that membraneless molecular condensates can commu-

nicate with membrane-based compartments to regulate the

functions of both types of organelles.

For example, the N-terminal half of annexin11 co-phase sepa-

rates with RNA granule condensates and the C-terminal annexin

repeats directly bind to PI(3)P-enriched lysosomal membranes.

By doing so, annexin11 serves as an adaptor that connectsmem-

braneless RNA granules and membrane-delimited lysosomes for

long-distance RNA transport in cellular processes, such as

neuronal axons (Liao et al., 2019). Noda and colleagues (Yamasaki

et al., 2020) showed that, in yeast selective autophagy, cargo pro-

tein Ape1 could spontaneously formcondensates via LLPS. Atg19

bound to Ape1 and Atg8 via its central coiled-coil domain and

C-terminal ‘‘LIR’’ motif, respectively, serving as an adaptor linking

autophagy cargo Ape1 condensates to the autophagosome

membranes. Curiously, the N-terminal 153-residue fragment,

together with the following Ape1-binding coiled-coil domain, of

Atg19 formed a membrane-like coat on the Ape1 condensate.

The ‘‘LIR’’ motif of Atg19 then tethered the coated Ape1 conden-

sates to Atg8-containing membranes. Thus, the study uncovered

a clear molecular mechanism underlying the direct association

between a membraneless protein condensate and a membrane-

based organelle. The authors also showed that the pre-autopha-

gosomal structure (PAS) composed of Atg1, Atg13, Atg17, Atg29,

and Atg31was formed via LLPS driven by highly specific and stoi-

chiometric interactions between the Atg proteins (Fujioka et al.,

2020) . The PAS condensates, via the Atg13-mediated binding

to Vac8 on the vacuolar membranes, directly associated with

the membrane-based vacuole. In another example, yeast TIS11,

anAU-rich element specificRNAbinding protein, could form liquid

or gel-like condensates attached to the rough endoplasmic retic-

ulum (ER) membrane surface, thereby forming a unique subcellu-

lar compartment that could selectively enrich transcripts with

30UTR AU-rich elements and recruit a specific set of proteins to

promote translation of the proteins encoded by these transcripts

(Ma and Mayr, 2018). Interaction between the TIS11B-containing

membraneless organelle and themembrane-based ER generated

a unique subcellular compartment that allows genetic information

encoded by 30UTR to be transmitted in a spatially definedmanner.

From the evolutionary perspective, it is perhaps not surprising

that membraneless molecular condensates can associate and

communicate with membrane-based organelles. Membraneless

molecular condensates likely emerged earlier than membrane-

based organelles during the evolution of life, as the synthesis

of membrane-forming lipids needs a host of different enzymes.

If this logic holds, there is no reason to think that cells do not

also make use of these two types of organelles for their

wellbeing.
Conclusions and Future Perspective
With the fast-growing list of molecular condensates observed

in vitro, one pressing question is what their biological functions

are in vivo. Various molecular condensates formed via LLPS dis-

cussed in this review appear to play critical roles in modulating

molecular processes vital for nervous system development and

in orchestrating signal transduction between neuronal synapses.

Although the significance of phase separation has been increas-

ingly appreciated in the past few years, researchers should al-

ways ask whether or not the observations made can simply be

explained by canonical biomolecular interactions. As exempli-

fied by the studies discussed here, one might introduce muta-

tions that specifically disrupt the interface involved in phase sep-

aration or replace a critical region with another typical sequence

capable of driving phase separation to test the role of LLPS in

cellular functions. Nevertheless, direct observation and charac-

terization of phase separation in vivo can be challenging in

many biological systems. For instance, neuronal synapses are

minuscule in size and hence far beyond the resolution limit of

many existing live imaging techniques. Therefore, the majority

of studies on the formation of synaptic biomolecular conden-

sates mediated by phase separation are carried out in vitro.

Development of new methods is, thus, required to overcome

current technical barriers. Another fertile research direction is

how the regulation of condensates formation and dispersion

mediated by phase separation might be coupled with cellular ac-

tivities. In neuronal development, the formation of protein con-

densates beneath the apical or basal membranes of NBs is

tightly synchronized with cell-cycle stages. Cell-cycle regula-

tors, such various cell-cycle-dependent protein kinases are likely

involved in the assembly or dispersion of various protein conden-

sates. In developed neurons, the size andmolecular constituents

of PSDs are closely correlated with synaptic strength. How is the

synaptic condensate formation spatially and temporally coordi-

nated? How do regulatory proteins such as kinases and small

GTPases function in the condensed phases? Calmodulin-

dependent kinase II (CaMKII) is a particularly important synaptic

structure and activity regulator and an extremely abundant ePSD

component. CaMKII may simultaneously act as an ePSD scaf-

fold and an assembly regulator. But little is known about the ki-

nase’s role in the formation and regulation of the ePSD conden-

sates. These questions and more await answers.

Molecular condensates formed via LLPS are not enclosed by

lipid membranes and such membraneless subcellular organelles

have many unique properties not found in membrane-based or-

ganelles (Chen et al., 2020; Feng et al., 2019; Banani et al., 2017;

Shin and Brangwynne, 2017). These membraneless organelles,

either alone or together with various membrane-based organ-

elles, greatly expand the means by which cells orchestrate

diverse functional processes with the limited amounts of mate-

rials they possess. Thus, communications among membrane-

less condensates and between membraneless and membrane-

bound organelles represent another research direction in the

field of phase separation.

One topic that has not been touched on in this review is the po-

tential involvement of phase separation in neurodevelopmental,

neuropsychiatric, and neurodegenerative diseases. Studies dis-

cussed here have indicated that LLPS mediates the formation of

protein condensates involved in determining the polarity of NSCs
Developmental Cell 54, September 28, 2020 9
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and their fate. It is therefore possible that alteration of these con-

densates may cause developmental defects in the human brain.

Understanding biological condensate formation in synaptic or-

ganization might help in elucidating mechanisms underlying

the broad spectrum of genetic mutations, which are associated

with neuropsychiatric disorders, in various synaptic proteins. We

should certainly take the concept of phase separation into

consideration when studying the occurrence and progression

of various human brain diseases. Doing so might offer new ther-

apeutic opportunities.

WEB RESOURCES

SynapseWeb, https://synapseweb.clm.utexas.edu/
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Gönczy, P. (2008). Mechanisms of asymmetric cell division: flies and worms
pave the way. Nat. Rev. Mol. Cell Biol. 9, 355–366.

Han, T.W., Kato, M., Xie, S., Wu, L.C., Mirzaei, H., Pei, J., Chen, M., Xie, Y., Al-
len, J., Xiao, G., and McKnight, S.L. (2012). Cell-free formation of RNA gran-
ules: bound RNAs identify features and components of cellular assemblies.
Cell 149, 768–779.

Hirano, Y., Yoshinaga, S., Takeya, R., Suzuki, N.N., Horiuchi, M., Kohjima, M.,
Sumimoto, H., and Inagaki, F. (2005). Structure of a cell polarity regulator, a
complex between atypical PKC and Par6 PB1 domains. J. Biol. Chem. 280,
9653–9661.

Holguera, I., and Desplan, C. (2018). Neuronal specification in space and time.
Science 362, 176–180.

https://synapseweb.clm.utexas.edu/
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref1
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref1
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref1
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref1
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref2
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref2
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref3
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref3
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref3
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref4
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref4
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref4
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref5
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref5
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref5
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref6
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref6
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref7
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref7
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref8
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref8
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref8
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref9
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref9
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref10
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref10
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref10
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref10
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref11
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref11
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref11
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref11
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref11
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref12
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref12
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref12
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref13
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref13
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref13
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref14
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref14
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref15
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref15
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref15
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref15
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref16
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref16
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref17
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref17
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref17
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref18
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref18
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref19
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref19
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref19
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref20
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref20
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref21
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref21
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref21
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref22
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref22
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref22
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref22
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref23
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref23
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref23
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref24
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref24
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref24
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref25
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref25
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref25
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref26
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref26
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref26
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref27
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref27
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref27
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref28
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref28
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref28
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref29
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref29
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref30
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref30
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref30
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref31
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref31
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref32
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref32
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref33
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref33
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref33
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref33
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref34
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref34
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref34
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref34
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref35
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref35


ll
Review

Please cite this article in press as: Wu et al., Liquid-Liquid Phase Separation in Neuronal Development and Synaptic Signaling, Developmental Cell
(2020), https://doi.org/10.1016/j.devcel.2020.06.012
Holly, R.W., Jones, K., and Prehoda, K.E. (2020). A conserved PDZ-binding
motif in aPKC interacts with Par-3 and mediates cortical polarity. Curr. Biol.
30, 893–898.e5.

Huganir, R.L., and Nicoll, R.A. (2013). AMPARs and synaptic plasticity: the last
25 years. Neuron 80, 704–717.

Hung, T.J., and Kemphues, K.J. (1999). PAR-6 is a conserved PDZ domain-
containing protein that colocalizes with PAR-3 in Caenorhabditis elegans em-
bryos. Development 126, 127–135.

Ikeshima-Kataoka, H., Skeath, J.B., Nabeshima, Y., Doe, C.Q., andMatsuzaki,
F. (1997). Miranda directs Prospero to a daughter cell during Drosophila asym-
metric divisions. Nature 390, 625–629.

Izumi, Y., Hirose, T., Tamai, Y., Hirai, S., Nagashima, Y., Fujimoto, T., Tabuse,
Y., Kemphues, K.J., and Ohno, S. (1998). An atypical PKC directly associates
and colocalizes at the epithelial tight junction with ASIP, a mammalian homo-
logue of Caenorhabditis elegans polarity protein PAR-3. J. Cell Biol.
143, 95–106.

Joberty, G., Petersen, C., Gao, L., and Macara, I.G. (2000). The cell-polarity
protein Par6 links Par3 and atypical protein kinase C to Cdc42. Nat. Cell
Biol. 2, 531–539.

Kato, M., Han, T.W., Xie, S., Shi, K., Du, X., Wu, LeejuC., Mirzaei, H., Gold-
smith, E.J., Longgood, J., Pei, J., et al. (2012). Cell-free formation of RNA gran-
ules: low complexity sequence domains form dynamic fibers within hydrogels.
Cell 149, 753–767.

Kim, E., Naisbitt, S., Hsueh, Y.P., Rao, A., Rothschild, A., Craig, A.M., and
Sheng, M. (1997). GKAP, a novel synaptic protein that interacts with the gua-
nylate kinase-like domain of the PSD-95/SAP90 family of channel clustering
molecules. J. Cell Biol. 136, 669–678.

Kim, H.J., Kim, N.C., Wang, Y.D., Scarborough, E.A., Moore, J., Diaz, Z., Ma-
cLea, K.S., Freibaum, B., Li, S., Molliex, A., et al. (2013). Mutations in prion-like
domains in hnRNPA2B1 and hnRNPA1 cause multisystem proteinopathy and
ALS. Nature 495, 467–473.

Kim, J.H., Liao, D., Lau, L.F., and Huganir, R.L. (1998). SynGAP: a synaptic
RasGAP that associates with the PSD-95/SAP90 protein family. Neuron 20,
683–691.

Knoblich, J.A. (2010). Asymmetric cell division: recent developments and their
implications for tumour biology. Nat. Rev. Mol. Cell Biol. 11, 849–860.

Kono, K., Yoshiura, S., Fujita, I., Okada, Y., Shitamukai, A., Shibata, T., and
Matsuzaki, F. (2019). Reconstruction of Par-dependent polarity in apolar cells
reveals a dynamic process of cortical polarization. eLife 8, e45559.

Kornau, H.C., Schenker, L.T., Kennedy, M.B., and Seeburg, P.H. (1995).
Domain interaction between NMDA receptor subunits and the postsynaptic
density protein Psd-95. Science 269, 1737–1740.

Kriegstein, A., and Alvarez-Buylla, A. (2009). The glial nature of embryonic and
adult neural stem cells. Annu. Rev. Neurosci. 32, 149–184.

Kuchinke, U., Grawe, F., and Knust, E. (1998). Control of spindle orientation in
Drosophila by the Par-3-related PDZ-domain protein Bazooka. Curr. Biol. 8,
1357–1365.

Lang, C.F., and Munro, E. (2017). The PAR proteins: from molecular circuits to
dynamic self-stabilizing cell polarity. Development 144, 3405–3416.

Li, P., Banjade, S., Cheng, H.C., Kim, S., Chen, B., Guo, L., Llaguno, M., Hol-
lingsworth, J.V., King, D.S., Banani, S.F., et al. (2012). Phase transitions in the
assembly of multivalent signalling proteins. Nature 483, 336–340.

Liao, Y.C., Fernandopulle, M.S., Wang, G., Choi, H., Hao, L., Drerup, C.M., Pa-
tel, R., Qamar, S., Nixon-Abell, J., Shen, Y., et al. (2019). RNA granules hitch-
hike on lysosomes for long-distance transport, using annexin A11 as a molec-
ular tether. Cell 179, 147–164.e20.

Lin, D., Edwards, A.S., Fawcett, J.P., Mbamalu, G., Scott, J.D., and Pawson, T.
(2000). A mammalian PAR-3-PAR-6 complex implicated in Cdc42/Rac1 and
aPKC signalling and cell polarity. Nat. Cell Biol. 2, 540–547.

Lin, Y., Protter, D.S., Rosen, M.K., and Parker, R. (2015). Formation and matu-
ration of phase-separated liquid droplets by RNA-binding proteins. Mol. Cell
60, 208–219.
Liu, X., Shen, J., Xie, L., Wei, Z., Wong, C., Li, Y., Zheng, X., Li, P., and Song, Y.
(2020a). Mitotic implantation of the transcription factor Prospero via phase
separation drives terminal neuronal differentiation. Dev. Cell 52, 277–293.e8.

Liu, Z., Yang, Y., Gu, A., Xu, J., Mao, Y., Lu, H., Hu, W., Lei, Q.Y., Li, Z., Zhang,
M., et al. (2020b). Par complex cluster formation mediated by phase separa-
tion. Nat. Commun. 11, 2266.

Lu, B., Ackerman, L., Jan, L.Y., and Jan, Y.N. (1999). Modes of protein move-
ment that lead to the asymmetric localization of partner of numb during
Drosophila neuroblast division. Mol. Cell 4, 883–891.

Lu, B., Rothenberg, M., Jan, L.Y., and Jan, Y.N. (1998). Partner of numb coloc-
alizes with numb during mitosis and directs numb asymmetric localization in
Drosophila neural and muscle progenitors. Cell 95, 225–235.

Ma, W., and Mayr, C. (2018). A membraneless organelle associated with the
endoplasmic reticulum enables 30UTR-mediated protein-protein interactions.
Cell 175, 1492–1506.e19.

Mayer, B., Emery, G., Berdnik, D., Wirtz-Peitz, F., and Knoblich, J.A. (2005).
Quantitative analysis of protein dynamics during asymmetric cell division.
Curr. Biol. 15, 1847–1854.

Milovanovic, D., and De Camilli, P. (2017). Synaptic vesicle clusters at synap-
ses: a distinct liquid phase? Neuron 93, 995–1002.

Milovanovic, D., Wu, Y., Bian, X., and De Camilli, P. (2018). A liquid phase of
synapsin and lipid vesicles. Science 361, 604–607.

Molliex, A., Temirov, J., Lee, J., Coughlin, M., Kanagaraj, A.P., Kim, H.J., Mit-
tag, T., and Taylor, J.P. (2015). Phase separation by low complexity domains
promotes stress granule assembly and drives pathological fibrillization. Cell
163, 123–133.

Murakami, T., Qamar, S., Lin, J.Q., Schierle, G.S., Rees, E., Miyashita, A.,
Costa, A.R., Dodd, R.B., Chan, F.T., Michel, C.H., et al. (2015). ALS/FTD mu-
tation-induced phase transition of FUS liquid droplets and reversible hydrogels
into irreversible hydrogels impairs RNP granule function. Neuron 88, 678–690.

Naisbitt, S., Kim, E., Tu, J.C., Xiao, B., Sala, C., Valtschanoff, J., Weinberg,
R.J., Worley, P.F., and Sheng, M. (1999). Shank, a novel family of postsynaptic
density proteins that binds to the NMDA receptor/PSD-95/GKAP complex and
cortactin. Neuron 23, 569–582.

Nedelsky, N.B., and Taylor, J.P. (2019). Bridging biophysics and neurology:
aberrant phase transitions in neurodegenerative disease. Nat. Rev. Neurol.
15, 272–286.

Nicoll, R.A., Tomita, S., and Bredt, D.S. (2006). Auxiliary subunits assist AMPA-
type glutamate receptors. Science 311, 1253–1256.

Nishiyama, J., and Yasuda, R. (2015). Biochemical computation for spine
structural plasticity. Neuron 87, 63–75.

Ohtsuka, T., Takao-Rikitsu, E., Inoue, E., Inoue, M., Takeuchi, M., Matsubara,
K., Deguchi-Tawarada, M., Satoh, K., Morimoto, K., Nakanishi, H., and Takai,
Y. (2002). Cast: a novel protein of the cytomatrix at the active zone of synapses
that forms a ternary complex with RIM1 and munc13-1. J. Cell Biol. 158,
577–590.

Pak, C.W., Kosno, M., Holehouse, A.S., Padrick, S.B., Mittal, A., Ali, R., Yunus,
A.A., Liu, D.R., Pappu, R.V., and Rosen, M.K. (2016). Sequence determinants
of intracellular phase separation by complex coacervation of a disordered pro-
tein. Mol. Cell 63, 72–85.

Patel, A., Lee, H.O., Jawerth, L., Maharana, S., Jahnel, M., Hein, M.Y., Stoy-
nov, S., Mahamid, J., Saha, S., Franzmann, T.M., et al. (2015). A liquid-to-solid
phase transition of the ALS protein FUS accelerated by disease mutation. Cell
162, 1066–1077.

Pechstein, A., Tomilin, N., Fredrich, K., Vorontsova, O., Sopova, E., Evergren,
E., Haucke, V., Brodin, L., and Shupliakov, O. (2020). Vesicle clustering in a
living synapse depends on a synapsin region that mediates phase separation.
Cell Rep 30, 2594–2602.e3.

Pieribone, V.A., Shupliakov, O., Brodin, L., Hilfiker-Rothenfluh, S., Czernik,
A.J., and Greengard, P. (1995). Distinct pools of synaptic vesicles in neuro-
transmitter release. Nature 375, 493–497.

Rhyu, M.S., Jan, L.Y., and Jan, Y.N. (1994). Asymmetric distribution of numb
protein during division of the sensory organ precursor cell confers distinct
fates to daughter cells. Cell 76, 477–491.
Developmental Cell 54, September 28, 2020 11

http://refhub.elsevier.com/S1534-5807(20)30462-7/sref36
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref36
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref36
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref37
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref37
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref38
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref38
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref38
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref39
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref39
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref39
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref40
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref40
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref40
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref40
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref40
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref41
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref41
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref41
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref42
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref42
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref42
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref42
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref43
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref43
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref43
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref43
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref44
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref44
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref44
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref44
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref45
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref45
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref45
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref46
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref46
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref47
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref47
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref47
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref48
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref48
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref48
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref49
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref49
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref50
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref50
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref50
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref51
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref51
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref52
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref52
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref52
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref53
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref53
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref53
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref53
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref54
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref54
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref54
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref55
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref55
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref55
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref56
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref56
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref56
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref57
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref57
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref57
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref58
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref58
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref58
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref59
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref59
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref59
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref60
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref60
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref60
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref60
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref61
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref61
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref61
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref62
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref62
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref63
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref63
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref64
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref64
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref64
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref64
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref65
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref65
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref65
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref65
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref66
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref66
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref66
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref66
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref67
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref67
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref67
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref68
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref68
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref69
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref69
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref70
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref70
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref70
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref70
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref70
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref71
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref71
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref71
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref71
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref72
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref72
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref72
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref72
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref73
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref73
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref73
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref73
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref74
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref74
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref74
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref75
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref75
http://refhub.elsevier.com/S1534-5807(20)30462-7/sref75


ll
Review

Please cite this article in press as: Wu et al., Liquid-Liquid Phase Separation in Neuronal Development and Synaptic Signaling, Developmental Cell
(2020), https://doi.org/10.1016/j.devcel.2020.06.012
Rodriguez-Boulan, E., and Macara, I.G. (2014). Organization and execution of
the epithelial polarity programme. Nat. Rev. Mol. Cell Biol. 15, 225–242.

Rosahl, T.W., Spillane, D., Missler, M., Herz, J., Selig, D.K., Wolff, J.R.,
Hammer, R.E., Malenka, R.C., and S€udhof, T.C. (1995). Essential functions
of synapsins I and II in synaptic vesicle regulation. Nature 375, 488–493.

Ryan, V.H., and Fawzi, N.L. (2019). Physiological, pathological, and targetable
membraneless organelles in neurons. Trends Neurosci 42, 693–708.

Schaefer, M., Shevchenko, A., Shevchenko, A., and Knoblich, J.A. (2000). A
protein complex containing Inscuteable and the Ga-binding protein Pins ori-
ents asymmetric cell divisions in Drosophila. Curr. Biol. 10, 353–362.

Schwayer, C., Shamipour, S., Pranjic-Ferscha, K., Schauer, A., Balda, M.,
Tada, M., Matter, K., and Heisenberg, C.P. (2019). Mechanosensation of tight
junctions depends on ZO-1 phase separation and flow. Cell 179, 937–952.e18.

Shan, Z., Tu, Y., Yang, Y., Liu, Z., Zeng, M., Xu, H., Long, J., Zhang, M., Cai, Y.,
and Wen, W. (2018). Basal condensation of Numb and Pon complex via phase
transition during Drosophila neuroblast asymmetric division. Nat. Commun.
9, 737.

Shen, C.P., Jan, L.Y., and Jan, Y.N. (1997). Miranda is required for the asym-
metric localization of Prospero during mitosis in Drosophila. Cell 90, 449–458.

Sheng, M., and Hoogenraad, C.C. (2007). The postsynaptic architecture of
excitatory synapses: a more quantitative view. Annu. Rev. Biochem. 76,
823–847.

Shin, Y., and Brangwynne, C.P. (2017). Liquid phase condensation in cell
physiology and disease. Science 357, eaaf4382.

Silbereis, J.C., Pochareddy, S., Zhu, Y., Li, M., and Sestan, N. (2016). The
cellular and molecular landscapes of the developing human central nervous
system. Neuron 89, 248–268.

Siller, K.H., and Doe, C.Q. (2009). Spindle orientation during asymmetric cell
division. Nat. Cell Biol. 11, 365–374.

St George-Hyslop, P., Lin, J.Q., Miyashita, A., Phillips, E.C., Qamar, S., Ran-
dle, S.J., and Wang, G. (2018). The physiological and pathological biophysics
of phase separation and gelation of RNA binding proteins in amyotrophic
lateral sclerosis and fronto-temporal lobar degeneration. Brain Res
1693, 11–23.

St Johnston, D. (2018). Establishing and transducing cell polarity: common
themes and variations. Curr. Opin. Cell Biol. 51, 33–41.

Stevenson, B.R., Siliciano, J.D., Mooseker, M.S., and Goodenough, D.A.
(1986). Identification of ZO-1: a high molecular weight polypeptide associated
with the tight junction (zonula occludens) in a variety of epithelia. J. Cell Biol.
103, 755–766.

Su, X., Ditlev, J.A., Hui, E., Xing, W., Banjade, S., Okrut, J., King, D.S., Taunton,
J., Rosen, M.K., and Vale, R.D. (2016). Phase separation of signaling mole-
cules promotes T cell receptor signal transduction. Science 352, 595–599.

S€udhof, T.C. (2012). The presynaptic active zone. Neuron 75, 11–25.

S€udhof, T.C. (2017). Synaptic neurexin complexes: a molecular code for the
logic of neural circuits. Cell 171, 745–769.

S€udhof, T.C. (2018). Towards an understanding of synapse formation. Neuron
100, 276–293.

Sugiyama, Y., Kawabata, I., Sobue, K., and Okabe, S. (2005). Determination of
absolute protein numbers in single synapses by a GFP-based calibration tech-
nique. Nat. Methods 2, 677–684.

Tabuse, Y., Izumi, Y., Piano, F., Kemphues, K.J., Miwa, J., andOhno, S. (1998).
Atypical protein kinase C cooperates with PAR-3 to establish embryonic polar-
ity in Caenorhabditis elegans. Development 125, 3607–3614.

Takamori, S., Holt, M., Stenius, K., Lemke, E.A., Grønborg, M., Riedel, D., Ur-
laub, H., Schenck, S., Br€ugger, B., Ringler, P., et al. (2006). Molecular anatomy
of a trafficking organelle. Cell 127, 831–846.

Tang, A.H., Chen, H., Li, T.P., Metzbower, S.R., MacGillavry, H.D., and Blan-
pied, T.A. (2016). A trans-synaptic nanocolumn aligns neurotransmitter release
to receptors. Nature 536, 210–214.
12 Developmental Cell 54, September 28, 2020
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