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Liquid—liquid phase separation (LLPS) is a reversible and dynamical biophysical process where homogeneous
biomacromolecules spontaneously de-mix into two coexisting liquid phases (a condensed phase and a dilute

phase) through transient multivalent macromolecular interactions.

Alzheimer’s disease (AD) liquid—liquid phase separation (LLPS) membraneless organelles (MLOSs)

metabolic bone diseases (MBDSs)

| 1. Introduction

Liquid—liquid phase separation (LLPS) is a reversible and dynamical biophysical process where homogeneous
biomacromolecules spontaneously de-mix into two coexisting liquid phases (a condensed phase and a dilute
phase) through transient multivalent macromolecular interactions 22, Currently, LLPS is reported to be considered
the underlying of multiple biological processes, especially for the formation of membraneless organelles (MLOSs),
such as processing bodies (P-bodies), stress granules, and nucleolar. In fact, LLPS tends to compartmentalize and
concentrate biomacromolecules into liquid-like condensates, which underlies MLO formation to explain the self-
assembly process of subcellular structures B, LLPS also serves as an important natural defense mechanism in
response to external various stimuli in living cells . It is reported that LLPS is associated with the pathogenesis of

multiple human diseases, such as neurodegeneration, infectious diseases, cancer, and aging diseases Ellla)

Metabolic diseases usually disrupt the critical biochemical reactions of cells, including the processing or transport
of proteins (amino acids), carbohydrates (sugars and starches), or lipids (fatty acids) . Most importantly, several
metabolic diseases are strongly associated with amyloid depositions which are insoluble proteinaceous aggregates

depositions.

2. Major Milestones of Liquid-Liquid Phase Separation
Development

Although increasing research on LLPS has identified its essential roles in physiology and diseases, it also
experienced a tortuous development history. The following brief introduction will discuss the research development

and milestone achievements of liquid—liquid phase separation (Figure 1).
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Figure 1. The development history and discovery of the amazing and vital roles of LLPS in biology. Representative

milestones sparking tremendous development of LLPS are enumerated in the figure.

3. Representative Research Methods of Liquid-Liquid Phase
Separation

At present, LLPS has become a research hotspot in the field of biology. Therefore, the research methods of LLPS
are also gradually diversified. Here, researchers briefly introduce the existing representative strategies of LLPS

based on the in vitro and in vivo reported research, respectively.

3.1. In Vitro

It is easy to observe the process of LLPS and control the concentration and environmental conditions of each
component in vitro. Thus, diverse microscopies are increasingly applied to determine the characteristics of liquid-
like droplets formed by LLPS. For example, differential interference contrast (DIC) imaging is a representative
method to visualize the properties of droplets, which can present the coexistence of two or more phases. Besides,
fluorescence correlation spectroscopy (FCS) is considered another ideal tool to estimate the diffusion capacity of a
single molecule inside the LLPS droplet Bl. FCS is always used to detect sparsely labeled and highly mobile
components as well as droplet dilution. Atomic force microscopy (AFM) can describe the properties of biological
condensate materials, such as viscosity, pore size, elasticity, and other parameters. Zeng et al. measured the
mechanical properties of postsynaptic density (PSD) droplets to monitor individual phase performance by AFM [,
Furthermore, liquid-phase transmission electron microscopy (LP-TEM) can enable direct visualization and real-time
observation of liquid-like droplets formation to discover and renew biological assembly mechanisms 19, Moreover,

the fluorescent labeling and the dynamic imaging of liquid-like droplets are powerful methods to study the
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mechanisms of LLPS formation. In addition, the turbidity measurement assay is also a popular intuitive detection
method for LLPS in vitro 111121, The components in the solution can scatter visible light from tens to hundreds of
nanometers in diameter, which could be measured by optical density. Notably, this method just only detects the
components in a droplet, the observation of the droplet shape, size and formation principle still requires a
combination with microscopy [£2l. Furthermore, centrifugal precipitation is also another common detection strategy
of LLPS. It can be observed transparent droplets that differ from the sediment and assess the proteins in different
phases through centrifugation precipitation 4. The light phase and the dense phase were separated by
centrifugation, and then their concentration is measured by spectroscopy. Fluorescence recovery after
photobleaching (FRAP) allows to capture of the exchange of substances between dense and dilute phases and
observe the constant dynamic change process of LLPS, which is increasingly used to demonstrate molecular
motion inside droplets 3. Additionally, the optoDroplet is a tool that uses light to manipulate matter inside living
cells and has begun to explain how proteins assemble into different liquid and gel-like solid states, a key to
understanding many critical cellular operations. The optoDroplet tool is starting to allow to dissect the rules of
physics and chemistry that govern the self-assembly of MLOs. Importantly, researchers have only introduced the
most common research methods of LLPS and MLOs. There are many more approaches to examine LLPS and
MLOs, such as passive microrheology, active microrheology, cryoelectron tomography, nuclear magnetic
resonance, capillary flow experiments, microfluidic tools as well as Corelets and PixELL platforms 18, The existing
research methods of LLPS in vitro are diversified (Figure 2), and more accurate detection technologies still need to

be developed in the future.
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Figure 2. Representative research methods and technology to identify or study LLPS. Various microscopic
techniqgues can be used to detect the process of phase transition and visualize the properties of droplets.
Centrifugal precipitation is another common detection strategy of LLPS. The FRAP is the well-recognized method
for the observation of LLPS, which was accomplished by measuring the fluorescence intensity of the bleached
region prior to, immediately after, and throughout recovery from bleaching. The optoDroplet provides a level of

control that can be used to precisely map the phase diagram in living cells.

3.2.In Vivo

The research methods of LLPS in vivo are more complicated compared with that in vitro. The high protein
concentration is one of the important prerequisites for LLPS in cells. Therefore, overexpression of LLPS-triggering

proteins is the common manner to drive and detect LLPS in vivo. At present, it is believed that the accepted criteria
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for a phase separation structure are the formation of a spherical structure, the ability to fuse, and the ability to
recover from photobleaching 3. The recovery time of FRAP not only depends on the protein/RNA concentration
but also on the droplet size and the bleaching area (12|, Therefore, combining it with the other methods is more
accurate for LLPS detection (Figure 2).

To identify the property of LLPS in vivo, Delarue et al. developed a homomultimeric scaffold fused with a
fluorescent protein, named genetically encoded nanoparticles (GEMS), and used as an effective probe in the
cytoplasmic matrix. The probe can evaluate the condensate porosity and parameters in the cellular environment
(171, Compared with the numerous research strategies of LLPS in vitro, how determining the physical and chemical
properties of phase separation droplets in vivo still needs further exploration. In addition, it is also needful to

explore several novel methods to explore the biological functions of LLPS in cells.

4. Liquid-Liquid Phase Separation Underlies MLOs
Formation

It is well recognized that LLPS of biomacromolecules have emerged as a biophysical basis for the formation of
MLOs in living cells 13, Ubiquitously, MLOs in eukaryotic cells modulate a variety of physiological and pathological
traits through multiple ways, which are closely related to the physical properties, types, and intracellular localization
of MLOs 8. Moreover, MLOs formed by LLPS are broadly distributed in the cytoplasm, nucleus, and membrane
(191201 | this section, researchers mainly review the biological function of the MLOs localized in the cytoplasm
such as stress granules (SGs), processing bodies (P-bodies), as well as in the nucleus including nucleol,
paraspeckles, PML bodies, and Cajal bodies. Table 1 displayed representative MLOs with different cellular

localization and their function.

Table 1. Examples of the various MLOs formed by LLPS and their functions.

Names of

Localization Biological Function Referen
ocalizatio Condensates ological Functio ererences
TCR clusters T-cell immune signal transduction (21]
Nephrin clusters Glomerular filtration barrier [22]
Plasma . )
Actin patches Endocytosis [23]
membrane
Focal adhesions Cell adhesion and migration [24]
Synaptic densities Neurotransmission [14]
Cytoplasm Stress granules mRNA storage and translational regulation [25]
RNA transport .
anspo MRNA storage and transport in neuronal cells [26]
granules
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N Names of . . .
Localization Condensates Biological Function References
U body Storage and assembly of snRNPs [27]
P body MRNA decay and silencing [28]
A transient collection of proteins, RNA, and membrane-
Balbiani body bound organelles found in primary oocytes of all animals [29]
observed to date
P granules Germ cell lineage maintenance in Caenorhabditis elegans 18]
COAS Innate immune signaling 20
condensates
Cleavage body MRNA processing 31
Cajal body Assembling spliceosomal small nuclear ribonucleoproteins (3122)
. rRNA storage, rRNA synthesis and processing, and [32]
Nucleoli . .
assembly of ribosomal subunits
Gem Aid histone mRNA processing 22
Nuclear speckles MRNA splicing (24]
Nucleus OPT domain Transcriptional regulation 23]
PcG body Transcriptional repression (6]
PML bodies Apoptotic signaling, anti-viral Qefense, and transcription [37]
regulation
Histone locus Processing of histone mMRNAs (8]
body
Paraspeckles Storage of certain RNAs (29
Perinucleolar Related to malignancy (491
compartment

Cytoplasmic-localized MLOs are dynamically assembled by the LLPS driving the temporarily untranslated RNAs
and proteins, which coalesce into a concentrated state (the condensed phase) in the cytoplasm. Prominent
examples of cytoplasmic-localized MLOs mainly include the stress granules (SGs), the processing bodies (P-

bodies), the RNA transport granules, and the germ granules.

The stress granules (SGs) are a predominant type of cytoplasmic-localized MLOs formed by the crowded protein
and RNA. The SGs immediately start to accumulate and regulate the mRNA utilization in eukaryotic cells under
stress, which is essential for maintaining cell integrity and intracellular homeostasis 2241l Additionally, SG
components mainly include aggregation-prone RNA binding proteins (RBPs), protein kinases, RNA helicases,
structural constituents of ribosomes, calcium-binding proteins, hydrolases, and cytoskeletal proteins #2431,

Moreover, dynein, microtubules 4l and various nucleocytoplasmic shuttling RBPs (TIA-1, TIAR, and HUR) 42
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assist in the SGs secondary aggregation and assembly, which determines the speed and size of SG assembly.
Moreover, the SGs are highly dynamic in nature, assembling, and dissembling quickly upon stress induction or
stress disappearance, respectively. Their dynamic properties are mainly highlighted by the cytoskeleton system,
which is a scaffold for SGs' dynamic maintenance and movement 3. Numerous researchers found that
maintaining a proper SG dynamic might be a potential strategy to ensure cellular homeostasis and normal
biological function in the living cell €. Thus, the normal dynamics of SGs play an important role in responding to

stress stimuli, which can otherwise induce various human diseases.

The processing bodies (P-bodies) are the highly conserved cytoplasmic foci with properties of liquid droplets, which
are formed by LLPS and are primarily composed of translation-arrested RNAs and RBPs related to mRNA decay
(281471 Moreover, the P-bodies purification revealed that multiple RBPs including HNRNPU, IGF2BP1, DHX9, and
HNRNPQ were the core components of P-bodies 2849 Additionally, P-bodies are distinct from SGs in multiple
aspects, including the formation conditions, morphology, function, as well as components. Specifically, unlike SGs
being exclusively stress-induced, the P-bodies are constitutive in some cells and nevertheless increase in size and
number in response to stress Y. Therefore, researchers conclude from these studies that the P-bodies exert

multiple regulatory roles in the post-transcriptional processes, translation repression, and mRNA decay machinery.

In addition to SGs and P-bodies, there are still other well-studied cytoplasmic-localized MLOs, including germ
granules, RNA transport granules, P granules, and the Balbiani body. For example, the germ granules and the P
granules are conserved condensates enriched for RNA and RBPs in the germ cell cytoplasm, which play essential
roles in the mRNA translation during gametogenesis and embryonic development 5. The Balbiani body, also
called a membraneless ball of mitochondria, contains various biomacromolecules and numerous membranous
organelles. The Balbiani body is widely present in the majority of mammal oocytes 2. In summary, these findings
emphasize the important roles of LLPS in the formation and maintenance of cytoplasmic-localized MLOs and

confirm the biological function of MLOs in cell growth and development.

4.2. Nuclear-Localized MLOs

In addition to the multiple cytoplasmic-localized MLOs, LLPS also is important for driving the assembly of various
nuclear-localized MLOs such as nucleoli, Cajal bodies, and nuclear speckles, and underlies their biogenesis. The
condensates within the nucleus could directly interact with chromatin, and thus potentially control its organization
and gene expression. Moreover, the biomacromolecules and their multiple unique domains help to build these
nuclear-localized condensates in the nucleus. In the following section, researchers will detail the assembly of the
proteins/RNA in multiple nuclear-localized condensates and discuss the biological functions of the nuclear-localized
MLOs.

The nucleolus is the most prototypical and prominent nuclear MLO. Nucleolus forms around the chromosome
regions containing stretches of tandem ribosomal DNA (rDNA) gene repeats, known as nucleolar organizer regions
(NORs) 23], There is evidence that the nucleolus is formed through LLPS by its macromolecular components and

exerts dynamic and liquid-like physical properties which might facilitate functions of the nucleolus in ribosome
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biogenesis and cellular stress sense 4. Indeed, the nucleolus is composed of various RNA and hundreds of
different proteins including RBPs. Nucleolin, a multifunctional stress-responsive RBP, is abundant in the nucleolus.
It is reported that nucleolin could participate in rDNA transcription, rRNA maturation, ribosome assembly, and
nucleocytoplasmic transport. Furthermore, nucleolin contains four RNA binding motifs, which indicates that
nucleolin could undergo LLPS through its multivalent interactions with many other RNAs, and thus mediate the
assembly of the nucleolus B2, Besides, another nuclear protein nucleophosmin (NPM) has been confirmed to be
able to facilitate the LLPS process in the multilayered structure of the nucleolus B8, Furthermore, NPM harbors a
low-complexity domain bound by poly (GR) and poly (PR), which could alter the LLPS properties of NPM and thus
influence nucleolar dynamics in cells BZ. In brief, the LLPS triggered by several nuclear proteins plays crucial roles

in the formation and biological function of the nucleolus.

Nuclear speckles, another well-studied MLO formed by LLPS in nuclear, exhibit dynamic and irregular shapes.
Nuclear speckles are subnuclear structures enriched in the RBPs involved in splicing, which are located in the
interchromatin regions of the nucleoplasm in mammalian cells B8, Furthermore, nuclear speckles are formed
through the exchange of constituent RBPs and RNAs with the surrounding nucleoplasm (34, In addition, the
nuclear speckles are reported to be enriched for the SP protein family, which is a set of RBPs named for the IDRs
of their serine and arginine residues. For instance, SRRM2, an important RBP in the SR family, was found as a
core nuclear speckle scaffold protein, which is required for nuclear speckle formation B9, In summary, nuclear
speckles are one type of self-assembled MLO composed of LLPS-related RBPs or RNAs that mediate multiple

critical steps of RNA processing.

Taken together, these findings have highlighted the important roles of LLPS in the formation of MLOs in the
nucleus, as well as the LLPS of biomacromolecules participants in the heterochromatin formation and coordination
of mMRNA processing in the eukaryotic nucleus. Despite LLPS being involved in the physiological formation and
maintenance of various MLOs, LLPS triggered by abnormal or mutated proteins is also linked to pathology due to

irreversible hydrogelation through amyloid-like aggregation.
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