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Endothelial damage is the initial and crucial factor in the occurrence and development of vascular complications in diabetic
patients, contributing to morbidity and mortality. Although hyperglycemia has been identified as a damaging effector, the detailed
mechanisms remain elusive. In this study, identified by ATAC-seq and RNA-seq, JunB reverses the inhibition of proliferation and the
promotion of apoptosis in human umbilical vein endothelial cells treated with high glucose, mainly through the cell cycle and p53
signaling pathways. Furthermore, JunB undergoes phase separation in the nucleus and in vitro, mediated by its intrinsic disordered
region and DNA-binding domain. Nuclear localization and condensation behaviors are required for JunB-mediated proliferation and
apoptosis. Thus, our study uncovers the roles of JunB and its coacervation in repairing vascular endothelial damage caused by high

glucose, elucidating the involvement of phase separation in diabetes and diabetic endothelial dysfunction.
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Introduction

Diabetes mellitus (DM) is a chronic disease attributed to in-
sufficient insulin secretion or utilization (or both) and can be
divided into type 1 and type 2 (Ahmad et al., 2022). Micro-
and macro-vascular complications contribute to the morbidity
and mortality of patients with DM, including neuropathy,
nephropathy, retinopathy, coronary heart disease, cerebrovas-
cular disease, and peripheral arterial disease (Chen et al.,
2017). Evidence suggests that endothelial damage and dysfunc-
tion not only initiate vascular complications in DM, but also
play an essential role in its development (Lorenzi and Cagliero,
1991; Cohen, 1993; Piqueras et al., 2007; Higashi et al., 2009;
Gimbrone and Garcia-Cardena, 2016; Vanhoutte et al., 2017).
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The endothelium, composed of a single-cell layer, acts as the
barrier between the blood and the vascular wall. Moreover, it
plays both endocrine and paracrine roles in the body, produc-
ing vasodilators such as nitric oxide and vasoconstrictors such
as endothelin-1 (Sumpio et al., 2002; Vane et al., 1990; Rafii
et al., 2016; Yang and Cao, 2022). Endothelial cells (ECs) are
involved in cell adhesion, angiogenesis, hemostasis, and blood
flow (Feletou and Vanhoutte, 2006). Once the endothelium gets
damaged, surrounding healthy ECs with a rapid proliferation rate
replace the damaged cells to prevent the exposure of the vascu-
lar cavity surface (Hansson et al., 1985; Itoh et al., 2010). In ad-
dition, enhancing apoptosis also evokes the proliferation of ECs
(Wright, 1968; Schwartz and Benditt, 1977; Kaiser et al., 1997;
Sakao et al., 2005; Foteinos et al., 2008; Chiu and Chien, 2011).

Hyperglycemia has been consistently reported as the ma-
jor risk factor for vascular complications in early-stage DM
(Ruderman et al., 1992; Diabetes et al., 1993; Susztak et al.,
2006). Exposure to high glucose inhibits the proliferation of
vascular ECs and prompts apoptosis, leading to endothelial
damage and dysfunction (Lorenzi et al., 1985; Risso et al.,
2001; McGinn et al., 2003; Quagliaro et al., 2003; Varma et al.,
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2005; Piqueras et al., 2007; Bhatt et al., 2013; Liu et al., 2014;
Chen et al., 2017). This is primarily mediated by the PI3K/Akt,
ERK1/2, JNK, NF-«B, and p38 pathways (Bach et al.,, 1997;
Brouard et al., 2000; Bubici et al., 2006; Curtis et al., 2009;
Chaudhury et al., 2010; Zhang et al., 2011; Charreau, 2012;
Abeyrathna and Su, 2015). High glucose induces endothelial
damage through diverse mechanisms, including stimulation
of the polyol pathway, elevation of advanced glycation end-
products, activation of protein kinase C (PKC), activation of the
hexosamine biosynthetic pathway, and induction of oxidative
stress (Quyyumi et al., 1995; Forstermann and Li, 2011). Nev-
ertheless, the underlying mechanisms of endothelial dysfunc-
tion caused by hyperglycemia are still vague. Investigating the
detailed processes of endothelial dysfunction induced by high
glucose has critical clinical significance and may improve the
prevention and treatment of vascular complications in diabetes.

Biological liquid-liquid phase separation (LLPS) is a process
by which multiple molecules are concentrated into a liquid-like
compartment that coexists with the surrounding environment.
Protein LLPS is mainly triggered by polyvalent interactions
and mediated by proteins carrying intrinsic disordered regions
(IDRs) (Bergeron-Sandoval et al., 2016; Banani et al., 2017;
Shin and Brangwynne, 2017). Furthermore, it is also modulated
by environmental changes such as media composition,
concentration, temperature, pH, and salt concentration (Banani
etal.,, 2017). LLPS has been reported to be involved in a myriad
of physiological activities, including autophagy, immunity,
stress response, tight junctions, cell division, cell signaling,
and aging (Ganassi et al., 2016; Banani et al., 2017; Shin and
Brangwynne, 2017; Boeynaems et al., 2018; Franzmann et al.,
2018; Hofweber et al., 2018; Zhang et al., 2018a; Beutel et al.,
2019; Wolozin and Ivanov, 2019; Bhattacharya and Behrends,
2020; Fujioka et al., 2020; Huang et al., 2021). However,
whether and how phase separation contributes to diabetic
endothelial dysfunction remain unknown.

JunB belongs to the AP-1 transcription factor (TF) family,
participating in lymphatic vascular morphogenesis, differenti-
ation of erythroid cells and naive T helper cells, regeneration
of tadpole tails through positive regulation of cell proliferation,
modulation of lipotoxic B-cell death, the transition from S to
G2/M phase by activating cyclin A, the proliferation of embryonic
fibroblasts, inhibition of NF-kB-dependent inflammation, over-
production of type | collagen, development of dermatofibrosis,
and cell proliferation regulation (Bakiri et al., 2000; Andrecht
et al., 2002; Jacobs-Helber et al., 2002; Cunha et al., 2014;
Kiesow et al., 2015; Ponticos et al., 2015; Zhang et al., 2015;
Jia et al., 2016; Carr et al., 2017; Hasan et al., 2017; Yamazaki
etal.,2017; Nakamura et al., 2020; Katagiri et al., 2021). JunB is
also identified to affect the functions of ECs. Some reports imply
that JunB inhibition affects the migration but not proliferation of
ECs (Bakiri et al., 2000; Jia et al., 2016), while others report that
JunB affects cell morphology in human primary microvascular
ECs (Yoshitomi et al., 2017). In this study, we characterized
the landscape and relationship between chromatin accessibility
and transcript expression in high glucose-treated human um-

bilical vein endothelial cells (HUVECs) by performing the assay
for transposase-accessible chromatin using sequencing (ATAC-
seq) and RNA sequencing (RNA-seq) analyses, identifying that
JunB displays corresponding declines in both motif accessibility
and expression level. The data show that JunB and its conden-
sation promote proliferation and inhibit apoptosis in vascular
ECs under hyperglycemic conditions and thus indicate a new
connection between LLPS and diabetic endothelial damage and
recovery.

Results
JunB exhibits reductions in both motif accessibility and gene
expression level under high-glucose condition

We aimed to investigate genome-wide changes in
chromatin accessibility, gene expression, and transcriptional
regulation during vascular endothelial dysfunction caused by
hyperglycemia. ATAC-seq and RNA-seq were used and combined
to obtain comprehensive information in HUVECs treated with
high or normal glucose. In previous studies, a wide range of
glucose concentrations from 30 to 120 mM were used in HUVECs
to mimic hyperglycemic conditions and simulate high-glucose
damage (Chao et al., 2016; Rezabakhsh et al., 2017; Yu et al.,
2017; Tousian et al., 2020). At the beginning of our study,
we tried different glucose concentrations to find the optimal
dose and discovered that the glucose concentration of 60 mM
showed more obvious and stable effects on the cell number of
HUVECs (Supplementary Figure S1A). Therefore, we used the
glucose dose of 60 mM in our following study. By performing
ATAC-seq, we found that nucleosome-free, mononucleosome,
and dinucleosome regions were present in the fragment
length distribution of all samples, displaying typical ATAC-seq
nucleosome banding patterns (Supplementary Figure S1B). The
ATAC-seq data obtained from libraries were sufficient, repre-
sented by >260000 peaks (Supplementary Figure S1C) and
>35 million non-duplicate, non-mitochondrial aligned reads
(Supplementary Figure S1D). The alignment rates were >97%,
showing that the libraries were not contaminated by other
chromatin (Supplementary Figure S1E). Non redundant fraction
and polymerase chain reaction (PCR) bottlenecking coefficient 1
(PBC1) values for each library were >0.8 (Supplementary
Figure S1F and G), and the number of PBC2 exceeded 4
(Supplementary Figure S1H). These results indicated that
the library complexity was sufficient for subsequent deep
analyses. The transcription start site enrichment scores
ranged from 10 to 14 (Supplementary Figure S1lI), and the
fraction of reads in the called peak regions (FRiP) scores were
>0.2 (Supplementary Figure S1J), implying that our libraries
presented the high signal-to-noise ratio and quality.

The principal component analysis (PCA) of peak read counts
showed significant segregation of samples treated with high
glucose or normal glucose (Figure 1A). By analyzing differential
chromatin accessibility between the two conditions, we found
a total of 40183 peaks with differential accessibility (absolute
log, (fold change) >0.5 and —logoFDR < 0.01), among which
16806 peaks showed increased accessibility and 23377 peaks
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Figure 1 JunB shows decreased motif accessibility and gene expression in HUVECs treated with high glucose. (A) PCA of counts across all
ATAC-seq regions in HUVECs treated with 5.5 mM glucose (NG, blue) or 60 mM glucose (HG, red). (B) Volcano plot of ATAC-seq peaks comparing
HG to NG. Peaks with differential chromatin accessibility (FDR < 0.01 and |log,(fold change)| > 0.5) are highlighted. The numbers of peaks
with open (red) and closed (blue) chromatin accessibility are shown. (C) Percentages of peak annotation types of ATAC-seq peaks with
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showed decreased accessibility (Supplementary Figure S1K
and L; Figure 1B). Peak annotation showed that major
accessibility-increased peaks (58.3%) were located in intergenic
regions and major accessibility-decreased peaks were in introns
(53.9%) (Figure 1C). Gene Ontology (GO) analysis showed that
regions with increased accessibility were related to biological
processes including axon development and genesis, molecular
functions, including metal ion transmembrane transporter and
cation channel activity, and cellular components including
synaptic membrane and postsynaptic membrane, while
regions with decreased accessibility were associated with
actin filament organization, regulation of supramolecular fiber
organization, phosphatidylinositol (Pl) binding and serine/
threonine kinase (STK) activity, and cellular components
such as cell-substrate junction and focal adhesion molecules
(Supplementary Figure S1M and N). Coincidentally, the
molecular functions, including Pl binding and STK activity,
enriched in our GO analysis have been reported to mediate the
proliferation and apoptosis of high glucose-treated HUVECs,
further leading to vascular endothelial dysfunction (Baron
et al., 1991; Natali et al., 1997; Kim et al., 2006). In addition,
high glucose might induce cell death or vascular endothelial
dysfunction through the caspase pathway and autophagic
programmed cell death (Kothakota et al., 1997; Ohsumi, 2001;
Gozuacik and Kimchi, 2004; Elmore, 2007).

To investigate how high glucose affects the gene expres-
sion of HUVECs, RNA-seq was performed with three biological
replicates of HUVECs treated with high glucose or normal glu-
cose. We observed 2301 up-regulated genes and 2266 down-
regulated genes in HUVECs treated with high glucose com-
pared with normal glucose (absolute log;(fold change) >1 and
—log1oFDR < 0.05) (Figure 1D). Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis showed that the up-regulated genes
were mainly related to the cell cycle, the TGF-g signaling path-
way, deoxyribonucleic acid (DNA) replication, and mismatch re-
pair, whereas the down-regulated genes were primarily involved
in lysosome, the HIF-1 signaling pathway, and fructose and man-
nose metabolism (Supplementary Figure S10 and P). All these
pathways were connected with cell proliferation and apoptosis
in previous studies (Li, 1999; Goda et al., 2003; Groth-Pedersen
and Jaattela, 2013; Zhang et al.,, 2017; Jiang et al.,, 2021;

Xiao et al., 2021). Through comprehensive analyses of ATAC-
seq and RNA-seq data, we identified 2142 overlaps between
the differentially expressed genes and the peaks with dif-
ferential accessibility (Figure 1E). The differential gene ac-
cessibility positively correlated with the differential expres-
sion in a correlation analysis (Pearson correlation coefficient
R = 0.41), suggesting that alterations in chromatin accessi-
bility contributed to the concomitant differential messenger
RNA (mRNA) expression in HUVECs treated with high glucose
(Figure 1F). Then, HOMER motif analysis was utilized to iden-
tify TF motifs enriched in the regions with differential acces-
sibility. We discovered 124 enriched TF motifs (ATF3, AP-1,
Fos, BATF, and Fral motifs displaying the highest enrich-
ments) in the regions with increased accessibility (Figure 1G
and H) and 163 enriched TF motifs (ATF3, JunB, Fral, Fos, and
AP-1 displaying the highest enrichments) in the regions with
decreased accessibility (Figure 1) and K). By combining RNA-seq
and HOMER motif analyses, we identified four up-regulated TFs,
Fos, LHX1, Tbr1, and EOMES (Figure 1H and I) and 11 down-
regulated TFs, JunB, ETS1, ETV4, TEAD3, ATF4, MAZ, STAT6, PAXS,
IRF3, Sox15, and Klf4, among which, JunB exhibited the highest
degree of motif enrichment in the regions with decreased ac-
cessibility (Figure 1K and L). Furthermore, the downstream tran-
scriptional targets of JunB, including AKT1, AKT2, AKT3, VEGFA,
VEGFB, and XBP1, all showed decreased mRNA levels under
high-glucose condition (Figure 1M; Supplementary Figure S1Q),
confirming the reduced motif accessibility and expression level
of JunB.

JunB reverses the effects of high glucose on HUVEC proliferation
and apoptosis

To confirm the reduction of JunB expression level in HUVECs
under high glucose, reverse transcription—quantitative PCR
(RT-gPCR) and western blotting analyses were performed. We
confirmed that JunB mRNA and protein levels were both down-
regulated (Supplementary Figure S2A-C). By cell cloning and
counting assays, we found that JunB depletion by interfer-
ence RNA (RNAi) amplified high glucose-induced decrease in
HUVEC number, while overexpressing a JunB non-sense mutant
(JunB-NS) resistant to JunB RNAi rescued the decreased cell
number (Figure 2A and B; Supplementary Figure S2B).

Figure 1 (Continued) differential accessibility (FDR < 0.01 and |log, (fold change)| > 0.5). (D) Volcano plot of RNA-seq genes comparing HG
to NG. Genes differentially expressed (FDR < 0.05 and |log; (fold change)| > 1) are highlighted. The numbers of genes with increased (red)
and decreased (blue) expression are shown. (E) Venn diagram illustrating the overlap between differentially expressed genes (red circle) and
the nearest genes of differentially accessible regions (blue circle). (F) Correlation analysis between differentially accessible regions and their
nearest differentially expressed genes. Each dot represents a region with significantly differential accessibility and associated with differential
expression. Pearson’s correlation coefficient (R) and the number of dots in different quadrants are shown. (G and J) Motif enrichment analysis
of increased (G) or decreased (J) accessible peaks comparing HG to NG via Homer findMotifsGenome.pl. The top 5 significantly enriched TF
motifs (with least P-values) are plotted. (H and K) Venn diagram showing overlap between the enriched TF motifs in increased accessible
regions and up-regulated genes (H) or between the enriched TF motifs in decreased accessible regions and down-regulated genes (K).
Only the enriched TF motifs with a P-value < 0.01 were included. (I and L) Column chart showing the identified up-regulated (I) or
down-regulated (L) TFs. The length of each column represents the P-value for the enriched motif. (M) The mRNA expression levels of JunB
downstream genes. Error bars represent mean &+ SEM, n = 3 independent experiments. Significance was determined using two-tailed t-test.

*P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 2 JunB reverses the effects of high glucose on EC proliferation and apoptosis. HUVECs were treated as indicated: NG, 5.5 mM
glucose; HG, 60 mM glucose; None, without transfection reagents or oligonucleotides; Control, only with transfection reagents; RNAi, with
both transfection reagents and oligonucleotides; RNAi+JunB-NS, infected by lentivirus after adding transfection reagents and oligonu-
cleotides. (A and B) The colony forming ability of cells. Representative colony formation pictures (A) and the ratio of cell number relative



Ren et al., J. Mol. Cell Biol. (2023), 15(12), mjad072

To further explore how JunB regulates the EC number
under high glucose, we examined both cell proliferation
and apoptosis. We found that JunB RNAi suppressed whereas
JunB overexpression promoted the proliferation of HUVECs
treated with high glucose, as evidenced by CCK8 evaluation,
EdU, and phosphohistone H3 (pH3) staining (Figure 2C-F;
Supplementary Figure S2C-G). In addition, bidirectional
deviations of JunB modulated the activation of apoptosis under
high-glucose condition, as indicated by flow cytometry and
terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) assays (Figure 2G-J; Supplementary Figure S2H).
Importantly, the effects of JunB RNAi on HUVEC proliferation and
apoptosis under high glucose were reversed by overexpressing
JunB-NS (Figure 2C and E-J; Supplementary Figure S2B,
D, and E). Thus, JunB promoted cell proliferation and
suppressed cell apoptosis in HUVECs under high-glucose
condition.

To further uncover the underlying mechanisms of JunB-
mediated cell proliferation and apoptosis during diabetic vas-
cular endothelial injury, we compared genes expressed in
the HUVECs treated with control and JunB RNAi under high-
glucose condition using RNA-seq. Clusters of up-regulated and
down-regulated genes were identified in JunB-depleted HUVECs
(Supplementary Figure S2I and J). The KEGG enrichment analysis
showed that the down-regulated genes were mainly involved
in the mTOR signaling, tight junction, and cell cycle pathways,
contributing to cell proliferation (Gonzalez-Mariscal et al., 2012;
Lu et al., 2021; Pan et al., 2021), while genes associated with
the JAK/STAT signaling pathway, p53 signaling pathway, and cell
adhesion molecules that mediate cell apoptosis (Zhang et al.,
2018b; Jiang et al., 2019; Carracedo et al., 2001; Meyer et al.,
2020; Yang et al., 2021) were enriched in the up-regulated gene
cluster (Supplementary Figure S2K and L). Upon JunB depletion,
cell cycle pathway genes, including Cdc25B, Skp1, Ywhab, and
Mad2L1, were down-regulated in our RNA-seq data, whereas
p53 signaling pathway genes, including Gadd45a, Gadd45b,
and BBC3, were upregulated (Figure 2K and L). Meanwhile,
JunB overexpression increased the mRNA levels of Cdc25B,
Skp1, Ywhab, and Mad2L1 and decreased that of Gadd45a,
Gadd45b, and BBC3 (Figure 2M and N). Overall, JunB controlled
the proliferation and apoptosis of HUVECs under hyperglycemic
conditions through the cell cycle and p53 signaling pathways,
respectively.

JunB undergoes LLPS in nuclei and in vitro mediated by IDR and
DNA-binding domain

The IDRs were distributed among the majority of JunB
proteins, inferring that JunB might exert LLPS behaviors
(Supplementary Figure S3A). Consistently, we observed by
immunofluorescence that endogenous JunB and exogenous
GFP-JunB formed multiple puncta in the nuclei of HUVECs and
293T cells (Figure 3A and B). Interestingly, high glucose not
only reduced JunB protein level but also impaired its phase
separation property (Figure 3C). Previous studies indicated that
protein LLPS was modulated by the temperature shift, which
was reversible within a certain temperature range (Jiang et al.,
2015; Cinar et al., 2019). We exposed HUVECs to different
temperatures to further verify whether JunB puncta displayed
LLPS properties. We discovered that the puncta formed by
endogenous or exogenous JunB diffused when the cells were
transferred from 37°C to 4°C and re-formed when transferred
backto 37°C (Figure 3D; Supplementary Figure S3B). By incubat-
ing HUVECs with alcohol 1,6-hexanediol, which is widely used to
destroy LLPS condensates (Duster et al., 2021; Shi et al., 2021,
2022), we revealed that droplets of endogenous or exogenous
JunB were dissolved, and drug wash out reversed this effect
(Figure 3E; Supplementary Figure S3C). Thus, the temperature
shift and 1,6-hexanediol treatment assays elucidated that
endogenous or exogenous JunB formed reversible puncta in
the nucleus. To further assess JunB condensate fluidity in the
nucleus, we performed a fluorescence recovery after photo-
bleaching (FRAP) assay in HUVECs overexpressing GFP-junB.
We found that the fluorescence-quenched region of GFP-JunB
droplet was restored in ~4 min, indicating the highly dynamic
diffusion coefficient of the JunB condensate (Figure 3F and G).
Then, we purified His-JunB protein in vitro and demonstrated
that the formation of JunB droplets was regulated by protein con-
centration, temperature, and salt ion concentration (Figure 3H
and I; Supplementary Figure S3D and F). Moreover, the addition
of a TRE-repeat DNA fragment (3 x TRE or 7 x TRE) that specifically
binds to JunB (Chiu et al., 1989; Yukimasa et al., 1999)
accelerated in vitro condensation (Supplementary Figure S3G).

To understand the mechanism of JunB coacervation, we
analyzed the structure of JunB protein and found a major
IDR located at 38-322 aa (Supplementary Figure S3A). We
truncated the entire IDR (38-322 aa) into four different regions
and generated mutants by deleting each region: JunBA38-90,

Figure 2 (Continued) to the None (NG) group (B) (n = 5). (C and D) The optical density (OD) of cells with JunB depletion (C) or GFP-junB
overexpression (D) was determined by the CCK8 assay. (E and F) Cell proliferation was determined by the EdU assay. Scale bar, 75 um.
(G and H) Cell apoptosis was determined by flow cytometry with Annexin V (abscis) and Pl (ordinate) staining. Apoptotic cell percentage
was the sum of Q2 and Q4 percentages. (I and J) Cell apoptosis was determined by the TUNEL assay. Scale bar, 250 pum. (K and L) RNA-
seq performed with control or JunB-depleted HUVECs under high glucose determined the differential expression of genes in the cell cycle
pathway (K) or p53 pathway (L). The genes verified positive by RT-qPCR are indicatedin red. (M and N) RT-qPCR showed up-regulation
of Cdc25B, Skp1, Ywhab, and Mad2L1 and down-regulation of Gadd45a, Gadd45b, and BBC3 in HUVECs overexpressing GFP-JunB. Error
bars represent mean + SEM, n = 3 independent experiments if not stated. Significance was determined using two-tailed t-test. *P < 0.05,

**P < 0.01, ***P < 0.001.
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JunBA91-140, JunBA141-218, and JunBA219-322
(Supplementary Figure S3E). Compared with wild-type
JunB (JunB1-347), JunBA219-322, but not JunBA38-90,
JunBA91-140, or JunBA141-218, destroyed droplet formation
in HUVECs (Supplementary Figure S3H). As the 219-322 aa
region of JunB contains the DNA-binding (250-276 aa), nuclear
localization signal (NLS) (276-289 aa), and leucine zipper
(296-317 aa) domains (Chen, 2003), we constructed four other
mutants: JunBA219-250, JunBA250-276, JunBA276-289,
and JunBA296-322 (Supplementary Figure S3E). As shown
in Figure 3J, JunBA219-250 formed similar droplets as wild-
type JunB. JunBA250-276 deficient in interacting with DNA
showed attenuated droplet formation, constituting smaller
condensates. JunBA276-289 without the NLS domain also
constituted smaller droplets in the cytoplasm but not in the
nucleus, further revealing the requirement of DNA binding
for JunB coacervation. Coincidentally, no visible droplets
were formed when only JunBA296-322 was overexpressed
in HUVECs, indicating that the 296-322 aa region mainly
contributed to JunB condensation (Figure 3J). Thus, JunB
underwent phase separation in vivo and in vitro, mediated by
its IDR region (aa 296—322) and DNA-binding property.

JunB nuclear localization and condensation control its functions
in EC proliferation and apoptosis induced by high glucose

To study the role of JunB condensation and nuclear localiza-
tion in HUVEC proliferation and apoptosis stimulated by high
glucose, we overexpressed JunB mutants JunBA276-289-NS,
JunBA296-322-NS, or JunB-NS in JunB-depleted HUVECs
treated with high glucose. Since the 296-322 aa region of
JunB comprises a leucine zipper structure that usually forms
heterodimers with other AP-1 family members (Deng and Karin,
1993; Basbous et al., 2003; Ghosh et al., 2005), we additionally
utilized another JunBA296-322 construct fused with the
N-terminus of the fused in sarcoma (FUS) protein (FusIDR-
JunBA296-322) to discriminate the heterodimer formation
from the condensation property of JunB in the following
functional rescue assays (Supplementary Figure S3E). In
previous studies, the intrinsically disordered N-terminal region
of FUS required for its phase separation was usually leveraged
to replace the IDR of other coacervating proteins to confirm and
study their LLPS behaviors (Lin et al., 2017; King and Petry,
2020; Rawat et al., 2021). Accordingly, FusIDR-JunBA296-322
re-formed visible puncta in the nuclei of HUVECs, compared with
JunBA296-322 (Figure 3J). We found that both JunBA276-289-
NS and JunBA296-322-NS exhibited weaker reversing effects
than JunB-NS on cell number reduction (Figure 4A and B),

proliferation inhibition (Figure 4C, E, and F), and apoptosis
induction (Figure 4G-J); Supplementary Figure S4A and B)
caused by JunB depletion under high glucose condition, but
FusIDR-JunBA296-322-NS displayed stronger reversing effects
than JunBA296-322-NS that were comparable to the effects
of JunB-NS. Meanwhile, JunBA276-289 or JunBA296-322
showed weaker induction of cell proliferation (Figure 4D;
Supplementary Figure S4C—F) and suppression of cell apoptosis
(Figure 4K and L) under high-glucose condition compared with
wild-type JunB-WT, while FusIDR-JunBA296-322 exerted more
significant effects than JunBA296-322. To further study the
function and mechanism of JunB condensation and transcription
behaviors in the proliferation and apoptosis of HUVECs under
high glucose, we verified the mRNA levels of JunB-regulated
targets in the cell cycle and p53 signaling pathways by qPCR.
The results showed that overexpressing JunBA250-276,
JunBA276-289, or JunBA296-322 in HUVECs treated with
high glucose did not significantly affect the mRNA levels of
Cdc25B, Skp1, Ywhab, and Mad2L1 in the cell cycle signaling
pathway and Gadd45a, Gadd45b, and BBC3 in the p53 signaling
pathway (Figure 4M). FusIDR-JunBA296-322 exerted similar
effects as wild-type JunB on up-regulating cell cycle-related
genes and down-regulating p53-related genes (Figure 4M).
Thus, our data proposed that JunB underwent phase separation
in the nucleus and in vitro, modulated by its IDR at 296-322
aa (leucine zipper domain) and DNA-binding property. JunB
condensation and transcription behaviors regulated the
proliferation and apoptosis of vascular ECs induced by
high glucose via the cell cycle and p53 signaling pathway,
respectively (Figure 4N). As the leucine zipper domain generally
mediates dimerization (Angel and Karin, 1991; Chinenov
and Kerppola, 2001), JunB dimerization might be necessary
for its phase separation, and the FusIDR-JunBA296-322
chimera might restore the phase separation propensity under
the modulation of the FUS IDR-mediated polymerization.

We further analyzed the interaction between JunB and
downstream transcriptional targets by chromatin immunopre-
cipitation (ChIP)—qPCR. Since VEGFB and Ywhab emerged top
in the target list from our ATAC-seq and RNA-seq analyses, they
might act as downstream targets of JunB in regulating cell prolif-
eration (Figures 1M and 2K). ChIP—qPCR results demonstrated
that high glucose attenuated the interaction between JunB
and the promoter of VEGFB or Ywhab, which was rescued by
overexpression of GFP-JunB or FusIDR-JunBA296-322, but not
JunBA296-322 (Supplementary Figure S4G). In addition, we
isolated vascular ECs from C57BL/6 wild-type and db/db mice
by using fluorescence-activated cell sorting (FACS) with the

Figure 3 (Continued) incubation and wash out led to GFP-JunB puncta diffusion and re-formation in the nuclei of HUVECs. Scale bar,
5 uwm. (F) Representative images showing fluorescence recovery of GFP-JunB condensates in the nuclei of HUVECs after photobleaching.
The photobleached area is indicated by the white box. Scale bar, 5 wm. (G) Fluorescence recovery curves after photobleaching for GFP-junB
condensates. n = 5 granules. (H and I) The JunB protein concentration (H) and temperature (I) modulated the formation of JunB droplets
in vitro. Scale bar, 2 wm. (J) Representative images showing the formation of puncta in HUVECs overexpressing different GFP-JunB mutants.

Scale bar, 10 um.
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Figure 4 The functions of JunB nuclear localization and condensation in EC proliferation and apoptosis induced by high glucose.
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vascular EC marker CD31 and analyzed the interaction between
JunB and the promoter of VEGFB or Ywhab by ChIP—qPCR. The
interaction between JunB and the promoter of VEGFB or Ywhab
was decreased in db/db mice compared with C57BL/6 wild-type
mice (Supplementary Figure S4H), validating the reduced JunB
target gene accessibility under clinically relevant hyperglycamic
condition.

Discussion

In this study, we investigated genome-wide landscape
changes in chromatin accessibility and the transcriptome of
vascular ECs treated with high glucose. Comprehensive analyses
showed that JunB expression level and motif accessibility both
significantly decline upon high glucose-induced damage,
inferring that JunB may adjust cell responses during endothelial
damage under high-glucose conditions. Then, we found that
JunB promotes cell proliferation through the cell cycle signaling
pathway and attenuates cell apoptosis via the p53 signaling
pathway in HUVECs treated with high glucose. Additionally,
we uncovered that JunB undergoes LLPS in vitro and in the
nucleus, modulated by its IDR at 296—-322aa and DNA-binding
domain, which contribute to its impact on the proliferation
and apoptosis of HUVECs treated by high glucose and effects
on EC recovery under high-glucose damage. Thus, our data
reveal the potential involvement of LLPS in diabetic endothelial
dysfunction, inferring an additional candidate and strategy to
attenuate vascular endothelial damage under hyperglycemic
condition from the angle of LLPS.

Previous studies showed that JunB promotes the migration
of ECs and knocking down JunB in ECs reduces MMP13 expres-
sion, which ultimately inhibits EC migration (Licht et al., 2006).
Vascular endothelial growth factor (VEGF), upon binding to its
EC-specific receptors VEGF-R1 and VEGF-R2, can induce HUVEC
migration and increase JunB mRNA levels; conversely, JunB RNAI
impaired the migration of HUVECs induced by VEGF (Jia et al.,
2016). Furthermore, in human retinal microvascular ECs, VEGFA-
induced PKC6 phosphorylation amplifies JunB expression, which
further promotes VEGFR3 expression and the activation of STAT3
to control cell migration (Kumar et al., 2020). In our study, we
validated that LLPS mediates JunB activities in endothelial re-
covery upon high-glucose damage, as well as its transcriptional
activities to regulate the mRNA levels of its downstream genes
involved in cell proliferation and apoptosis. Therefore, JunB
might also function in endothelial migration via its condensation
property.

As a TF, JunB is implicated in the regulation of the VEGF
signaling pathway, the differentiation of Th2 and Th17 cells, and

the expression of human papillomavirus e6 and e7 oncoproteins
(Rengarajan et al., 2002; Henderson et al., 2004; Schmidt et al.,
2007; He and Luo, 2012; Carr et al., 2017; Hasan et al., 2017;
Yoshitomi et al., 2017; Xu et al., 2020). It has been reported
that individual or multiple TFs form intracellular mono- or multi-
element condensates to regulate the corresponding transcrip-
tional activities (Smith et al., 2021). For instance, HSF1, acting
as the transcriptional regulator of heat shock protein (HSP),
relies on the coacervation behavior upon stress to adjust the
transcription of HSP and HSP-mediated cell protection (Biamonti
and Vourc’h, 2010; Gaglia et al., 2020). As another example,
0CT4 and GCN4 form phase-separated droplets with Mediator in
vitro and in vivo, promoting gene activation (Boija et al., 2018;
Sabari et al., 2018). The AP-1 family comprises four subfami-
lies, i.e. Jun (c-Jun, JunB, and JunD), c-Fos (c-Fos, FosB, Frail,
and Fra2), Maf (c-Maf, MafA, MafB, Maff, Mafg, Mafk, and Nrl),
and ATF (ATF2, ATF3, ATF4, ATFa, BATF, JDP1, and JDP2) (Karin
et al., 1997; Leonard et al., 1997). AP-1 family members form
heterodimers or homodimers to exert their transcription effects
viathe leucine zipper motif (Leonard et al., 1997). Regarding this
ability, previous studies proposed that the heterodimer Jun/Fos
shows higher DNA affinity and transcriptional activity than the
homodimer Jun/Jun (Hai et al., 1989; Eferl and Wagner, 2003).
Thus, we infer that other AP-1 family members may participate
in the phase separation of JunB in vivo to modulate its transcrip-
tional activities and functions.

Diverse small-molecule compounds have been reported to
prevent the RNA-dependent condensation of RNA-binding pro-
teins associated with ALS, TDP-43, FUS, and HNRNPA2B1 (Fang
et al.,, 2019). 4,4'-dianilino-1,1'-diphthyl-5,5'-diabetic acid
(bis ANS) and silicon compounds, ATP, flavonoid myricetin, and
others have been shown to modulate LLPS of related proteins
(Hayes et al., 2018; Kang et al., 2018, 2019; Babinchak et al.,
2020; Dai etal., 2021; Song, 2021; Xu et al., 2022). In addition,
our data showed that high glucose decreases JunB expression
levels to disrupt its phase separation and attenuate endothelial
recovery upon damage. Accordingly, further research on whether
high glucose influences JunB LLPS behavior through direct phys-
ical binding is needed.

Materials and methods
Cell culture

HUVECs and HEK293 cells (ATCC) were cultured at 37°C and
5% CO, in Dulbecco’s modified Eagle’s medium (Gibco) con-
taining 10% fetal bovine serum (Gibco). For experiments, cells
were treated with normal glucose (NG, 5.5 mM glucose) or high
glucose (HG, 60 mM glucose) for 96 h.

Figure 4 (Continued) (abscis) and PI (ordinate) staining. Apoptotic cell percentage was the sum of Q2 and Q4 percentages. (I and J) Cell
apoptosis was determined by the TUNEL assay. Scale bar, 250 pm. (M) mRNA levels of Cdc25B, Skp1, Ywhab, Mad2L1, Gadd45a, Gadd45b,
and BBC3 were determined by RT-gPCR. (N) An illustration depicting how JunB was identified and that high glucose can affect the proliferation
and apoptosis of ECs by affecting the protein level and phase separation of JunB, thus leading to endothelial damage. Error bars represent
mean £+ SEM, n = 3 independent experiments if not stated. Significance was determined using two-tailed t-test. *P < 0.05, **P < 0.01,

***P < 0.001.
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Construction of different vectors

The cDNA encoding JunB was cloned into pET-32a to express
the His-JunB fusion protein in bacteria. The cDNA encoding
JunB was cloned into pLVX-AcGFP1-C1 or pLVX-mCherry-C1
as GFP-JunB or mCherry-JunB, respectively, for packaging
virus. JunB mutants (JunB-NS, JunBA38-90, JunBA91-140,
JunBA141-218, JunBA219-322, JunBA219-250,
JunBA250-276, JunBA276-289, and JunBA296-322)
were constructed on pLVX-AcGFP1-C1-JunB plasmids using
the Q5 Site-Directed Mutagenesis Kit (NEB). The cDNA
encoding FusIDR was cloned into JunBA296-322 as FusIDR-
JunBA296-322. JunBA250-276-NS, JunBA276-289-NS, and
JunBA296-322-NS were built on JunB-NS using the Q5 Site-
Directed Mutagenesis Kit. FusIDR-JunBA296-322-NS was
built on FusIDR-JunBA296-322 using the Q5 Site-Directed
Mutagenesis Kit. The primer sequences and restriction sites
used for the constructs are listed in Supplementary Table S1.

Knockdown of the JunB gene in HUVECs

We used the JunB siRNA oligonucleotides (5'-CGACUAC
AAACUCCUGAAATT-3" and 3’-UUUCAGGAGUUUGUAGUCGTT-5")
designed by Shanghai GenePharma for JunB knockdown. When
HUVECs were grown to 70% confluence, 40 pM of each siRNA
oligonucleotide was transfected into cells using Lipofectamine
RNAIMAX (Invitrogen) with gentle shaking to ensure mixing. The
efficiency was detected after 72 h.

Lentivirus packaging and infection of HUVECs

293T cells (80% confluence) were cultured in a 10-cm petri
dish. pLVX-AcGFP1-C1 and its helper plasmids pCMV-dR8.91
and pMD2.G were transfected into 293T cells with Lipo8000
(Beyotime). The fluid was changed at 8 h, and the virus super-
natant was collected at 48 and 72 h. The virus was concen-
trated with polyethylene glycol (PEG) and collected by centrifu-
gation at 24 h later for virus titer detection. Lentivirus-infected
HUVECs were added to the medium containing 1:1000 poly-
brene (Solarbio). The efficiency of virus infection was examined
under a fluorescence microscope, and the cell infection rate
was >90%.

RT-qPCR

Total RNA was extracted from HUVECs with TRIzol and
quantified using an ND-2000C NanoDrop spectrophotometer
(NanoDrop Technologies). First-strand cDNA was synthesized
from 1 pg of total RNA with HiScript Ill RT SuperMix for gPCR
(Vazyme). gPCR was performed with ChamQ Universal SYBR
gPCR Master Mix (Vazyme) on a C1000 Touch Thermal Cycler
(Bio-Rad). All the primers are shown in Supplementary Table S2.
B-Actin served as the reference gene. The 27247 method was
used for data calculation.

CCK8 assay
Cells were seeded into 96-well plates (1000 cells/well in
100 pl medium), and 10% CCK8 was added at 24, 48, and

72 h, respectively. After incubation for 1.5 h, the absorbance at
450 nm was measured by a microplate reader.

EdU assay

Cells were seeded into 96-well plates, incubated with 10 uM
EdU (Abbkine) for 2 h at 37°C, and fixed in 4% paraformaldehyde
(PFA) for 20 min. Each well was washed three times with 0.1 ml
BSA Wash Solution, and cells were permeabilized in 0.2% Triton
X-100 (Biofroxx) in phosphate-buffered saline (PBST) for 30 min.
Each sample was incubated with 100 ul of Click-iT reaction
mixture for 30 min at room temperature in the dark. Then,
to remove the reaction mixture, each well was washed three
times with 0.1 ml BSA Wash Solution. Nuclei were labeled with
4’,6-diamidino-2-phenylindole (DAPI) solution (Solarbio).

Immunofluorescence

Cells seeded on coverslips (Thermo Fisher Scientific) were
washed twice in PBS, fixed in 4% PFA for 20 min, and permeabi-
lized in PBST for 30 min. Afterincubation with anti-JunB antibody
(1:200, Abcam) or anti-pH3 antibody (1:1000, Millipore) at 4°C
overnight and washed three times with PBST for 10 min, the
cells were incubated with goat anti-rabbit 1gG (H+L) highly cross-
adsorbed secondary antibody (1:1000, Thermo Fisher Scientific)
at room temperature for 1 h and labeled with DAPI solution
to visualize nuclei. Images were taken with Leica fluorescence
stereo microscopes or Leica TCS-SP8 confocal microscope.

Colony formation assay and cell counting

Cells were counted after trypsin digestion, plated into 12-
well plates (100 cells per well), and incubated for 7-14 days to
assay for colony forming ability. Colonies were stained with 0.5%
crystal violet in 6% glutaraldehyde solution.

Cells were washed twice in PBS, fixed in 4% PFA for 20 min,
and permeabilized in PBST for 30 min. DAPI staining was fol-
lowed by fluorescence microscope sampling and counting.

Analysis of cell apoptosis by flow cytometry

Cells were digested with trypsin, washed three times with PBS,
and stained. Cells were resuspended in binding buffer at the
density of 1 x 10°-5 x 10°/ml and incubated for 5 min in the
dark with 5 il of Annexin V/Alexa Fluor 647, followed by 10 1 of
20 wg/ml propidium iodide (PI) and 400 .l of PBS forimmediate
detection. Flow cytometry was performed by using a FACS Aria Il
sorter (BD Biosciences).

TUNEL staining

Cells seeded on coverslips (Thermo Fisher Scientific) were
washed twice in PBS, fixed in 4% PFA for 20 min, and permeabi-
lized in PBST for 5 min. TUNEL staining was then performed to
detect apoptotic cells using the DeadEnd™ Fluorometric TUNEL
System (Promega) or TUNEL BrightRed Apoptosis Detection Kit
(Vazyme).
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1,6-hexanediol assay and temperature change assay of phase
separation

For phase separation in vivo, 1,6-hexanediol (Sigma) was
added to the medium until the concentration of 1,6-hexanediol
was 5%. Cells seeded on coverslips were incubated for 7 min in
the medium containing 1,6-hexanediol (as the 1,6-hexanediol
incubation group). Some of these cells were then incubated in
the medium without 1,6-hexanediol (as the wash out group).
MG-132 (Selleck) was added to the medium until the concen-
tration of MG-132 was 5 wM. Cells seeded on coverslips were
incubated at 4°C in the medium containing MG-132 for 5 h (as
the 4°C group). Some of these cells were then incubated at 37°C
for 12 h (as the 37°C group).

For phase separation in vitro, the His-JunB protein was added
to the flow cell on the slide, followed by incubation at 37°C for
2 min, then at 4°Cfor 30 min, and then at 37°C for 2 min. The His-
JunB protein was processed at different temperature conditions,
and the images were collected.

Droplet experiment and FRAP

JunB protein was diluted in ice-cold PBS buffer containing 5%
PEG. The solution was incubated at 37°C for 2 min and then
loaded into a flow cell made with two pieces of double sticky
scotch taps forimmediately imaging with an upright microscope
(Leica) under differential interference contrast (DIC). The DIC
images were taken using Scan-DIC with a sequential scan. For
DIC imaging, the light angle was set to be the same for all
samples imaged based on the shadows around the edge of the
droplets.

HUVECs were overexpressed with GFP-JunB to form protein
puncta, and the FRAP assay was performed on protein puncta
by the bleaching mode on a structure illumination microscope
(Nikon). The region of protein puncta was selected with a circular
pattern, and each protein puncta was bleached with a 488-nm
laser at 50% power for ~1 sec. The fluorescence recovery was
calculated using the CellSens software (OLYMPUS).

ATAC-seq

The ATAC-seq libraries were prepared as previously described
(Corces et al., 2017). Briefly, 50000 cells per sample were sus-
pended in ice-cold PBS. Cells were pelleted, resuspended in
lysis buffer (10 mM Tris—HCl, pH 7.4, 10 mM NacCl, 3 mM MgCl,,
0.1% NP40, and 0.1% Tween-20), and washed once with 1 ml
of cold lysis buffer not containing NP40. Following a 10-min
centrifugation at 4°C, nucleic extracts were resuspended in Tn5
transposition reaction mix (Vazyme) for 30 min at 37°C. Trans-
posed DNA was purified using the MinElute PCR Purification Kit
(Qiagen). PCR was performed to amplify the library for 12 cycles.
Libraries were cleaned up twice with VAHTS DNA Clean Beads
(Vazyme), the first using 0.55x volume to remove large DNA
fragments (>1 kb), and the second using 1x volume to clean
up the remaining small fragments. Libraries were sequenced on
the Illumina HiSeq 500 with 150-bp paired-end reads.

The raw data were processed with the ENCODE ATAC-seq
pipeline (https://github.com/ENCODE-DCC/atac-seq-pipeline).

In short, the reads were trimmed, filtered, and aligned against
hg38 using Bowtie2. PCR duplicates and reads mapped to
the mitochondrial chromosome or repeated regions were
removed. To correct for the Tn5 transposase insertion, mapped
reads were shifted +4/—5. Peak calling was performed using
MACS2, with P-value <0.01 as the cutoff. Then, the peak
merging script (https://github.com/corceslab/ATAC_lterative
OverlapPeakMerging) was used to create the union peak set.
We used featucounts to calculate within-peak read counts,
which were analyzed for differential chromatin accessibility
via DESeq2. Homer annotatepeaks were used to annotate
MACS2 enrichments based on their genomic locations. Binary
alignment map format (BAM) files used for peak calling were
reads perkilobase per million mapped reads (RPKM)-normalized
using deeptools bamCoverage and a binSize of 10. For heatmap
visualization, RPKM-normalized bigwig files from biological
replicates of each genotype were merged using bigWigMerge,
which was then used as the input for deeptools computeMatrix
to obtain the ATAC-seq signal that is lined up at the center of
peaks. RPKM-normalized bigwig files were used for visualization
in IGV.

RNA-seq

Total amount and integrity of RNA were assessed using the
RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system. The
mRNA sequencing libraries were constructed using the Illumina
TruSeq Stranded mRNA Library Prep kit with 200 ng of total RNA
following the manufacturer’s specifications. Library quantity and
quality were measured using Qubit2.0 Fluorometer and Agilent
2100 bioanalyzer, respectively. Libraries were sequenced by the
Illumina NovaSeq 6000. The end reading of the 150-bp pairing
is generated.

Raw reads were first processed through the fastp soft-
ware. Clean reads were obtained by removing reads containing
adapters, reads containing N bases, and low-quality reads from
the raw data. The index of the reference genome was built using
HISAT2 (v2.0.5), and paired-end clean reads were aligned to the
reference genome hg38 using HISAT2. featureCounts was used
to count the number of reads mapped to each gene. Differential
expression analysis of the two groups was performed using the
DESeq?2 R package. The resulting P-values were adjusted using
Benjamini and Hochberg’s approach for controlling the false
discovery rate (FDR).

Quantification and statistical analysis

Statistical significance was determined by unpaired two-
tailed t-test or one-way analysis of variance (ANOVA) with Tukey—
Kramer’s post hoc test for normal distribution and equal vari-
ance, unless indicated otherwise. Sample sizes, experimental
replicates, and specific statistical tests used are described in
figure legends. Data were plotted using GraphPad Prism 9 soft-
ware as the mean values. Error bars represent standard error of
the mean (SEM).
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Data and material availability

The RNA-seq and ATAC-seq data that support the findings of
this study have been deposited in the Sequence Read Archive
under BioProject ID: PRJNA925697 (corresponding to data in
Figures 1 and 2; Supplementary Figures S1 and S2).

The data sets generated and/or analyzed during this study
are available with no restrictions from the corresponding au-
thor upon reasonable request. Custom codes are available from
the corresponding author upon request. All key reagents used
in this study are listed in Supplementary Table S3, which are
available from the corresponding author with a completed
Materials Transfer Agreement.

Supplementary material
Supplementary material is available at Journal of Molecular
Cell Biology online.
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