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ORIGINAL RESEARCH ARTICLE

Phosphorylation-Regulated Dynamic  
Phase Separation of HIP-55 Protects Against 
Heart Failure
Yunqi Jiang , PhD*; Jinge Gu , PhD*; Xiaodou Niu, MM*; Jiaojiao Hu , MS; Yongzhen Zhang, PhD; Dan Li, PhD; Yida Tang, PhD; 
Cong Liu, PhD; Zijian Li , PhD

BACKGROUND: Heart failure (HF), which is the terminal stage of many cardiovascular diseases, is associated with low survival 
rates and a severe financial burden. The mechanisms, especially the molecular mechanism combined with new theories, 
underlying the pathogenesis of HF remain elusive. We demonstrate that phosphorylation-regulated dynamic liquid–liquid 
phase separation of HIP-55 (hematopoietic progenitor kinase 1–interacting protein of 55 kDa) protects against HF.

METHODS: Fluorescence recovery after photobleaching assay, differential interference contrast analysis, pull-down assay, 
immunofluorescence, and immunohistochemical analysis were used to investigate the liquid–liquid phase separation capacity 
of HIP-55 and its dynamic regulation in vivo and in vitro. Mice with genetic deletion of HIP-55 and mice with cardiac-
specific overexpression of HIP-55 were used to examine the role of HIP-55 on β-adrenergic receptor hyperactivation-
induced HF. Mutation analysis and mice with specific phospho-resistant site mutagenesis were used to identify the role of 
phosphorylation-regulated dynamic liquid–liquid phase separation of HIP-55 in HF.

RESULTS: Genetic deletion of HIP-55 aggravated HF, whereas cardiac-specific overexpression of HIP-55 significantly alleviated 
HF in vivo. HIP-55 possesses a strong capacity for phase separation. Phase separation of HIP-55 is dynamically regulated by 
AKT-mediated phosphorylation at S269 and T291 sites, failure of which leads to impairment of HIP-55 dynamic phase separation 
by formation of abnormal aggregation. Prolonged sympathetic hyperactivation stress induced decreased phosphorylation 
of HIP-55 S269 and T291, dysregulated phase separation, and subsequent aggregate formation of HIP55. Moreover, we 
demonstrated the important role of dynamic phase separation of HIP-55 in inhibiting hyperactivation of the β-adrenergic 
receptor–mediated P38/MAPK (mitogen-activated protein kinase) signaling pathway. A phosphorylation-deficient HIP-55 
mutation, which undergoes massive phase separation and forms insoluble aggregates, loses the protective activity against HF.

CONCLUSIONS: Our work reveals that the phosphorylation-regulated dynamic phase separation of HIP-55 protects against 
sympathetic/adrenergic system–mediated heart failure.
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Heart failure (HF) is the end stage of various cardio-
vascular diseases, and is associated with high mor-
bidity and mortality rates. The 5-year survival rate is 

≈45.5%1: lower than that of most malignant tumors. Chronic 
HF is often characterized by a high risk of recurrence and 

readmission, which significantly increases the economic 
burden. Therefore, it is important to understand the patho-
logical mechanisms of worsening prognosis of HF.

Sympathetic activity is essential for maintaining nor-
mal cardiac physiological functions and for responding  
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to sudden stimuli, such as fight-or-flight response.2 
However, prolonged overactivation of the sympathetic 
system plays a key role in HF.2,3 Sympathetic system 
overactivation leads to dysfunction of β-adrenergic 
receptors (β-ARs) and downstream signaling of P38/
MAPK (mitogen-activated protein kinase), ERK (extra-
cellular signal-regulated protein kinase)/MAPK, and 
AKT, among others.3–6 A majority of our knowledge on 
the mechanisms underlying HF is derived from classic 
receptor signal transduction theory. However, β-ARs 
possess a Janus-faced nature under physiological and 
pathological conditions. That is, β-ARs and downstream 
signaling can mediate both normal cardiac physiological 
functions and HF. Classic receptor signal transduction 
theory has difficulty explaining how the same receptor 
and downstream signaling system can switch between 

normal physiology and HF. Therefore, it is necessary to 
uncover the dynamic switch mechanism between physi-
ology and pathology, and identify its key molecular switch 
contributing to HF.

Recent studies have emphasized the dual role of pro-
tein liquid–liquid phase separation (LLPS) under both 
normal physiological and pathological conditions.7 LLPS 
is a process during which proteins shift from a scattered 
to clustered state, aiding in various essential biological 
actions, such as signaling transduction, enzymatic reac-
tions, and gene transcription, among others.7–10 The 
LLPS process is intricately regulated by posttransla-
tional modifications, protein–protein interactions, and 
other factors.7–10 Disturbances in this system can lead to 
severe illness, including neurological disorders and can-
cer.11 However, the role of LLPS in cardiovascular dis-
eases remains unclear.

In our previous research, we used a proteomic 
approach to reveal a novel β-AR regulator protein HIP-55 
(hematopoietic progenitor kinase 1–interacting protein of 
55 kDa) in cardiac remodeling.5 HIP-55 can negatively 
regulate receptor downstream signaling.5 As a multido-
main adaptor protein, HIP-55 possesses an actin-binding 
domain at its N-terminus and an SH3 (Src homology 
3) domain at its C-terminus.12 Through these domains, 
HIP-55 is able to interact with several critical signaling 
molecules, including F-actin, MAP4K1 kinase, and Src 
kinase, to trigger cellular responses such as endocytosis, 
proliferation, and cell survival.12,13 Furthermore, we found 
a low-complexity domain (LCD) situated within the HIP-
55 middle region through structural analysis. An LCD has 
been shown to be the structure basis for LLPS. Thus, we 
reasoned that HIP-55 may function by means of LLPS.

In this study, we demonstrate that phosphorylation-
regulated dynamic phase separation of HIP-55 protects 
against β-AR–mediated HF. Furthermore, we found 
that HIP-55 possesses a strong capacity for phase 
separation, regulated by AKT-mediated phosphoryla-
tion at S269 and T291. Prolonged sympathetic stress 
induced decreased HIP-55 S269/T291 phosphoryla-
tion and dysregulated phase separation, causing sub-
sequent aggregate formation of HIP-55. In line with 
this mechanism, cardiac-specific overexpression of  
phosphorylation-deficient S269A/T291A-mutated HIP-
55, which tends to form massive dysregulated granules 
and insoluble aggregates, fails to inhibit the progression 
of HF. Our findings not only connect prolonged sympa-
thetic overactivation and dysregulated phase separation 
to HF but also hint at the potential for therapeutic target-
ing of the regulated phase separation of HIP-55.

METHODS
The data, all protocols, and study materials will be made avail-
able to other researchers for purposes of reproducing the 
results or replicating the procedures. Detailed descriptions 

Clinical Perspective

What Is New?
• The sympathetic-adrenergic system can dynami-

cally induce cardiac protein liquid–liquid phase 
separation.

• The authors directly link pathological stimuli–
induced dysregulation of protein phase separation 
to heart failure.

• HIP-55 (hematopoietic progenitor kinase 1–inter-
acting protein of 55 kDa) protects against heart 
failure dependent on its dynamic phase separation, 
providing a new strategy for treatment.

What Are the Clinical Implications?
• Targeting the phase separation of HIP-55 may pro-

vide a new strategy for drug development for heart 
failure treatment.

Nonstandard Abbreviations and Acronyms

β-AR β-adrenergic receptor
ERK  extracellular signal-regulated protein 

kinase
FUS fused in sarcoma
HF heart failure
HIP-55  hematopoietic progenitor kinase  

1–interacting protein of 55 kDa
hnRNPA1  heterogeneous nuclear  

ribonucleoprotein A1
LCD low-complexity domain
LLPS liquid–liquid phase separation
MAPK mitogen-activated protein kinase
SH3 Src homology 3
TDP-43 TAR DNA-binding protein 43
WT wild-type
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of experimental methods are provided in the Supplemental 
Material.

Experimental Animals
All experiments involving animals were approved by the bio-
medical research ethics committee of Peking University and 
are compliant with the National Institutes of Health Guide for 
the Care and Use of Laboratory Animals.

Statistical Analysis
GraphPad Prism version 8.0 (GraphPad Software) was used 
for all statistical analyses. Data are given as mean±SEM. 
Data were first tested for normality. Data with normal distri-
bution were analyzed by unpaired 2-tailed Student t test (for 
2 groups). For comparisons among multiple groups, 1-way or 
2-way ANOVA was performed, followed by Bonferroni post hoc 
correction. Otherwise, nonparametric statistical analyses were 
performed using the Mann-Whitney U test for 2 groups or the 
Kruskal-Wallis test followed by the Dunn post hoc test for mul-
tiple comparisons (≥3 groups). Differences between groups 
were considered significant at P<0.05.

RESULTS
Genetic Deletion of HIP-55 Promotes HF
Our previous proteomic study suggested that HIP-55 
is involved in the pathological progression of heart ad-
verse remodeling.5 We therefore sought to examine the 
biological functions of HIP-55 in HF. HIP-55 knockout 
(HIP-55−/−) mice were generated and characterized 
(Figure 1A and 1B). The HIP-55−/− mice and control 
wild-type (WT) mice were subjected to long-term iso-
proterenol treatment to induce HF. Echocardiography 
analysis demonstrated significantly aggravated cardiac 
dysfunction in HIP-55 deficiency mice compared with 
WT mice after the long-term sympathetic hyperactiva-
tion (Figure 1C; Table S1). Moreover, HIP-55 deficiency 
dramatically increased cardiac hypertrophy after ad-
ministration of isoproterenol as demonstrated by heart 
weight/tibia length and cardiomyocyte cross-sectional 
area analysis (Figure 1D through 1F). Sirius red stain-
ing also revealed that myocardial fibrosis was obviously 
increased in HIP-55−/− mice compared with the controls 
(Figure 1G). Furthermore, cardiac dysfunction marker 
gene expression, including ANP, BNP, and MHC isoform 
switch, were promoted in the hearts of HIP-55−/− mice 
(Figure 1H). These results showed that the presence of 
HIP-55 protects against HF after long-term sympathetic 
hyperactivation.

Cardiac-Specific Overexpression of HIP-55 
Alleviates HF
To further investigate the cardiac-specific role of HIP-
55, we constructed cardiac-specific HIP-55–overex-
pressing (HIP-55Tg) mice (Figure 2A and 2B). HIP-55Tg 

and control mice underwent isoproterenol-induced HF, 
as described previously. Compared with control mice, 
cardiac function was significantly better in HIP-55Tg 
mice after isoproterenol treatment (Figure 2C; Table 
S2). Moreover, the HIP-55Tg mice exhibited largely di-
minished isoproterenol-induced cardiac hypertrophy 
compared with WT mice (Figure 2D through 2F). Sirius 
staining also revealed that myocardial fibrosis was sig-
nificantly decreased in HIP-55Tg mice compared with 
controls (Figure 2G). In addition, the cardiac dysfunction 
marker genes were also suppressed in HIP-55Tg mouse 
heart tissues compared with controls (Figure 2H). These 
results showed that cardiac-specific overexpression of 
HIP-55 significantly protected against HF progression.

HIP-55 Undergoes Phase Separation in Vitro 
and in Cells
We next sought to detect the cellular localization and 
distribution of HIP-55 in cells. mCherry-tagged HIP-
55 forms granule-like structures in cytoplasm of NIH-
3T3 cells (Figure 3A). We further observed that the 
small HIP-55 granule-like puncta can dynamically fuse 
together into larger granules in living NIH-3T3 cells 
(Figure 3B). Moreover, by performing a fluorescence 
recovery after photobleaching assay, we found that the 
quenched fluorescence signal of HIP-55 in granule-
like structures recovers rapidly, in about 20 seconds. 
However, it can only recover to ≈65% (Figure 3C). 
These data demonstrate that HIP-55 forms granule-
like structures in cells with moderate internal dynamic 
properties.

We then examined whether HIP-55 exhibits intrinsic 
capability for phase separation. Recombinant HIP-55 
protein was purified in vitro with high purity. We found 
that HIP-55 displayed a high capacity to phase separate 
and could form spherical droplets in the presence of dif-
ferent crowding reagents, including Ficoll, dextran, and 
polyethylene glycol (Figure 3D), which are commonly 
used to mimic a cellular crowding environment.14 The 
small HIP-55 droplets can spontaneously fuse together 
upon contact (Figure 3E). Fluorescence recovery after 
photobleaching analysis showed that the quenched fluo-
rescence signal of HIP-55 in droplets could recover up 
to ≈80% in 100 seconds (Figure 3F). Together, these 
results demonstrate that HIP-55 has a strong ability to 
phase separate.

Intrinsically Disordered LCD Mediates Phase 
Separation of HIP-55
We next sought to investigate the molecular basis  
underlying HIP-55 phase separation. We prepared 3 
different truncations of HIP-55, targeting the actin- 
depolymerizing factor homology domain (residues 
1–140), the LCD (residues 141–373), or the SH3  
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domain (residues 374–430; Figure 4A). As revealed by 
the differential interference contrast and turbidity as-
say, only the LCD, but not the other 2 domains, could 
spontaneously form liquid-like droplets in the presence 
of polyethylene glycol, which recapitulates the phase 
separation behavior of full-length HIP-55 (Figure 4B), 
implying the essential role of the LCD in mediating HIP-
55 phase separation. Bioinformatic prediction further 
showed that the majority of the LCD displays an intrinsi-
cally disordered conformation (Figure 4A), which is con-
sistent with previous studies showing that intrinsically 
disordered regions have a high propensity for mediating 
protein phase separation.15

To further pinpoint the key residues within the LCD 
for mediating HIP-55 phase separation, we performed 
amino acid composition analysis of the LCD. The LCD 
features a typical low-complex sequence, which contains 
a high proportion of glutamate (E), glutamine (Q), argi-
nine (R), and alanine (A; Figure 4C and 4D). More than 
25% of the total amino acids of the LCD are composed 
of charged residues, including negatively charged Glu 
and positively charged Arg, which are widely distributed 
throughout the LCD. This strongly suggests that elec-
trostatic interactions are important in mediating HIP-55 
phase separation. Because high salt concentration can 
potentially impair charged interactions, we tested the 

Figure 1. Genetic deletion of HIP-55 promotes heart failure.
A, Genotypes of wild-type (WT) and HIP-55−/− mice. B, Western blot analysis of HIP-55 (hematopoietic progenitor kinase 1–interacting protein 
of 55 kDa) expression in WT and HIP-55−/− mouse heart tissue. C, Deletion of HIP-55 promoted isoproterenol (ISO)–induced heart failure. 
Representative echocardiographic imaging and analysis of ejection fraction (EF%), fractional shortening (FS%), and left ventricular end diastolic 
volume (LVEDV) after continuous administration of saline or ISO with minipumps for 4 weeks (n=6–9). D, Deletion of HIP-55 promoted ISO-
induced adverse cardiac remodeling. Representative gross heart photographs of control and HIP-55−/− mice after saline or ISO administration. 
E, The ratio of heart weight to tibial length (HW/TL; n=8). F, Hematoxylin & eosin staining micrographs of cross-sections of myocardium (n=6). 
Scale bar=20 μm. G, Deletion of HIP-55 promoted ISO-induced adverse cardiac fibrosis. The fibrotic area was quantified as the ratio of Sirius red 
staining area to total area of cross-sectional tissue (n=8). Scale bar=250 μm. H, mRNA levels of heart failure marker genes ANP, BNP, α-MHC, 
and β-MHC in HIP-55−/− and WT mice after ISO treatment (n=6). Statistical analyses were performed by 2-way ANOVA followed by Bonferroni 
post hoc correction (C, E, F, G, and H). *P<0.05, **P<0.01.
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effect of salt on HIP-55 LLPS. In line with expectations, 
increasing the concentration of NaCl in the buffer gradu-
ally impaired phase separation of HIP-55 (Figure 4E).

To validate the role of the charged residues of the 
LCD in HIP-55 phase separation, we mutated 22 Arg 
residues in the LCD to Ala (termed HIP-55R/A) and 
examined its phase separation both in vitro and in cells. 
Differential interference contrast and turbidity mea-
surements showed that the R/A mutant eliminated the 
phase separation capability of HIP-55 under the tested 
in vitro conditions (Figure 4F). Moreover, compared with 
WT HIP-55 (HIP-55WT), HIP-55R/A formed signifi-
cantly fewer granule-like structures (Figure 4G). Taken 

together, our data demonstrate that the charged residues 
in the LCD drive phase separation of HIP-55 by means 
of electrostatic interactions both in vitro and in cells.

Phosphorylation of S269/T291 Within LCD 
Regulates HIP-55 Phase Separation
We further sought to explore the dynamic regulation of 
HIP-55 phase separation and its potential role in HF 
progression. We previously demonstrated that AKT, a 
key participant in HF,3 can directly phosphorylate HIP-
55. The AKT phosphorylation sites S269 and T291 are 
both localized to the HIP-55 LCD (residues 141–373).  

Figure 2. Cardiac-specific overexpression of HIP-55 alleviates heart failure.
A, Genotypes of wild-type (WT) and HIP-55Tg mice. B, Detection of HIP-55 (hematopoietic progenitor kinase 1–interacting protein of 55 kDa) 
expression in heart tissue from WT and HIP-55Tg mice by Western blot. C, Cardiac-specific overexpression of HIP-55 alleviated isoproterenol 
(ISO)–induced heart failure. Representative M-mode echocardiographic imaging of heart and cardiac function analysis of ejection fraction (EF%), 
fractional shortening (FS%), and left ventricular end diastolic volume (LVEDV) after 4 weeks of ISO treatment (n=7–9). D, Cardiac-specific 
overexpression of HIP-55 inhibited ISO-induced adverse cardiac remodeling. Representative gross heart photographs of control and HIP-55Tg 
mice after saline or ISO administration. E, Heart weight/tibial length (HW/TL) ratios (n=7–10). F, Micrographs of hematoxylin & eosin–stained 
myocardium cross-sections. Scale bar=20 μm (n=6). G, Cardiac-specific overexpression of HIP-55 inhibited ISO-induced adverse cardiac fibrosis. 
Representative images of heart sections stained with Sirius red staining and statistical results (n=8–10). Scale bar=250 μm. H, mRNA levels of 
heart failure marker genes expression (ANP, BNP, α-MHC, and β-MHC) in HIP-55Tg and WT mice after ISO treatment (n=6). Statistical analyses 
were performed by 2-way ANOVA followed by Bonferroni post hoc correction (C, E, F, G, and H). *P<0.05, **P<0.01.
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Because phosphorylation can effectively alter protein 
electrostatic interactions, which has been widely ob-
served for regulating protein phase separation,15 we 
examined whether S269/T291 phosphorylation is im-

portant in modulating HIP-55 phase separation. When co- 
expressed with constitutively active AKT (AKT

ΔPH), HIP-
55 was remarkably phosphorylated at both S269 and 
T291 sites (Figure 5A). The number of HIP-55 granules  

Figure 3. HIP-55 undergoes phase separation in vitro and in cells.
A, A representative confocal image shows that overexpressed mCherry–HIP-55 (hematopoietic progenitor kinase 1–interacting protein of 55 
kDa) massively forms puncta in NIH-3T3 cells. Scale bar=5 μm. B, Representative images show the fusion process of 2 HIP-55 granules in a 
living NIH-3T3 cell. Scale bar=1 μm. C, Representative images and fluorescence recovery after photobleaching (FRAP) curve of HIP-55 granules 
in NIH-3T3 cells. The black arrow indicates the action of photobleaching. Scale bar=2.5 μm (n=10). D, Differential interference contrast images 
of 50 μM HIP-55 under 100 mM NaCl (pH 7.5) and different 10% polymers as indicated. Scale bar=5 μm. E, Fusion of 2 HIP-55 droplets. Scale 
bar=2 μm. F, FRAP measurement of HIP-55 droplets in 50 μM HIP-55, 100 mM NaCl (pH 7.5), and 10% polyethylene glycol (PEG) 3350. 
Confocal images show the FRAP process of a droplet. The black arrow indicates the action of photobleaching. The graph shows the FRAP curve 
of HIP-55 droplets (n=6). Scale bar=1 μm.
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was significantly diminished (Figure 5B). In contrast,  
either siRNA knockdown of AKT or treatment with the 
specific AKT kinase inhibitor MK-2206 promoted the for-
mation of HIP-55 granules in cells (Figure 5C through 5E).

To directly examine the effect of AKT phosphorylation 
on HIP-55 phase separation, we conducted an in vitro 
phosphorylation assay. Phosphorylation of HIP-55 by AKT 
almost abolished phase separation of HIP-55 (Figure 5F 
and 5G). Because AKT directly phosphorylated HIP-55 

at S269 and T291 (Figure 5F), we further mutated the 2 
AKT-phosphorylation residues including S269 and T291 
to aspartate (D) to mimic phosphorylation (HIP-55DD). 
Compared with HIP-55WT, HIP-55DD exhibited a greatly 
weakened capacity for phase separation (Figure 5H). In 
addition, we mutated S269 and T291 to alanine (HIP-
55AA) to create an AKT phosphorylation-deficient muta-
tion. Compared with HIP-55WT, treatment of AKT did not 
alter phase separation of HIP-55AA (Figure 5I and 5J), 

Figure 4. The intrinsically disordered low-complexity domain mediates phase separation of HIP-55.
A, Graph plotting the intrinsically disordered region of HIP-55 (hematopoietic progenitor kinase 1–interacting protein of 55 kDa) proteins 
using predictor of natural disordered regions with the VSL2 algorithm (top) and its domain architecture (bottom). B, Differential interference 
contrast images and turbidity measurement of HIP-55WT and its variants using 50 μM protein, 100 mM NaCl (pH 7.5), and 10% polyethylene 
glycol 3350 (n=3). Scale bar=5 μm. C, Different colored bands display the amount and distribution of different types of residues within the low-
complexity domain (LCD). D, The proportion of abundant amino acid residues in LCD. E, Differential interference contrast images and turbidity 
measurements of 30 μM HIP-55 at pH 7.5 and 10% polyethylene glycol 3350 with indicated concentrations of NaCl (n=3). Scale bar=5 μm. F, 
Differential interference contrast images and turbidity measurements of HIP-55WT and R/A using 50 μM protein, 100 mM NaCl (pH 7.5), and 
10% polyethylene glycol 3350 (n=3). Scale bar=10 μm. G, Confocal images show NIH-3T3 cells expressing mCherry-tagged HIP-55 WT or R/A 
(left). The graph (right) shows the analysis of the HIP-55 granules per cell expressing HIP-55 WT or R/A (n=20). Scale bar=5 μm. Statistical 
analyses were performed by 1-way ANOVA followed by Bonferroni post hoc correction (B and E), unpaired t test (F), and Mann-Whitney U test 
(G). **P<0.01. ADF-H indicates actin-depolymerization factor homology; and SH3, Src homology 3.
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Figure 5. Phosphorylation of S269/T291 within the low-complexity domain regulates HIP-55 phase separation.
A, AKT phosphorylated HIP-55 (hematopoietic progenitor kinase 1–interacting protein of 55 kDa) in vivo. Cells were transfected with mCherry–
HIP-55 or constitutively active AKT (AKT

ΔPH) plasmids as indicated. mCherry–HIP-55 was enriched by HIP-55 immunoprecipitation and then 
detected by specific antibodies recognizing phospho-AKT substrate (PAS), p-HIP-55 (S269), or p-HIP-55 (T291; n=5). B, NIH-3T3 cells 
were transfected with mCherry-tagged HIP-55 or AKT

ΔPH plasmids as indicated. Representative confocal image (left) and quantification of 
HIP-55 granules (right; n=20). Scale bar=5 μm. C, NIH-3T3 cells were transfected with small interfering RNA (siRNA) to knock down AKT. 
The knockdown efficiency of AKT in NIH-3T3 cells was verified using Western blot analysis (n=5). D, NIH-3T3 cells were transfected with 
mCherry–HIP-55 plasmids and indicated siRNA. Representative confocal image (left) and quantification of HIP-55 granules (right; n=20). 
Scale bar=5 μm. E, NIH-3T3 cells were transfected with mCherry–HIP-55 plasmids and treated with the specific AKT kinase inhibitor MK2206 
(5 μM for 48 hours). Representative confocal image (left) and quantification of HIP-55 granules (right; n=20). Scale bar=5 μm. F, AKT directly 
phosphorylated HIP-55. Purified recombinant HIP-55 was incubated with active AKT kinase and measured using an in vitro kinase assay. 
Phosphorylated HIP-55 was detected by PAS, p-HIP-55 (S269), or p-HIP-55 (T291) antibodies (n=5). G, Phosphorylation of HIP-55 by AKT 
abolished phase separation of HIP-55. Differential interference contrast images show HIP-55 in liquid–liquid phase separation (LLPS) condition 
after incubating with or without AKT for 1 hour. LLPS condition: 20 μM HIP-55 protein, 80 mM NaCl (pH 7.5), and 10% polyethylene glycol 
(PEG) 3350 (n=3). Scale bar=5 μm. H, Differential interference contrast images and LLPS turbidity of HIP-55 WT or DD (S269D/T291D) at the 
indicated concentration, 100 mM NaCl (pH 7.5), and 10% PEG 3350 (n=3). Scale bar=5 μm. I, AKT phosphorylated S269 and T291 residues of 
HIP-55. Purified recombinant HIP-55WT or HIP-55AA (S269A/T291A) was incubated with active AKT kinase and measured using an in vitro 
kinase assay, and then the phosphorylated HIP-55 was detected by PAS, p-HIP-55 (S269), or p-HIP-55 (T291) antibodies. (Continued )
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which strongly supports the notion that phosphorylation 
of these 2 sites is crucial for reversing phase separation 
of HIP-55. By using pull-down assays, we further demon-
strated that HIP-55AA induced more significant HIP-55 
protein self-interactions than did HIP-55WT, suggesting 
that phosphorylation impairs HIP-55 LLPS by interven-
ing in its self-association (Figure 5K and 5L). In line with 
in vitro observations and pull-down assays, mCherry-
tagged HIP-55AA exhibited a pronounced tendency to 
phase separate compared with HIP-55WT, which was not 
diminished by co-expression of constitutively active AKT 
(Figure 5M). Taken together, our results demonstrate that 
phosphorylation of LCD S269 and T291 by AKT can 
disrupt HIP-55 self-association and further prevent and 
reverse HIP-55 phase separation.

β-AR Hyperactivation Stress Reduces HIP-55 
Phosphorylation and Boosts HIP-55 Abnormal 
Phase Separation and Insoluble Aggregation
Next, we sought to investigate the functional significance 
of HIP-55 LLPS and its regulation by phosphorylation in 
HF progression. We conducted an isoproterenol long-
term treated cardiomyocyte model. We found that the 
HIP-55 S269 and T291 phosphorylation levels in isolated 
primary cardiomyocytes were significantly decreased with 
isoproterenol treatment (Figure 6A). Accompanied by the 
decreased phosphorylation, isoproterenol treatment also 
dramatically induced excessive abnormal phase separa-
tion of both endogenous HIP-55 (Figure 6B) in primary 
cardiomyocytes and exogenous HIP-55 in NIH-3T3 cells 
(Figure 6C).

Furthermore, immunohistochemical analysis showed that 
HIP-55 forms more aggregates in HF tissue (Figure 6D). 
This observation was supported by our finding that insolu-
ble HIP-55 is significantly increased in both isoproterenol-
treated cardiomyocytes and HF mice (Figure 6E and 6F).

Given the pathological relevance of insoluble HIP-
55, we further examined the formation of the insoluble 
fraction during HIP-55 phase separation and AKT phos-
phorylation in cells. We overexpressed HIP-55WT and 
the phase separation–deficient mutant HIP-55R/A in 
NIH-3T3 cells. Compared with HIP-55WT, the insolu-
ble fraction of HIP-55R/A was significantly diminished 
(Figure 6G). Even upon long-term isoproterenol treat-
ment, which dramatically induced the formation of an 

HIP-55WT insoluble fraction, HIP-55R/A hardly formed 
any insoluble fraction (Figure 6H). These results demon-
strated the direct link between HIP-55 phase separation 
and insoluble fraction formation.

Furthermore, we examined AKT-mediated HIP-55 
phosphorylation in regulating HIP-55 insoluble fraction 
formation. Knockdown of AKT or AKT inhibitor MK2206 
treatment, which promoted HIP-55 phase separation (Fig-
ure 5D through 5E), remarkably boosted the formation 
of HIP-55 insoluble fraction in NIH-3T3 cells (Figure 6I 
and 6J). We further confirmed these findings in primary 
cardiomyocytes. The isoproterenol treatment significantly 
decreased phosphorylation of HIP-55WT S269/T291 sites 
in primary cardiomyocytes (Figure 6K), which led to HIP-
55 excessive phase separation and insoluble aggregation  
(Figure 6L and 6M). Meanwhile, AKT phosphorylation- 
deficient HIP-55AA formed a much more insoluble frac-
tion compared with HIP-55WT in cardiomyocytes upon 
isoproterenol treatment (Figure 6K through 6M). These 
data illustrate that HIP-55 S269/T291 phosphorylation 
regulates phase separation and insoluble aggregation.

Therefore, β-AR hyperactivation stress reduces HIP-
55 phosphorylation and boosts HIP-55 abnormal phase 
separation and insoluble aggregation.

Dynamic LLPS of HIP-55 is Necessary for 
Inhibiting the β-AR Downstream P38/MAPK HF 
Pathway
We next investigated how dynamic LLPS of HIP-55 
regulates β-AR–mediated HF. It is well known that 
P38/MAPK plays a key role in β-AR–mediated HF.16 
We showed that deficiency of HIP-55 significantly ac-
tivated the cardiac β-AR–mediated P38/MAPK path-
way (Figure 7A). In contrast, compared with WT mice, 
cardiac-specific overexpression of HIP-55 remarkably 
decreased the β-AR–mediated P38/MAPK pathway 
(Figure 7B). Moreover, knockdown of HIP-55 increased 
β-AR–mediated P38/MAPK activation, and overexpres-
sion of HIP-55 significantly inhibited the β-AR–medi-
ated P38/MAPK pathway both in HEK-293A cells and 
primary cardiomyocytes (Figure 7C through 7F). These 
in vivo and in vitro results indicate that HIP-55 negatively 
regulates β-AR–mediated P38/MAPK activation.

Furthermore, compared with overexpression of HIP-
55WT, overexpression of HIP-55R/A or HIP-55AA 

Figure 5 Continued. The results of PAS were used to quantitatively analyze phosphorylation of HIP-55 (n=5). J, Differential interference 
contrast images showed HIP-55 WT or AA after incubating with or without AKT for 1 hour under LLPS conditions, 20 μM HIP-55 protein, 80 
mM NaCl (pH 7.5), and 10% PEG 3350. The graph shows quantitative analysis of droplet area under the aforementioned condition (n=3). Scale 
bar=5 μm. K, HEK293A cells were co-transfected with plasmids as indicated. Cell lysates were immunoprecipitated with anti-Flag beads and 
then subjected to immunoblotting (n=4). L, HEK293A cells were co-transfected with plasmids as indicated. Cell lysates were immunoprecipitated 
with glutathione-Sepharose 4B beads and then subjected to immunoblotting (n=4). M, NIH-3T3 cells were transfected with mCherry-tagged 
HIP-55 or AKT

ΔPH plasmids as indicated. Representative confocal images (left) and quantification of HIP-55 granules (right; n=20). Scale 
bar=5 μm. Statistical analyses were performed by the unpaired t test (C, G, H, J, and K), the Mann-Whitney U test (A, B, D, E, F, I, and L), and the 
Kruskal-Wallis test followed by the Dunn post hoc test (M). **P<0.01.
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Figure 6. β-AR hyperactivation stress reduces HIP-55 phosphorylation and boosts HIP-55 abnormal phase separation and 
insoluble aggregation.
A, Primary cardiomyocytes were treated with isoproterenol (ISO; 10 μM) for 48 hours. The phosphorylation of endogenous HIP-55 (hematopoietic 
progenitor kinase 1–interacting protein of 55 kDa) was detected by the p-HIP-55 (S269) and p-HIP-55 (T291) antibodies (n=5). B, Primary 
cardiomyocytes were treated with ISO (10 μM) for 48 hours. Endogenous HIP-55 immunofluorescence was then detected by anti–HIP-55 
antibodies (dilution, 1:200). Scale bar=5 μm (n=40). C, NIH-3T3 cells were transfected with mCherry–HIP-55 plasmids and then treated with 
ISO (10 μM) for 48 hours. Scale bar=5 μm (n=20). D, Immunohistochemistry staining of endogenous HIP-55 using anti–HIP-55 antibodies 
(dilution, 1:200) in normal heart tissue and heart failure (HF) tissue. Incubation with PBS instead of anti–HIP-55 antibodies was used as negative 
control. Incubation with anti–HIP-55 antibodies in HIP-55−/− mice was used to confirm the specificity of the HIP-55 antibody. Arrows indicate 
aggregates. Scale bar=10 μm (n=6). E, Primary cardiomyocytes were treated with ISO (10 μM for 48 hours). Insoluble HIP-55 was then detected 
by Western blot (n=5). F, Detection of insoluble HIP-55 in heart tissue from heart failure mice (n=6). G, NIH-3T3 cells were transfected with 
mCherry–HIP-55 plasmids as indicated. Insoluble HIP-55 was then detected by Western blot (n=5). H, NIH-3T3 cells were transfected with 
mCherry–HIP-55 plasmids as indicated and treated with ISO (10 μM) for 48 hours. Insoluble HIP-55 was then detected by Western blot (n=5). 
I, NIH-3T3 cells were transfected with mCherry–HIP-55 plasmids and treated with MK2206 (5 μM) for 48 hours. Insoluble HIP-55 was then 
detected by Western blot (n=7). J, NIH-3T3 cells were transfected with mCherry–HIP-55 plasmids or siRNA of AKT as indicated. The insoluble 
HIP-55 was then detected by Western blot (n=7). K, Primary cardiomyocytes were infected with adenovirus vectors that carry Flag-tagged 
HIP-55WT (Ad-HIP-55WT-Flag) or HIP-55AA (Ad-HIP-55AA-Flag) genes. Then, these cardiomyocytes were treated with ISO (10 μM) for 48 
hours. Flag-tagged HIP-55 was enriched by Flag pull down and then detected by the p-HIP-55 (S269) and p-HIP-55 (T291) antibodies (n=5). 
L, Primary cardiomyocytes were infected and treated as indicated in K. The exogenous HIP-55 immunofluorescence was detected by anti–HIP-
55 antibodies (dilution, 1:1000). Scale bar=5 μm (n=25). M, The primary cardiomyocytes were infected with adenovirus vectors as indicated 
and treated with ISO (10 μM) for 48 hours. The exogenous insoluble HIP-55 was then detected by Western blot (n=5). Statistical analyses were 
performed by unpaired t test (A, E, F, G, I, J, and K: phosphorylation of HIP-55 T291), the Mann-Whitney U test (B, C, and K: phosphorylation of 
HIP-55 S269), 2-way ANOVA followed by Bonferroni post hoc correction (H and M), and the Kruskal-Wallis test followed by the Dunn post hoc 
test (L). *P<0.05, **P<0.01.
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reduces their inhibitory effects on β-AR–mediated P38/
MAPK activation (Figure 7G). In primary cardiomyocytes, 
we also found that overexpression of HIP-55AA cannot 
inhibit β-AR–mediated P38/MAPK activation (Figure 7H).

Taken together, these results indicated that HIP-55 
protects against HF by the dynamic regulation of HIP-55 
LLPS of the β-AR downstream P38/MAPK HF pathway.

Dysregulated Phase Separation of HIP-55 
Abolishes Its Protective Function Against HF
To provide further evidence in an animal HF model, we 
developed cardiac-specific overexpressed HIP-55AA 
transgenic mice (HIP-55AATg; Figure 8A and 8B). The 

cardiac-specific transgenic and control mice underwent 
isoproterenol-induced HF as described previously. Im-
munohistochemical detection revealed that under β-AR 
overactivation, the cardiac-specific overexpressed HIP-
5AA formed more aggregate-like structures in heart tis-
sue than in cardiac-specific overexpressed HIP-55WT 
mice (Figure 8C). Cardiac-specific overexpression of 
HIP-55WT, but not HIP-55AA, consistently significantly 
inhibited the β-AR–mediated P38/MAPK HF pathway 
(Figure 8D). Moreover, compared with control mice, 
cardiac-specific overexpression of HIP-55WT, but not 
HIP-55AA, significantly improved cardiac systolic func-
tion after long-term sympathetic hyperactivation stress 
stimulation (Figure 8E; Table S2). HIP-55WTTg mice 

Figure 7. Dynamic liquid–liquid phase separation of HIP-55 is necessary for inhibiting the β–adrenergic receptor downstream 
P38/MAPK heart failure pathway.
A, Representative immunoblots and statistical analysis of P38/MAPK (mitogen-activated protein kinase) activation in wild-type (WT) and HIP-
55−/− mouse hearts after 4 weeks of isoproterenol (ISO) treatment (n=6). B, Representative immunoblots and statistical analysis of P38/MAPK 
activation in WT and HIP-55Tg mouse hearts after ISO treatment (n=6). C, HEK-293A cells were transfected with plasmids that carry either short 
hairpin RNA (shRNA) targeting human HIP-55 (hematopoietic progenitor kinase 1–interacting protein of 55 kDa; Sh-HIP-55) or scrambled 
control (Sh-Ctrl). Cells were then treated with ISO (10 μM) for 10 minutes, and P38 activation was analyzed by Western blot (n=5). D, Primary 
cardiomyocytes were infected with adenovirus vectors that carry either shRNA targeting mouse HIP-55 (Ad-Sh-HIP-55) or scrambled control 
(Ad-Sh-Ctrl). Cardiomyocytes were then treated with ISO (10 μM) for 10 minutes, and P38/MAPK activation was analyzed by Western blot (n=5). 
E, HEK-293A cells were transfected with HIP-55 or control plasmids. Cells were then treated with ISO (10 μM) for 10 minutes, and P38/MAPK 
activation was analyzed by Western blot (n=5). F, Primary cardiomyocytes were infected with adenovirus vectors that carry Flag-tagged HIP-55 
(Ad-HIP-55) genes. Cardiomyocytes were then treated with ISO (10 μM) for 10 minutes, and P38/MAPK activation was analyzed by Western blot 
(n=5). G, HIP-55 inhibited ISO-induced P38/MAPK activation by means of dynamic phase separation. HEK-293A cells were transfected with 
HIP-55WT (with dynamic liquid–liquid phase separation [LLPS]), HIP-55R/A (with deficient LLPS), and HIP-55AA (with abnormal LLPS) plasmids. 
Cells were then treated with ISO (10 μM) for 10 minutes, and P38/MAPK activation was analyzed by Western blot (n=5). H, HIP-55 inhibited 
ISO-induced P38/MAPK activation by means of its dynamic phase separation. Primary cardiomyocytes were infected with adenovirus vectors 
that carried either Flag-tagged HIP-55WT (Ad-HIP-55WT-Flag) or HIP-55AA (Ad-HIP-55AA-Flag), and P38/MAPK activation was analyzed by 
Western blot (n=5). Statistical analyses were performed by 2-way ANOVA followed by Bonferroni post hoc correction (A through H). **P<0.01.

https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.067519
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Figure 8. Dysregulated phase separation of HIP-55 abolishes its protective function against heart failure.
A, Genotypes of wild-type (WT), HIP-55WTTg, and HIP-55AATg mice. B, Detection of HIP-55 (hematopoietic progenitor kinase 1–interacting 
protein of 55 kDa) expression in heart tissue from WT, HIP-55WTTg, and HIP-55AATg mice. C, Immunohistochemistry staining of HIP-55 using 
anti–HIP-55 antibodies (dilution, 1:800) in heart tissue from control or isoproterenol (ISO)–treated transgenic mice. Arrows indicate aggregates. 
Scale bar=10 μm (n=6). D, Analysis of long-term ISO-induced P38 activation in heart tissue from WT, HIP-55WTTg, and HIP-55AATg mice (n=6). E, 
Representative M-mode echocardiographic imaging of heart and cardiac function analysis of ejection fraction (EF%), fractional shortening (FS%), 
and left ventricular end diastolic volume (LVEDV) after 4 weeks of ISO treatment (n=7–10). F, Gross view of WT, HIP-55WTTg, and HIP-55AATg 
mouse heart tissue after saline or ISO treatment for 4 weeks. G, The ratio of heart weight to tibial length (HW/TL) in WT, HIP-55WTTg, and HIP-
55AATg mice (n=7–12). H, Hematoxylin & eosin staining micrographs of cross-sections of myocardia. Scale bar=20 μm (n=6). I, Representative 
photograph of Sirius red staining and quantification of fibrotic areas. Scale bar=250 μm (n=8–11). J, Detection of mRNA levels of heart failure 
marker genes (ANP, BNP, α-MHC, and β-MHC) in heart tissue from WT, HIP-55WTTg, and HIP-55AATg mice after ISO treatment (n=6). K, Working 
model showing phosphorylation-regulated dynamic phase separation of HIP-55 is necessary for protection against heart failure. HIP-55 possesses 
a strong capacity for phase separation that is dynamically regulated by AKT-mediated phosphorylation on S269/T291 in the low-complexity 
domain. Under physiological conditions, HIP-55 phase separation is in a dynamic equilibrium to maintain homeostasis of β-AR–mediated P38/
MAPK signaling pathway activation in the heart. Under pathological conditions, prolonged excessive sympathetic hyperactivation decreases HIP-55 
phosphorylation. In accordance, HIP-55 tends to form massive granules and insoluble aggregates, impairing its protective activity against heart 
failure. Statistical analyses were performed by 2-way ANOVA followed by Bonferroni post hoc correction (D, E, G, H, I, and J). *P<0.05, **P<0.01. 
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showed less adverse cardiac hypertrophy and fibrosis, 
whereas HIP-55AATg mice showed diminished amelio-
ration (Figure 8F through 8I). The cardiac-dysfunction 
marker gene expression, such as the ANP, BNP, and 
MHC isoform switch, was also dramatically inhibited 
in the hearts of HIP-55WTTg mice, but not HIP55AATg 
mice (Figure 8J). Thus, these results showed that  
phosphorylation-deficient HIP-55AA, with loss of dy-
namic LLPS, loses its protective function against HF, 
which indicates the critical role of dynamic HIP-55 LLPS 
in HF progression (Figure 8K).

DISCUSSION
HF is an elusive syndrome, and its pathogenesis and 
mechanisms are complicated. Protein phase separation 
recently has been found to play an essential role in a va-
riety of different physical and pathological processes.7,15 
However, protein phase separation has not yet been 
linked to HF. In this study, we demonstrate that HIP-55 
functions as a key modulator of HF through phase sepa-
ration. We demonstrate that dynamic phase separation of 
HIP-55, which is intricately regulated by its S269/T291 
phosphorylation, is critical in inhibiting hyperactivation of 
the β-AR signaling pathway. Under long-term sympa-
thetic hyperactivation stress, HIP-55 phosphorylation is 
diminished, which significantly promotes abnormal phase 
separation and eliminates the protective activity of HIP-
55 against aberrant β-AR–mediated signaling in HF.

HIP-55 possesses the known structural charac-
teristics required for phase separation. Our sequence 
analysis shows that HIP-55 is characterized by a highly 
flexible and long LCD. Numerous proteins containing 
LCDs are able to undergo LLPS and engage in the 
assembly of functional membrane-less organelles.7 
It has been suggested that LCDs are crucial in driv-
ing protein phase separation by means of weak and 
transient self-association interactions.7 Our molecular 
mechanistic study revealed that HIP-55 phase separa-
tion is driven by electrostatic interaction within its LCD. 
Our cellular fluorescence recovery after photobleach-
ing assay and fractionated cell lysate assay indicate 
that the interior mobility of HIP-55 is less dynamic in 
a granule form as compared with the other well-known, 
highly dynamic granules, such as stress granules,17 
implying that HIP-55 granules exhibit limited internal 
dynamics and are prone to form insoluble aggregates 
in cells, especially under disease conditions. Previous 
studies showed that LCDs of several proteins related 
to neurodegenerative diseases, including FUS (fused 
in sarcoma), hnRNPA1 (heterogeneous nuclear ribonu-
cleoprotein A1), and TDP-43 (TAR DNA-binding protein 
43), are prone to phase separate to fulfill physiologi-
cal functions, but undergo transitions to form solid-like 
aggregations from liquid-like granules under disease 
conditions.15 Compositional bias analysis shows that 

Gln, which is enriched in the FUS LCD and was identi-
fied to be important in promoting the hardening process 
of FUS-containing granules,18 is also highly enriched in 
the HIP-55 LCD. Thus, it is possible that a high propor-
tion of Gln residue within the HIP-55 LCD renders a 
highly concentrated HIP-55 prone to promote insoluble 
aggregations of HIP-55 granules. However, further 
study is needed to investigate the molecular basis of 
HIP-55 aggregation under disease conditions.

Our work demonstrates that dynamic phase separa-
tion of proteins may play a previously unappreciated and 
important role in HF. It seems reasonable to speculate 
that dysregulation of protein phase separation might 
broadly participate in pathophysiological processes 
within the cardiovascular system. On the one hand, the 
cardiovascular system, including the heart and vascula-
ture, is constantly exposed to different stresses, includ-
ing blood pressure changes, cardiac electrical activity, 
and adrenergic stimulation, among others. Because 
protein phase separation was originally defined as 
mediating stress granule formation,19 it is plausible that 
cardiovascular stress may induce phase separation of 
different proteins participating in different pathophysi-
ological processes within the cardiovascular system. 
On the other hand, abnormal or accumulated protein 
aggregation recently has been detected in aged or 
diseased hearts, such as in idiopathic or ischemic car-
diomyopathy, arrhythmia, and HF.20–23 It is possible that 
the numerous cardiac aggregations in heart diseases 
might be related to dysregulation of protein phase 
separation under different disease conditions. Further 
in-depth studies are needed to decipher the role of 
protein phase separation and aggregation in different 
cardiac diseases.

As a signaling adaptor protein, HIP-55 regulates 
various signaling pathways, depending upon its own 
regulated function. P38/MAPK kinase, also known 
as stress-activated protein kinase, is a type of evolu-
tionarily conserved serine/threonine MAPK that plays 
key roles in cardiac hypertrophy, fibrosis, inflamma-
tion, and cardiomyocyte death.6,24,25 Numerous studies 
have shown that cardiac pathological stimuli, such as 
ischemia, pressure overload, and sympathetic hyperac-
tivation, lead to P38/MAPK pathway overactivation.25 
Inhibiting P38/MAPK overactivation significantly alle-
viates adverse cardiac remodeling and HF progres-
sion.6,16 Here, we demonstrate that HIP-55 operates 
as an inherent regulator to maintain the homeostasis 
of β-AR–mediated P38/MAPK signaling pathway 
activation in the heart. The phosphorylation-regulated 
dynamic LLPS of HIP-55 controls the β-AR down-
stream P38/MAPK HF pathway. Prolonged excessive 
sympathetic hyperactivation decreased HIP-55 phos-
phorylation, resulting in abnormal HIP-55 LLPS and 
overactivation of P38/MAPK and ultimately contribut-
ing to HF.
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Our work links prolonged sympathetic  
hyperactivation-induced dysregulated protein phase 
separation to HF, and offers new insight into the 
mechanism of HF. This novel mechanism also reveals 
that restoring the dynamic phase separation of HIP-
55 may provide a new strategy for developing innova-
tive therapies for HF.
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