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Liquid-liquid phase separation (LLPS) is a biochemical process in cells that can drive proteins, RNA, and other molecules
to concentrate into droplets. These droplets do not have a lipid membrane but rather exist as distinct organelles relative to
the surrounding environment, and act as biochemical reaction chambers. Significant progress has been made in the study
of LLPS, especially in the neurodegenerative disease, cancer, and virology fields, but little is known about LLPS in
cardiovascular disease (CVD).
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| 1. Cardiovascular Disease (CVD) and Intrinsically Disordered Proteins

Inherently disordered regions of proteins do not adopt a fixed tertiary structure, which contributes to the formation of
multivalent interactions or misfolding in liquid—liquid phase separation (LLPS). Multivalent interactions are various non-
covalent interactions formed when two molecules are combined. The IDRs of proteins are important factors driving phase
separation. When proteins aggregate, an IDR undergoes a disorder-to-order transition & When all lysine residues in
DDX3X-IDR1 were mutated to glutamine, a decrease in turbidity during LLPS in vitro was observed &, This showed that
IDRs have an important role in phase separation.

Currently, there are more than 15,000 know proteins with an IDR. The IDRs can help proteins recognize and accelerate
their interaction with other proteins and carry out alternative splicing, PTM, protein fusion, and insertion or deletion
functions. Through database analysis of 487 proteins whose sequences were extracted from Swiss-Prot, 198 disordered
regions among 101 proteins were predicted, and CVD-related proteins with disordered regions were very abundant &,
Among these proteins, PDE4D may be involved in the occurrence of stroke through atherosclerosis. According to
predictions, both the N-terminus and C-terminus of PDE4D contain disordered regions. The N-terminus participates in
functions, such as phosphorylation and multimer formation, and the C-terminus is mainly related to dimer formation.
Disordered regions can bind the SH3 domains of certain proteins, such as the Src family tyrosyl kinases lyn, fyn, and src.
Furthermore, the SH3-binding domain of fyn kinase can bind proteins to induce LLPS 4. Additionally, PDE4D may also
interact with the SH3-binding domain of the kinase Fyn and induce phase separation.

| 2. LncRNAs-Associated Phase Separation in CVD

As non-coding RNAs, IncRNAs regulate epigenetic, transcriptional, and translation processes in organisms. Interestingly,
IncRNAs can form the core of the separated droplets (Figure 1a). Furthermore, SGs often use untranslated mRNA as a
scaffold and nucleosomes in the nucleus cluster with IncRNAs or pre-mRNA scaffolds [, Architectural RNAs (ArcRNAs)
have a key role in particle assembly. The currently known arcRNAs are primarily mRNAs, and only five IncRNAs can act
as arcRNAs, as follows: (1) the cores of nucleosome paraspeckles contain NEAT1, which mainly inhibits apoptosis and
induces antiviral genes during viral infection and pregnancy establishment [, (2) Amyloid (amyloid bodies) uses IGS as its
core and function to repair proteins in the body and regulate ribosome formation. (3) Satellite Il in nuclear SGs is mainly
involved in the separation of RBPs and transcription factors. (4) A heat shock RNA (hsr-omega) in omega speckles in
Drosophila melanogaster is involved in normal development . (5) Saccharomyces cerevisiae meiRNA in the Mei2 site is
involved in the process of meiosis [8l. At the same time, INcRNA can also promote the phase separation of other proteins
and recruit more proteins into the droplets, which also shows that IncRNA has an important role in phase separation [,
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Figure 1. Potential role of LLPS in the cardiovascular system. (a) When stress occurs, IncRNAs become the core of
droplets formed by liquid-liquid separation. (b) A correctly translated protein (blue) will perform its normal biological
activities. Some misfolded proteins (green) are eliminated by autophagy to protect against atherosclerosis. Mutated or
excessively produced proteins (red) accumulate, causing DCM. (¢) The accumulation of a large number of misfolded
proteins in the endoplasmic reticulum leads to endoplasmic reticulum stress, which can affect aortic valve calcification,
ischemic heart disease, and metabolic syndrome. (d) Mistranscribed or modified MRNAs are eliminated by SG formation
in the cytoplasm. This process can affect the progression of hypertrophic cardiomyopathy, atherosclerosis, and atrial
fibrillation. Abbreviations are as follows: ER stress, endoplasmic reticulum stress; MLOs, membrane-free organelles.

Many IncRNAs have been reported to be closely related to CVD 1911 and these relationships are usually related to the
sponge function of microRNAs. So far, these IncRNAs have not been reported to undergo phase separation in
cardiovascular disease. These IncRNAs may also help the formation of phase separation cores in cardiovascular
diseases and may act as auxiliary tools to promote the formation of other phase separations. Whether these IncRNAs can
also be used as arcRNAs to regulate downstream genes is worth investigating. Mannen et al. and Chujo et al. explored
two methods to identify new nuclear bodies, namely RNase sensitivity screening and transcriptome screening of semi-
extractable RNA, respectively 1213l These two methods can identify IncRNAs to assist in stent formation in CVDs.

| 3. Protein Misfolding in Cardiomyopathy

Protein folding is an important step by which proteins adopt a three-dimensional tertiary structure. To ensure normal
operation in the body, proteins must be correctly folded to carry out their normal biological roles. Misfolded proteins are
eliminated through the autophagy system. When regulation of protein expression or degradation pathways fails and
degradation pathways are destroyed, proteins accumulate, and pathological changes occur. Interestingly, proteins that are
not eliminated due to failure of the autophagy system may cause proteasome disease through phase separation (Figure
1b). In FTD and ALS, proteins accumulate due to targeted damage to degradation pathway proteins, such as FUS and
TDP-43 1415l proteins may incorrectly accumulate for the following reasons: (1) autophagy and protein quality control
(PQC) disorder can cause incorrect protein accumulation. When PQC proteins mutate, misfolded proteins cannot be
cleared and accumulate, resulting in phase separation. For example, when BAG3 is deleted, or a residue in the BAG
domain is mutated from glutamate to lysine (E455K), the interaction between BAG3 and HSP70 is reduced, thus,
decreasing the stability of the PQC system 18l (2) Mutated proteins cannot be eliminated by autophagy. The RNPs can
cause protein aggregation through LLPS. Pathological aggregation is often caused by structural misfolding due to protein
mutation 2. (3) The mislocalization of proteins is caused by protein mutations, e.g., the FUS protein accumulates in ALS
because most missense point mutations in FUS are concentrated on fragments that encode the nuclear localization
sequence at the C-terminus. These mutations affect the nuclear localization of FUS and cause FUS to aggregate in the
cytoplasm 15,



Recent studies have shown a close relationship between dilated cardiomyopathy (DCM) and protein mutation. For
example, homozygous disruption of the Bag3 gene causes the fulminant form of DCM, and mutated CRYAB, which
encodes a B-crystallin, was detected in patients with DCM R8II13], A recent study showed a phase separation phenomenon
caused by abnormal RNP particle accumulation in DCM caused by RBM20 mutation 29, This also revealed a certain
association between protein mutation and phase separation. It is known that BAG3, a multidomain chaperone protein, is a
component of the HSP70-BAG3 complex. In addition, as an important signal transduction node, BAG3 is part of the
Hippo-2 signal transduction complex in the Hsp70-Bag3-LATS1 pathway, which regulates protein aggregation 24,
Interestingly, the mutation of BAG3 can cause BAG3 to accumulate and HSP70 to aggregate (22, This aggregation is
induced because BAG3-HSP70-HSPB, a key complex, acts as a retrograde transport in autophagy in normal cells to
promote the isolation and removal of irreversibly misfolded proteins in the PQC system. The mutation of BAG3 destroys
the complex and prevents cells from carrying out normal PQC, resulting in misfolded protein accumulation and protein-
related diseases.

| 4. The Cardiovascular System and Endoplasmic Reticulum Stress

Endoplasmic reticulum stress refers to the destruction of endoplasmic reticulum homeostasis and the accumulation of
unfolded or misfolded proteins in the endoplasmic reticulum, leading to dysfunction of the endoplasmic reticulum and
affecting cell functions, such as cell cycle regulation 23], Atherosclerosis and ischemic heart disease are common CVDs
and the main causes of myocardial ischemia. Endoplasmic reticulum stress may be an important mechanism for the
further aggravation of myocardial ischemia. A recent study showed that the inhibition of endoplasmic reticulum stress
could reduce the hypertrophy of cardiomyocytes and cardiomyocyte damage 241,

Wang et al. demonstrated that aortic valve calcification caused by hypercholesterolemia is related to endoplasmic
reticulum stress in animal experiments 23, It has also been reported that endoplasmic reticulum stress can downregulate
HDAC6 and promote aortic valve calcification 28, which may be because the endoplasmic reticulum is an important
intracellular calcium reservoir in cells. When endoplasmic reticulum stress occurs, endoplasmic reticulum dysfunction
leads to disordered calcium regulation and aortic valve calcification (Figure 1c).

In addition, endoplasmic reticulum stress is related to metabolism. A high-fat diet may cause excessive production of
oxidative free radicals through high levels of low-density lipoproteins (LDLs), destroying the homeostasis of the
endoplasmic reticulum and causing endoplasmic reticulum stress [ZZ. A high-sugar diet can also damage endothelial cell
function through endoplasmic reticulum stress. All these results prove the close relationship between endoplasmic
reticulum stress and CVD.

| 5. Atherosclerosis and Autophagy

Phase separation plays an important role in promoting the formation of autophagosomes and the process of autophagy
(Figure 1b) [28]. Atherosclerotic heart disease is a CVD with a high incidence, and the accumulation of abnormal protein
promotes the progression of atherosclerosis and heart failure; therefore, the removal of these organelles and proteins by
autophagy exerts protective effects against atherosclerosis. Autophagy has dual effects on the progression of
atherosclerosis. Excessive autophagy or a delay in the macrophage autophagy response will aggravate the occurrence of
atherosclerosis 29. The ATG family genes are autophagy-related genes that play an important role in vascular regulation.
When the ATG5 gene was knocked out, atherosclerosis in mice was aggravated B9, Recent studies have also found that
this gene and other ATG family genes can regulate protein autophagy through phase separation Bl. Therefore, the
researchers speculate that autophagosomes are formed through phase separation, which recruits abnormal proteins to
autophagosomes to achieve degradation, thereby affecting the process of atherosclerosis. In the future, exploring the role
of phase separation in atherosclerosis will help delay the progression of the disease.

| 6. Atherosclerosis and SGs

Stress granules, particles that form in response to stress, are involved in regulating CVD (Figure 1d). For example, the
accumulation of SGs can be observed in VSMCs and macrophages and affects the process of atherosclerosis 2.
Oxidized LDL (oxLDL) promotes the formation of such stress particles. As the first barrier in blood vessels, endothelial
cells are most susceptible to stress caused by atherosclerotic stimulation, such as the modification of LDL levels and
inducers of mitochondrial and oxidative stress, making it possible to explore the formation of pressure particles in
endothelial cells.



Atrial fibrillation is the most common clinical arrhythmia and is also an important culprit of strokes caused by
cardiovascular and cerebrovascular diseases. Enhanced cardiomyocyte activity is considered a strong stimulus for atrial
fibrillation, and the heart may form SGs in response to such stimulation. The production of SGs was observed in primary
cardiomyocytes and HL-1 cells after 1 h of pacing 23!, which may be due to the excessive activity of cardiomyocytes that
increases the oxidative stress of the myocardium and induces the production of SGs.

Hypertrophic cardiomyopathy is a genetic mutation-related disease. Some of these proteins, such as CALR3, NEXN, and
TPM1, are also contained in SGs, which indicates that these proteins may regulate hypertrophic cardiomyopathy through
phase separation. These proteins may have a role in the disease process through phase separation. For example, NEXN,
a key heart-specific Z disc protein, can protect the Z disc from mechanical trauma 24, Recent research shows that
mutations in this protein could cause hypertrophic cardiomyopathy in zebrafish, and mutations in the corresponding gene
can cause DCM in humans. The NEXN protein contains two actin-binding domains (ABDs) and a coiled-coil (CC) domain,
and N-terminal ABD and CC domain mutants have been observed. These mutants exhibit local accumulation in the
cytoplasm, while the ABD fragment from wild-type NEXN accumulates in the nucleus B3, Thus, the mutation of NEXN
causes an error in its localization, similar to the effect of FUS mutation.
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