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Abstract

Background: Nuclear transcriptional factor κB (NF-κB) plays a pivotal role in endothelial cell 

(EC) inflammation. Protein ISGylation is regulated by E3 ISG15 ligases, however, ISGylation of 

NF-κBp65 and its role in EC functions have not been investigated. Here we investigate if p65 is 

ISGylated and the role of its ISGylation in endothelial functions.

Methods: In vitro ISGylation assay and EC inflammation were performed. EC specific 

transgenic mice were utilized in a murine model of acute lung injury.

Results: We find that NF-κBp65 is ISGylated in resting ECs and that the post-translational 

modification is reversible. TNFα and endotoxin stimulation of EC reduce p65 ISGylation, 

promoting its serine phosphorylation through reducing its association with a phosphatase WIP1. 

Mechanistically, a Skp1-Cul1-F-box-protein (SCF) E3 ligase, SCFFBXL19, is identified as a new 

ISG15 E3 ligase that targets and catalyzes ISGylation of p65. Depletion of FBXL19 increases p65 

phosphorylation and EC inflammation, suggesting a negative correlation between p65 ISGylation 

and phosphorylation. Moreover, EC specific hFBXL19 overexpressing humanized transgenic mice 

exhibit reduced lung inflammation and severity of experimental acute lung injury.

Conclusions: Together, our data reveal a new post-translational modification of p65 catalyzed 

by a previously unrecognized role of SCFFBXL19 as an ISG15 E3 ligase that modulates EC 

inflammation.
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Introduction

Microvascular endothelial dysfunction is a hallmark of acute inflammatory diseases, 

including acute lung injury and sepsis 1–4. In response to stimuli, endothelial cells (ECs) 

release pro-inflammatory chemokines, including IL-6 and IL-8, to recruit neutrophil influx 

into inflamed regions. Endothelial dysfunction is associated with COVID-19 severity 5, 6. 

Activated lung ECs increase intercellular adhesion molecule 1 (ICAM1) and vascular 

cell adhesion molecule 1 (VCAM1) expression on the EC surface to facilitate neutrophil 

adhesion and transmigration into interstitial lung tissues and alveolar spaces 7–11. NF-

κB, a transcriptional factor, has long been considered a master regulator of prototypical 

inflammatory signaling. p65 is the major subunit of NF-κB. In resting cells, p65 is 

associated with I-κB, forming an inactive complex. Upon stimulation, I-κB becomes 

phosphorylated and degraded, thus freeing p65 to translocate into the nucleus to trigger 

gene expression 12–15. p65 transcriptional activation is regulated by its post-translational 

modifications (PTMs). Phosphorylation of p65 by IKKβ exhibits a profound effect on 

NF-κB activation 16–18, while the phosphorylation can be reversed by phosphatase WIP1 
19, 20.

Protein ISGylation is a newly characterized PTM 21–23. It was initially found in IFN-γ 
signaling. ISG15, a ubiquitin-like protein, exhibits antiviral activity 24–26. It is covalently 

conjugated to hundreds of proteins by a three-step enzymatic cascade including E1, E2, 

and E3 ligases. E3 ligases are key enzymes in ISGylation. So far, only a few ISG15 E3 

ligases have been identified 22, 27–29. ISGylation is a reversible process and de-ISGylation 

is mediated by USP18 (previously named as UBP43) 30, 31. The functional consequences of 

ISGylation are largely unexplored even though it has been shown to regulate protein-protein 

interaction, enzyme activity, and protein translation. Recent studies indicate that ISG15 

regulates TRAF6/TAK1, IKKβ, NEMO protein levels and p65 mRNA expression 32–36; 

however, ISGylation of NF-κBp65 and the role of protein ISGylation in EC inflammation 

have not been reported.

The Skp1-cullin 1-F-box (SCF) ligase complex, one of the largest families of E3 ubiquitin 

ligases, is comprised of a substrate-recognition component termed the F-box protein 
37, 38. In this study, we characterize SCFFBXL19-mediated ISGylation of NF-κBp65 and 

determined its role in the attenuation of p65 phosphorylation, EC inflammation, and lung 

injury. The data will lay the foundation for a significant mechanistic advance regarding the 

molecular regulation of the NF-κB pathway through the modulation of FBXL19 abundance 

and p65 ISGylation, which is implicated in the pathogenesis of inflammatory disorders such 

as acute lung injury and sepsis.
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Materials and Methods

All data and study materials that support the findings of this study are available from the 

corresponding authors upon reasonable request.

Cells and reagents.

Human lung microvascular endothelial cells (HLMVECs, from ATCC) were cultured 

with endothelial growth medium-2 (EGM-2) containing antibiotics at 37°C in 5% CO2. 

Human hybridoma endothelial cells (EAhy 926, ATCC) and HEK293 cells (from ATCC) 

were cultured in DMEM medium containing 10% fetal bovine serum (FBS). V5 tag 

antibody, mammalian expressional plasmid pcDNA3.1/His-V5-topo, and Escherichia coli 
Top10 competent cells were purchased from Life technologies (Grand Island, NY). ISG15, 

p65, ubiquitin, and WIP1 antibodies were purchased from Cell Signaling (Danvers, MA). 

ICAM1 and VCAM1 antibodies, immobilized protein A/G beads, and control IgG were 

purchased from Santa Cruz Biotechnology (Santa Cruz, CA). FBXL19 antibody was from 

Abgent (San Diego, CA). Lipopolysaccharide (LPS), T7 tag, and β-actin antibodies were 

purchased from Sigma (St. Louis, MO). Human recombinant TNFα was purchased from 

R&D systems (Minneapolis, MN). All materials used in the experiments are the highest 

grade commercially available.

Plasmid and siRNA transfection.

Human USP18, human FBXL19, or human ISG15 cDNA were inserted into pCDNA3.1/V5-

His-Topo vector, pCDNA3.1/HA vector. Human p65-T7 plasmid was a gift from 

Warner Greene (Addgene plasmid #21984). Plasmids and siRNAs transfections in 

ECs were performed using LipoJet or PepMute siRNA transfection reagent (SignaGen 

Laboratories, Frederick, MD). Overexpression or downregulation of genes were confirmed 

by immunoblotting.

Immunoblotting and co-immunoprecipitation (co-IP).

Cells were lysed in lysis buffer (Cell signaling, Danvers, MA). Equal amounts of 

total protein were subjected to SDS-PAGE gel, transferred to nitrocellulose, and then 

immunoreacted with primary and secondary antibody, sequentially. In figure legends, n 

indicates number of independent experiments. Membranes were stripped after phospho-p65 

immunoblotting and then re-probed with anti-p65 antibody. For co-IP, 1 μg of protein was 

incubated with a primary antibody overnight at 4°C, followed by incubation with protein 

A/G beads for an additional 2 h in room temperature. The beads were rinsed with PBS and 

lysis buffer for 3 times. Proteins on the beads were eluted by boiling in 2x SDS sample 

buffer.

In vitro ISGylation assay.

Cell pellets were resuspended with ubiquitin aldehyde and N-ethylmaleimide in 50–80 μl of 

2% SDS lysis buffer, followed by heating at 100°C for 10 min. This procedure disrupts any 

non-covalent protein-protein interaction. The denatured cell lysates were then sonicated on 

ice, followed by 10 times dilution with TBS. Cell lysates were subjected to IP.
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Immunofluorescence staining.

EAHy 926 cells were cultured in glass-bottom dishes and fixed with 3.7% formaldehyde 

for 20 min. Cells were blocked by 1% BSA in TBST buffer, and then cells were 

exposed to primary antibodies, followed by incubation with fluorescence-labeled secondary 

antibodies. All the antibodies have been evaluated with species’ IgGs as negative controls. 

Immunofluorescent cell imaging was performed using a Nikon A1R confocal microscope.

Animals and flow cytometry.

EC-specific FBXL19 overexpressing mice were generated by breeding endothelial cell-

specific Cre transgenic mice (Tg(Tek-cre1Ywa), from Jackson Laboratory Stock No. 

008863) and human FBXL19-V5-2A-tdTomato knock-in-Loxp mice (FBXL19-KIfl/fl, 

from Biocytogen Boston Corp, Wakefield, MA). Primers for genotyping are shown in 

supplemental figure 1. All mice were housed in the specific pathogen-free animal care 

facility at the Ohio State University in accordance with institutional guidelines and 

guidelines of the US National Institutes of Health. Standard laboratory rodent diet (5001* 

from LabDiet), containing ground corn, dehulled soybean meal, dried plain beet pulp, etc., 

was provided by animal care facility. All animal experiments were approved by the Ohio 

State University Animal Resources Centers. Age-matched males and females of C57/BL6J 

and EC-specific FBXL19 knock-in mice (8–10 weeks, 11 mice /each group, males and 

females) were given intratracheal (i.t.) LPS (2 mg/kg body weight) for 24 h. BAL fluid was 

collected for protein assay, cytospin, and neutrophil accounting. Lung tissues were fixed 

for hematoxylin and eosin (H&E) staining. Lung Evans blue staining were performed by 

intravenous injection of Evans blue in the mouse lateral tail vein, followed by lung collection 

and Evans blue measurement. Randomization and blinded analysis for data analysis were 

performed. Mice were randomly divided into two groups: the control group treated with 

PBS, the experimental lung injury group treated with i.t. LPS. Histological and BAL 

analysis were conducted by two independent investigators who are blinded to the samples. 

Data from males and females were combined for analysis. Lung tissues in C57/BL6J and 

EC-specific FBXL19 knock-in mice were minced and incubated in dissociation medium 

containing collagenase and DNase I at 37°C for 20 min. The digested lung tissue mixture 

was filtered with 70 μm nylon mesh strainer to obtain single cell suspension. FBXL19 

expression in lung cell types were analyzed with flow cytometry with antibodies specific 

to FBXL19 and cell type markers. PerCP/Caynine5.5 anti-mouse CD326, APC anti-mouse 

CD45 antibody, and PE/Cyanine7 anti-mouse CD31 antibody were from BioLegend (San 

Diego, CA). FBXL19 antibody was labeled with FITC. The gating strategy (from negative 

to positive) was used to identify populations expressing endothelial cell surface maker 

CD31 (CD45−/CD326−/CD31+), epithelial cell marker CD326 (CD45−/CD31−/C326+), 

and leucocyte marker CD45 (CD326−/CD31−/CD45+).

Statistical analysis.

Statistical analysis was performed using GraphPad Prism software, version 8.0 (GraphPad 

Software, San Diego). Animal sample size estimation was based on previous results 

in comparable studies 39, 40. A statistical power analysis was performed by employing 

G*Power 3.1.7 (Free software from Heinrich-Heine University, Germany) with assuming 
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90% power at a significance level of 0.05. Total 9–11 mice were used and data were 

pooled from two independent experiments. Biological sample size is indicated in the figure 

legends and data are expressed as means ± SEM. For continuous variables, normality 

and homogeneity of variance were assessed by Shapiro-Wilk and Brown-Forsythe tests, 

respectively. After confirming homogeneous variances and normality, 2-group comparisons 

for means were performed by 2-sided unpaired Student’s t tests, and multiple group 

comparisons for means were performed by 2-way ANOVA with Bonferroni post hoc tests. P 

value of < 0.05 was considered significant.

Results

NF-κBp65 is ISGylated, which is reduced in response to inflammatory stimuli.

NF-κBp65 is a central transcriptional factor in innate immune responses. Several PTMs 

of NF-κBp65 have been shown to regulate p65 activation, including phosphorylation, 

acetylation, and ubiquitination 41; however, ISGylation of NF-κBp65 has not described. To 

investigate whether p65 is ISGylated, we performed an in vitro ISGylation assay. Denatured 

EAhy926 cell lysates were subjected to IP with an antibody against p65, followed by 

immunoblotting with an ISG15 antibody. Mono-ISGylation of p65 was detected. ISGylation 

of p65 was reduced in ISG15 siRNA-transfected cells (Fig. 1A), indicating that p65 can be 

ISGylated. USP18 is an ISG15 specific isopeptidase. p65 ISGylation was reduced in USP18-

overexpressing EC cells (Fig. 1B), suggesting that p65 is ISGylated and that the PTM 

is reversed by USP18. Tumor necrosis factor α (TNFα) and endotoxin of gram-negative 

bacteria (lipopolysaccharide, LPS) trigger inflammatory responses in various inflammatory 

diseases through activation of NF-κB. Serine 536 phosphorylation of p65 is associated with 

NF-κB activation 41. As shown in Fig. 1C, TNFα increased serine 536 phosphorylation 

of p65, whereas TNFα treatment of ECs reduced p65 ISGylation. Also, LPS treatment 

decreased p65 ISGylation in HLMVECs (Fig. 1D). To investigate if USP18 directly de-

ISGylates p65, we performed co-immunoprecipitation (Co-IP) with a p65 antibody, followed 

by USP18 immunoblotting. As shown in Fig. 1E, USP18 was associated with p65 after LPS 

treatment, suggesting that LPS-reduced p65 ISGylation may occur through enhanced the 

association between p65 and USP18. Lysine (K) residues are protein ISGylation sites. To 

identify potential ISGylation sites on p65, we substituted several K of p65 with arginine 

(R). In vitro ISGylation assay showed that p65K218R, K221R, and K310R mutants reduced 

ISGylation levels (Fig. 1F), suggesting that these lysine residues are potential ISGylation 

sites. Taken together, these studies reveal that p65 can be ISGylated, a process reversed by 

USP18; inflammatory stimulus reduces p65 ISGylation, a process that may occur through 

increases in USP18/p65 association.

ISGylation regulates p65 phosphorylation and inflammatory responses.

To further investigate the relationship between ISGylation and phosphorylation of p65, 

we transfected ISG15 or USP18 plasmid in HLMVECs prior to TNFα treatment. TNFα 
induced serine 536 phosphorylation of p65, while the effect was attenuated by ISG15 

overexpression and augmented by USP18 overexpression (Fig. 2A–D), suggesting that 

ISGylation impedes p65 phosphorylation. Upregulation of ICAM1 is a hallmark of EC 

inflammation, which is tightly regulated by NF-κB activation 42. Overexpression of 
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ISG15 attenuated TNFα-induced ICAM1 expression (Fig. 2E, 2F). Further, we found that 

compared to the effect of p65 wild type, p65K310R increased TNFα-induced ICAM1 levels 

(Fig. 2G, 2H), suggesting that ISGylation negatively regulates p65 phosphorylation and 

inflammatory responses in ECs. Serine 536 phosphorylation of p65 is reversed by WIP1 19. 

To further investigate the molecular mechanisms by which ISGylation negatively regulates 

p65 phosphorylation, the association of p65 with WIP1 was examined by Co-IP. As shown 

in Fig. 3, overexpression of ISG15-V5 enhances p65 association with WIP1, suggesting that 

ISGylation of p65 compromises its phosphorylation through enhancing p65 association with 

its phosphatase.

SCFFBXL19 E3 ligase targets p65 for its ISGylation.

SCFFBXL19 is an anti-inflammatory E3 ligase and its leucine-rich repeat (LRR) region is 

responsible for interacting with substrates 38, 43. Here we found that exogenously expressed 

FBXL19 wild type, but not the LRR deletion mutant of FBXL19 (FBXL19C300), increased 

ISGylation of p65 (Fig. 4A). Downregulation of FBXL19 by siRNA transfection decreased 

p65 ISGylation (Fig. 4B). Further, co-IP and co-immunofluorescence staining show that 

FBXL19 is associated with p65 (Fig. 4C, 4D), indicating that SCFFBXL19 is an ISG15 E3 

ligase for p65 in ECs (Fig. 4E).

SCFFBXL19 E3 ligase attenuates p65 phosphorylation and EC inflammation.

Next, we examined the effect of SCFFBXL19 on phosphorylation of p65, which regulates 

p65 transcriptional activity. As shown in Fig. 5A and 5B, downregulation of FBXL19 

by siRNA transfection significantly increased phosphorylation of p65, indicating that 

FBXL19 regulates p65 ISGylation while attenuating p65 phosphorylation. NF-κB activation 

determines EC inflammation. Overexpression of FBXL19-V5 reduces TNFα-induced 

ICAM1 and VCAM1 expression in HLMVECs (Fig. 5C–E), while downregulation 

of FBXL19 promotes ICAM1 and VCAM1 expression (Fig. 5F, 5G). To determine 

the impact of SCFFBXL19 on leukocyte adhesion to EC, we examined the adhesion 

of GFP-expressing THP1 (human monocytic cell line) cells to TNFα-treated control 

cells or FBXL19-knockdown or overexpressing HLMVECs. FBXL19 siRNA transfected 

HLMVECs showed increased THP1 adhesion (Fig. 5H, 5I), while FBXL19-overexpressing 

HLMVECs exhibited lower inflammatory activity evidenced by lower levels of THP1 

adhesion (Fig. 5J, 5K). These data suggest that SCFFBXL19 diminishes EC inflammation, 

in part, through mediating p65 ISGylation and activation.

EC-specific FBXL19 overexpression reduces lung inflammation.

To further investigate the role of EC-FBXL19 in lung inflammation, we generated 

EC-specific FBXL19 overexpression mice. An FBXL19fl/fl mouse strain (C57BL/6J 

background) was generated by inserting the CAG-loxP/STOP/loxP-hFBXL19-V5 with 2A-

tdTomato marker cassette into the Rosa26 locus, in the intron between endogenous exon 

1 and 2. Further, the mice were crossed with Tek-Cre mice to generate EC specific 

V5-tagged human FBXL19-overexpressing mice (Tek-Cre/FBXL19-KIfl/fl) (Fig. 6A). The 

expression of FBXL19-V5 was detected in lung lysates (Fig. 6B) and CD31 positive 

ECs in Tek-Cre/FBXL19-KIfl/fl mice (supplemental Fig. 2). tdTamoto positive signal was 

detected in CD31 positive ECs by immunofluorescence staining (Fig. 6C). Mouse lung 
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single cell suspensions were isolated. Isolated ECs showed tdTomato positive (Fig. 6D). 

FBXL19 levels were increased in ECs (CD31+/CD45−/CD326−), but not in epithelial cells 

(CD326+/CD31−/CD45−) and leukocytes (CD45+/CD31−/CD326−), from Tek-Cre/FBXL19-

KIfl/fl mouse lungs compared with cells from FBXL19fl/fl mouse lungs (Fig. 6E). To 

determine if overexpression of FBXL19 in ECs diminishes EC inflammation in a murine 

model of acute lung injury (ALI), we challenged Tek-Cre/FBXL19-KIfl/fl (FBXL19-KI) and 

FBXL19fl/fl (WT control) with intratracheal (i.t.) injection of LPS (2 mg/kg body weight, 24 

h). Bronchoalveolar lavage (BAL) fluid was collected and analyzed for neutrophil influx into 

lungs. As shown in Fig. 7A and 7B, LPS injection increased neutrophil influx into the lungs 

of WT mice, which was significantly reduced in FBXL19-KI mice. H&E staining of lung 

tissues indicated that LPS-induced immune cell infiltration was decreased in FBXL19-KI 

mice (Fig. 7C). Further, pulmonary microvascular leakage was determined by the Evans 

blue (EB) technique in lung tissues. Compared to the lungs from LPS-challenged WT mice, 

EB content was decreased in the lungs of LPS-challenged FBXL19-KI mice (Fig. 7D, 

7E). Protein levels in BAL fluid were also reduced in LPS-challenged FBXL19-KI mice, 

compared to LPS-challenged WT mice (Fig. 7F), indicating that overexpression of FBXL19 

in ECs diminishes microvascular dysfunction in response to LPS challenge.

Discussion

ISG15 is a ubiquitin-like protein induced by interferons. ISGylation is the conjugation 

of ISG15 to substrate proteins. Antiviral effects of ISGylation have been well studied 
23, 24, 26, 28. Recent studies suggest that ISGylation plays an anti-inflammatory role in 

bacterial infection 34, 44. NF-κB activation contributes to inflammatory responses including 

chemokine, ICAM1, and VCAM1 production in ECs 43. NF-κBp65 undergoes several 

PTMs that regulate p65 stability, localization, and transcriptional activation 41. The effect of 

ISGylation on NF-κB activation has been reported 32–34, 36; however, the ISGylation of p65 

has not been identified. This study reveals that p65 can be ISGylated and that the ISGylation 

is regulated by E3 ligase SCFFBXL19 and de-ISGylation enzyme USP18. p65 ISGylation 

is reduced in response to inflammatory stimuli, such as LPS and TNFα, leading to an 

increase of its phosphorylation and inflammatory responses in ECs. Further, we show that 

EC-specific overexpression of FBXL19 diminishes lung inflammation in a murine model of 

acute lung injury. This study is the first to identify the ISGylation of p65 and provide a new 

molecular mechanism underlying regulation of NF-κB activation.

ISGylation is mediated by E1 activating enzyme (Ube1L), E2 conjugating enzyme (UbcH8), 

and an E3 ligase 28. Several E3 ligases including HERC5, Trim25, and human homologue 

of Ariadne (HHARI) have been identified to modulate ISGylation 27, 29, 45, 46. SCF E3 

ligase family belongs to multi-subunit RING-finger type of E3 ligase, which contains a cul1, 

Skp1, and F-box protein. Among them, the F-box protein is responsible for interaction with 

substrates 37, 38. The role of SCF E3 ligases in protein ubiquitination and neddylation has 

been well studied; however, its role in ISGylation has not been reported. We show that 

SCFFBXL19 targets and induces ISGylation of p65, while USP18 reverses the ISGylation. 

The p65 ISGylation is confirmed by downregulation of ISG15. Deletion of LRR domain 

of FBXL19 failed to induce p65 ISGylation, suggesting that specific molecular signatures 

are indispensable for SCFFBXL19 mediated ISG15 E3 ligase activity for p65. It is possible 
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that the LRR domain is a p65 docking site within FBXL19. SCFFBXL19 exhibits an anti-

inflammatory property through targeting and ubiquitinating the IL-33 receptor and CBP 

histone acetyltransferase 47, 48. This study reveals a new target for SCFFBXL19. UbcH8 

also serves as E2 enzyme for ubiquitin in SCF E3 ligase-mediated ubiquitination system 
49. UbcH8 has been shown to regulate both ubiquitination and ISGylation of the RNA 

helicase retinoic inducible gene 1 (RIG-1) 50. We hypothesize that UbcH8 plays a role as 

an E2 enzyme in SCFFBXL19-mediated p65 ISGylation. Future studies will be performed to 

investigate the complex of Ube1L/UbcH8/ SCFFBXL19. It is possible that other E3 ligases 

may induce p65 ISGylation. HERC5 levels have been shown be upregulated by LPS in ECs 
51; however, its role in LPS-induced inflammatory responses have not been investigated. we 

will further identify additional E3 ligases for p65 ISGylation in the future studies.

NF-κBp65 phosphorylation is associated with its transcriptional activation. Interplay 

between different PTMs regulate NF-κB activation as p65 phosphorylation promotes 

its acetylation and transcriptional activation 41. ISGylation occurs on lysine residues of 

substrates and the molecular ISGylation site remains elusive. Further, the phosphorylated 

state of p65 is functionally relevant, is reversible, and controlled in part by the 

phosphatase WIP1 that reduces NF-κB activation 20. Our data show that ISGylation 

promotes WIP1 association with p65. This may explain why ISGylation is associated with 

lower p65 phosphorylation. Additionally, it is possible that ISGylation may induce p65 

conformational changes to prevent phosphatase conjugation to p65. We show that serine 536 

phosphorylation of p65 is altered by ISGylation. P65 can be phosphorylated in several serine 

or threonine sites. Whether ISGylation affects this phosphorylation also needs additional 

studies. In this study, we demonstrate that TNFα and LPS regulate p65 ISGylation. It 

is possible that other inflammatory stimuli may affect p65 ISGylation. Activation of p65 

regulates inflammatory responses in other lung cells, such as macrophages and epithelial 

cells. In this study, we focused on endothelial cells, but p65 ISGylation may also occur in 

other cell types. A small number of hematopoietic cells are reported to be Cre positive in 

Tek-cre1Ywa allele 52. There is possible that FBXL19 overexpression in blood cells may 

contribute to the anti-inflammatory effects in Tek-Cre-FBXL19KI mice.

In summary, this study is the first to unveil p65 ISGylation, mediated by SCFFBXL19, 

and reversed by USP18 in ECs that impacts inflammation. ISGylation of p65 reduces 

EC inflammation, suggesting that SCFFBXL19-mediated p65 ISGylation exhibits an anti-

inflammatory property in ECs. Reduction of ISGylation by inflammatory stimuli promotes 

p65 phosphorylation and EC inflammation (Fig. 8). The data opens new opportunities to 

investigate NF-κB activation in inflammatory diseases to better understand the signatures 

that regulate of p65 ISGylation through molecular interplay with other modifications that 

govern cell-specific behavior.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations

NF-κB Nuclear transcriptional factor κB

EC endothelial cell

SCF Skp1-Cul1-F-box-protein

ICAM1 intercellular adhesion molecule 1

VCAM1 vascular cell adhesion molecule 1

PTM post-translational modifications

IP immunoprecipitation

WT wild type

EB Evans blue

i.t intratracheal

HHARI human homologue of Ariadne

RIG-1 retinoic inducible gene 1
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Highlights

• NF-κBp65 can be ISGylated by SCFFBXL19 E3 ligase, that can be reversed by 

USP18.

• ISGylation of p65 reduces its phosphorylation through increasing its 

association with phosphatase WIP1.

• Increases in p65 ISGylation diminish lung EC inflammation.

• Overexpression of FBXL19 in ECs reduces severity of experimental lung 

injury.
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Figure 1. TNFα and LPS reduce p65 ISGylation in ECs.
A.,B. p65 ISGylation was examined in ISG15 siRNA - (A) or USP18-V5- (B) transfected 

EAhy 926 cells. Input cell lysates were analyzed by antibodies for ISG15 (A) and V5 

(B). C.,D. p65 ISGylation was examined in TNFα (5 ng/ml, 0.5 h)- (C) or LPS (100 

ng/ml, 0.5 h) (D)-treated HLMVECs. Input lysates were analyzed by Ser536-p-p65 and 

p65 immunoblotting (C). E. The association between p65 and USP18 in HLMVECs was 

examined by Co-IP. F. In vitro ISGylation of p65-T7 wild type (Wt), K218R, K221R, and 

K310R mutants was examined in HEK293 cells. Immunoblots are representatives of two 

independent experiments.
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Figure 2. ISGylation regulates TNFα-induced phosphorylation of p65 and ICAM1 expression in 
HLMECs.
HLMVECs were transfected with ISG15-V5 (A, E) or USP18-V5 (C) plasmid for 48 

h, followed by TNFα (5 ng/ml, 0.5 and 6 h) treatment. P-p-65 (A, C) and ICAM1 (E) 

levels were analyzed. P-p65/p65 (B, D) and ICAM1/β-actin (F) intensities were quantified 

by Image J. n=4 samples per group. G. HLMVECs were transfected with the indicated 

plasmids, followed by TNFα (5 ng/ml, 3 h) treatment. ICAM1 levels were analyzed and 

quantified by Image J (H). n=3 samples per group. Data are presented as the means ± SEM. 

2-way ANOVA with Bonferroni post hoc tests were used. Immunoblots are representatives 

of three or four independent experiments.
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Figure 3. ISGylation increases p65 association with WIP1.
A. EAHy 926 cells were transfected with ISG15-V5 plasmid for 48 h. Cell lysates were 

subjected to IP with a p65 antibody, followed by immunoblotting with antibodies for WIP1 

and p65. Immunoblots are representatives of two independent experiments. B. Scheme 

shows ISGylated p65 association with WIP1.
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Figure 4. SCFFBXL19 E3 ligase targets p65 for its ISGylation.
A. EAhy 926 cells were transfected with FBXL19-V5 or FBXL19C300-V5 plasmid for 

48 h. ISGylation of p65 was examined. B. HLMVECs were transfected with FBXL19 

siRNA or ISG15-V5 for 72h. In vitro ISGylation were performed. C. EAhy 926 cells were 

transfected with FBXL19-V5 plasmid for 48 h. Cell lysates were subjected to IP with a 

V5 antibody, followed by immunoblotting with antibodies for p65 and V5. Immunoblots 

are representatives of two independent experiments. D. EAhy 926 cells were transfected 

with FBXL19-V5 plasmid for 24 h. Co-immunofluorescence staining were performed with 

V5 and p65 antibodies. Scale bar, 10 μm. E. Scheme shows that SCFFBXL19 induces p65 

ISGylation.
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Figure 5. SCFFBXL19 diminishes p65 phosphorylation and HLMVEC inflammation.
A. HLMVECs were transfected with cont siRNA or FBXL19 siRNA for 72 h and then 

treated with TNFα (5 ng/ml) for 0.5 h. p-p65 was examined and intensities of p-p65/p65 

were quantified. n=3 samples per group (B). C. ICAM1 immunofluorescence staining 

(green) after TNFα treatment (10 ng/ml, 6 h) in empty vector or FBXL19-V5 transfected 

HLMVECs. Scale bar, 50 μm. D.,F. ICAM1, VCAM1, V5, and FBXL19 immunoblotting 

after TNFα treatment (10 ng/ml, 6 h). Intensities of ICAM1/β-actin and VCAM1/β-actin 

were quantified. n=4 samples per group (E, G). H., J. FBXL19 siRNA- or FBXL19-V5-

transfected HLMVECs were treated with TNFα for 6 h, and then GFP-expressing THP1 

cells were added. After 30 min, unattached THP1 were washed out. Immunofluorescence 

signals were measured and quantified. Scale bar, 50 μm. n=12 samples per group (I.,K.). 
Data are presented as the means ± SEM. 2-way ANOVA with Bonferroni post hoc tests were 

used. Immunoblots and images are representatives of three or four independent experiments.
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Figure 6. Generation of Tek-Cre/FBXL19-KIfl/fl (FBXL19-KI) mice.
A. Strategy of generation of Tek-Cre/FBXL19-KIfl/fl mice. B. Lung tissue lysates were 

analyzed by immunoblotting with a V5 antibody. C. tdTomato signals were localized in 

CD31 positive EC cells. v: vascular vessel; Epi: epithelium. Scale bar, 100 μm. D. tdTomato 

fluorescence imaging of isolated lung endothelial cells. Scale bar, 10 μm. E. FBXL19 

expression in lung single cell suspensions was analyzed by flow cytometry. CD31+/CD45−/

CD326− (ECs), CD45+/CD31−/CD326− (leukocytes), CD326+/CD31−/CD45− (epithelial 

cells). Grey: FBXL19fl/fl control; Red: Tek-Cre/FBXL19-KIfl/fl.
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Figure 7. Tek-Cre/FBXL19-KIfl/fl mice exhibit reduced EC inflammation in a murine model of 
acute lung injury.
FBXL19-KI and FBXL19fl/fl (WT control) with i.t. injection of LPS (2 mg/kg body weight, 

24 h). A. Cytospin images of neutrophil in BAL fluids. Scale bar, 150 μm. B. Neutrophil 

in BAL fluids were quantified. n=10–11. The numbers of mice were pooled from two 

independent experiments. P value was calculated by t test. C. H&E staining of lung tissues. 

Scale bar, 100 μm. D. Images of lung tissues stained with Evans Blue (EB). Scale bar, 0.5 

cm. E. EB content in the lungs were quantified. n=4 mice / group. P value was calculated 

by t test (F). Protein levels in BAL fluids were measured. n=9 mice/group. The numbers of 

mice were pooled from two independent experiments. Data are presented as the means ± 

SEM. An unpaired Student t test was used.
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Figure 8. Scheme of SCFFBXL19-mediated p65 ISGylation diminishes p65 phosphorylation and 
EC inflammation.
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