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A B S T R A C T   

Chronic inflammation is characterized by persisting leukocyte infiltration of the affected tissue, which is enabled 
by activated endothelial cells (ECs). Chronic inflammatory diseases remain a major pharmacotherapeutic chal
lenge, and thus the search for novel drugs and drug targets is an ongoing demand. We have identified the natural 
product vioprolide A (vioA) to exert anti-inflammatory actions in vivo and in ECs in vitro through inhibition of its 
cellular target nucleolar protein 14 (NOP14). VioA attenuated the infiltration of microglia and macrophages 
during laser-induced murine choroidal neovascularization and the leukocyte trafficking through the vascular 
endothelium in the murine cremaster muscle. Mechanistic studies revealed that vioA downregulates EC adhesion 
molecules and the tumor necrosis factor receptor (TNFR) 1 by decreasing the de novo protein synthesis in ECs. 
Most importantly, we found that inhibition of importin-dependent NF-ĸB p65 nuclear translocation is a crucial 
part of the action of vioA leading to reduced NF-ĸB promotor activity and inflammatory gene expression. 
Knockdown experiments revealed a causal link between the cellular target NOP14 and the anti-inflammatory 
action of vioA, classifying the natural product as unique drug lead for anti-inflammatory therapeutics.   

1. Introduction 

In the field of drug discovery, natural products constitute an ample 
amount of structurally diverse biomolecules, which have evolutionary 
evolved and target distinct, in part unexplored molecular pathways. 
Such natural products have been found in a broad range of organisms, 
including bacteria, plants, marine species and myxobacteria. 

In the present study, we introduce the natural product vioprolide A 

(vioA), a secondary metabolite isolated from the myxobacterium Cys
tobacter violaceus, as anti-inflammatory compound. The molecular 
structure of vioA contains a trans-(2S,4R)-4-methylazetidinecarboxylic 
acid, which has not been described for any other natural product before 
[1]. Studies on this secondary metabolite are rare. However, it was 
shown that vioA increases the caspase-8-dependent production of IL-1β 
in macrophages (concentrations of 0.1–20 µM) and induces apoptosis in 
cancer cells (concentrations of 5–50 nM) [2,3]. 
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Recently, the nucleolar protein 14 (NOP14) has been identified as 
cellular target of vioA. NOP14 takes part in the ribosomal biogenesis as 
well as formation of the small subunit processome [3]. Various studies, 
which have been conducted over the past years, underline the involve
ment of NOP14 in angiogenic processes in cancer [4–7]. Interestingly, 
however, nothing is known about the general involvement of NOP14 in 
inflammatory actions. Thus, investigations concerning the relevance of 
NOP14 regarding crucial cellular processes are of high interest. 

Inflammation is a complex biological process that protects the body 
against infections and injuries [8]. In this context, the vascular endo
thelium creates a barrier between the blood and the tissue, thereby 
controlling the extravasation of serum proteins and leukocytes towards 
the origin of inflammation [9–11]. Upon induction of an inflammatory 
response, inflammatory cytokines like tumor necrosis factor (TNF) 
activate endothelial cells through ligand-receptor binding and initiate 
downstream signaling pathways, including the NF-ĸB cascade [12,13]. 
In a normal state, NF-ĸB subunits, such as RELA (also known as p65), are 
retained in the cytosol by masking of their nuclear localization sequence 
(NLS) through the inhibitory protein IĸBα. Upon phosphorylation and 
degradation of IĸBα, the NF-ĸB subunits are released and transported 
into the nucleus through the classical nuclear import pathway. Thereby 
a trimeric complex is established with both a carrier protein of the 
importin α-family, which binds the NLS of the NF-ĸB subunit, and the 
importin β-family, which interacts with the nuclear pore complex [14]. 
Multiple studies indicate an important role of importin subunit alpha-1, 
importin subunit alpha-3 and importin subunit beta-1 during the nuclear 
import of the NF-ĸB subunit p65 [15–20]. In the nucleus, NF-ĸB acts as 
transcription factor by binding to the promotor region of proin
flammatory genes, amongst them the CAM encoding genes ICAM1, 
VCAM1, and SELE [21]. CAMs promote the rolling and firm adherence of 
leukocytes to the endothelium. 

Physiologically, the inflammatory response is resolved, and the tis
sue is restored [22]. However, through failing eradication or constant 
cytokine stimulation, the inflammatory response can become chronic, 
which is classified by a deregulated endothelial barrier function coupled 
with the exaggerated and ongoing leukocyte infiltration into the tissue 
[23]. This is observed in multiple chronic diseases, including athero
sclerosis and rheumatoid arthritis [24,25]. Given its important role in 
chronic inflammation, the vascular endothelium thus represents an 
interesting therapeutic target for treating inflammation-based diseases. 

In our study, we highlight the potent and advantageous actions of the 
natural product vioA on inflammation-related actions in human vascular 
endothelial cells in vivo and in vitro. Moreover, we show for the first time, 
that inhibition of the nucleolar protein 14, the cellular target of vioA, 
evokes anti-inflammatory effects on the TNF-activated human vascular 
endothelium. 

2. Materials and methods 

2.1. Compounds 

Vioprolide A was kindly provided by the group of Prof. Dr. Rolf 
Müller (Helmholtz Institute for Pharmaceutical Research Saarland, 
Saarland University, Saarland, Germany) and was dissolved in dimethyl 
sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA) to obtain a stock 
solution of 1 mM and stored at − 80 ◦C. Cycloheximide (CHX) was 
purchased from Sigma-Aldrich, dissolved in DMSO to a stock solution of 
100 mg/ml and stored at − 20 ◦C. For cell culture purposes, the stock 
solutions were freshly diluted using cell culture medium without 
exceeding a final DMSO concentration of 0.01% (v/v). Human tumor 
necrosis factor (TNF) and stromal-cell derived factor 1 (SDF-1) were 
purchased from PeproTech (Rocky Hill, NJ, USA). 

2.2. Cell culture 

HUVECs were isolated from human umbilical veins as previously 

described [26]. Briefly, human umbilical veins were flushed with PBS 
containing Ca2+ and Mg2+ and treated with collagenase A (0.1 g/L; 
Roche, Basel, Switzerland) for 45 min to detach the cells. Detachment 
reaction was stopped using medium 199 (M199, PAN-Biotech, Aiden
bach, Germany) supplemented with 10% fetal calf serum (FCS, Bio
chrom, Berlin, Germany), 100 U/ml penicillin and 100 µg/ml 
streptomycin (PAN-Biotech). The collected, HUVECs-containing M199 
was centrifuged at 300 g for 5 min. The supernatant was discarded, and 
the cell pellet was resuspended in endothelial cell growth medium 
(EASY ECGM, PELOBiotech, Planegg/Martinsried, Germany) containing 
10% FCS (Biochrom), 100 U/ml penicillin, 100 µg/ml streptomycin 
(PAN-Biotech), 2.5 µg/ml amphotericin B (PAN-Biotech) and a supple
ment mixture (PELOBiotech). Cells were grown on collagen G (10 
µg/ml; Biochrom, Berlin, Germany)-coated 25 cm2 flasks under constant 
humidity in an atmosphere of 5% CO2 and 37 ◦C. HUVECs were culti
vated to passage 2 and used for experimental purposes in passage 3. 
THP-1 cells and Jurkat cells were obtained from the Germany collection 
of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany; 
THP-1: DSMZ no. ACC-16; Jurkat: DSMZ no. ACC-282) and cultivated in 
Royal Park Memorial Institute 1640 (RPMI; PAN-Biotech) supplemented 
with 10% FCS (Biochrom), 100 U/ml penicillin and 100 µg/ml strep
tomycin (PAN-Biotech). For experimental purposes, THP-1 cells and 
Jurkat cells were used up to passage 30. 

2.3. Isolation of human PLs and PBMCs 

PLs and PBMCs were isolated from buffy coats obtained from 
Deutsches Rotes Kreuz, Blutspendedienst Baden-Württemberg/Hessen, 
Institut für Transfusionsmedizin und Immunhämatologie, Frankfurt, 
Germany following the instructions of Bøyum [27]. In brief, plasma cells 
were separated by low density gradient centrifugation using lymphocyte 
separation medium (PromoCell, Heidelberg, Germany). For obtaining 
PLs, PBMCs were resuspended in RPMI supplemented with 10% FCS 
(Biochrom), 100 U/ml penicillin and 100 µg/ml streptomycin (PAN-
Biotech), added to 6-well plates (Sarstedt, Nürnberg, Germany) and 
allowed to adhere for 90 min. Unattached PLs were separated from 
attached monocytes and cultivated for 24 h in RPMI containing 10% FCS 
(Biochrom), 100 U/ml penicillin and 100 µg/ml streptomycin (PAN-
Biotech) before they were used for cell adhesion assays. PBMCs were 
used for cell adhesion assays directly after being isolated. 

2.4. Animals 

For the in vivo laser-induced choroidal neovascularization (CNV) 
experiment, 6–8-week-old female C57BL/6 J WT mice (Charles River 
Laboratories, Wilmington, MA, USA) were used and for the in vivo 
intravital microscopy of the murine cremaster muscle 10–20 weeks old 
male C57BL/6 mice (Charles River Laboratories, Sulzfeld, Germany) 
were used. Animals were housed on a 12–h light/dark cycle with free 
access to water and food. 

2.5. Laser-induced choroidal neovascularization 

To induce choroidal neovascularization in mice, laser coagulation 
was used as described [28]. Briefly, mice were anesthetized by an 
intraperitoneal injection of a mixture of ketamine (40 mg/kg body 
weight) and xylazine (20 mg/kg body weight), and their pupils were 
dilated with tropicamide (Mydriadicum Stulln, Pharma Stulln GmbH). 
For vioprolide A administration, 1 µl of vioprolide A was intravitreally 
delivered into right eyes and 1 µl of vehicle was applied to left eyes as 
control. CNV was induced by laser photocoagulation immediately after 
intravitreal injection. Retinal fundus was visualized with Micron IV 
Retinal Imaging Microscope (Phoenix Research Laboratories) and laser 
burns were induced with an image-guided laser system (Phoenix 
Research Laboratories). Four laser burns with 532 nm argon laser (230 
mW, 70 ms duration) were applied to each eye to disrupt the Bruch’s 
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membrane. 
Mice were euthanatized 14 days after CNV. Eyes were enucleated 

and eyecup were isolated from the posterior area of the eye. They were 
flat-mounted and fixed in 4% paraformaldehyde for immunohisto
chemistry studies. Flat-mounts were immunostained with rabbit anti- 
Iba1 (1:500, Wako, 019–19741) and Alexa Fluor 488-conjugated Grif
fonia simplicifolia isolectin B4 (IB4, 1:25, Thermo Fisher Scientific, 
I21411), and then followed by the incubation in presence of secondary 
antibody Alexa Fluor 555 donkey anti-rabbit IgG (1:500, Invitrogen, A- 
31572). 

The flat mounts were viewed under Leica TCS SP8 spectral confocal 
laser scanning microscope (Leica, Wetzlar, Germany). Images were 
captured with identical settings and the accumulation of Iba1+ micro
glia and macrophages around the CNV lesions was analyzed with 
ImageJ64 software (NIH). 

2.6. Intravital microscopy of the murine cremaster muscle 

For monitoring the leukocyte trafficking on the vascular endothe
lium in microvessels of the murine cremaster muscle, intravital micro
scopy was performed. The surgical preparation was performed as 
described by Baez with minor modifications [29,30]. Mice were injected 
with vioprolide A (0.1 mg/kg; i.v. via the tail vein) or drug vehicle and 
local inflammation was induced by intrascrotal injection of TNF (500 
ng/ml in PBS). DMSO in a concentration of 0.01% (v/v) served as 
vehicle and was applied to the control group. 6 h post injection, the mice 
were anesthetized using a ketamine/xylazine mixture (100 mg/kg ke
tamine, 10 mg/kg xylazine). Subsequently, intravital microscopy of the 
post-capillary venules of the cremaster muscle was performed with an 
Olympus BX 50 upright microscope (Olympus Microscopy, Hamburg, 
Germany). Neutrophils and classical monocytes were identified by in 
vivo immunostaining with an intravenously injected 
fluorescence-labeled anti-Gr-1 mAb (Biolegend, San Diego, CA, USA). 
The leukocyte trafficking was analyzed using the AxioVision 4.6 soft
ware (Zeiss MicroImaging, Jena, Germany). Off-line analysis of param
eters describing the sequential steps of leukocyte extravasation was 
performed with the AxioVision 4.6 software (Zeiss MicroImaging 
GmbH). ImageJ software (National Institutes of Health, Bethesda, MD, 
USA) was used for further image processing and analysis. Rolling leu
kocytes were defined as those moving slower than the associated blood 
flow and quantified for 30 s. Firmly adherent cells were determined as 
those resting in the associated blood flow for > 30 s and related to the 
luminal surface per 100 µm vessel length. Transmigrated cells were 
counted in regions of interest, covering 75 µm on both sides of a vessel 
with > 100 µm length. By measuring the distance between several im
ages of one fluorescent bead (administered via the femoral catheter) 
under stroboscopic illumination, centerline blood flow velocity was 
determined. From measured vessel diameters and centerline blood flow 
velocity, apparent wall shear rates were calculated, assuming a para
bolic flow velocity profile over the vessel cross-section. 

2.7. Cytotoxicity assays 

To exclude potential compound-induced (cyto-)toxic effects on 
HUVECs, a set of cell viability assays was performed. 

For analysing the metabolic activity of vioprolide A-treated HUVECs, 
the CellTiter-Blue cell viability assay (Promega, Mannheim, Germany) 
was used according to the manufacturer’s instructions. In brief, HUVECs 
were grown to confluence on collagen G (10 µg/ml; Biochrom)-coated 
96-well plates (Sarstedt) and treated as indicated. 4 h before the end 
of the incubation period the CellTiter Blue reagent was added to the cells 
in a dilution of 1:10. Fluorescence intensity was measured using a 
microplate reader (SPECTRAFluor Plus; Tecan, Männedorf, Switzerland) 
at 535 nm (ex) and 590 nm (em). 

Cell death was determined by measuring the lactate dehydrogenase 
(LDH) release from vioprolide A-treated HUVECs using the CytoTox 96 

non-radioactive cytotoxicity assay kit (Promega) according to the 
manufacturer’s instructions. Briefly, HUVECs were grown to confluence 
on collagen G (10 µg/ml; Biochrom) coated 96-well plates (Sarstedt) and 
treated as indicated. Subsequently, supernatants were incubated with a 
substrate solution for 30 min. The enzymatic reaction was stopped, and 
absorbance measurement was performed at 490 nm using a Varioscan 
Flash microplate reader (Thermo Fisher Scientific, Schwerte, Germany). 
Cell lysis solution was used as positive control for maximum LDH release 
into the surrounding medium. 

Late apoptosis of vioprolide A-treated HUVECs was investigated by 
propidium iodide (PI) staining according to Nicoletti et al. [31] Briefly, 
HUVECs were grown to confluence on collagen G (10 µg/ml; 
Biochrom)-coated 24-well plates (Sarstedt) and treated as indicated. 
Subsequently, supernatants were collected and HUVECs were detached 
using a trypsin/EDTA solution (Biochrom). Cells were washed with 
ice-cold PBS and incubated with a solution containing 50 µg/ml PI 
(Sigma-Aldrich), 0.1% Triton X-100 (Sigma-Aldrich) and 0.1% sodium 
citrate (Carl Roth, Karlsruhe, Germany) for a minimum of 2 h in the 
dark. Staurosporine (Stsp; Sigma-Aldrich) served as positive control for 
the induction of apoptosis and was added to non-treated cells in a con
centration of 1 µM for 24 h. The percentage of cells with subdiploidic 
DNA content was analyzed by recording median values for 10.000 
events per sample using a FACSVerse flow cytometer (BD Biosciences, 
San Jose, CA, USA). 

2.8. Cell adhesion assay 

The adhesion of leukocytes to vioprolide A treated HUVECs was 
investigated under static conditions. HUVECs were grown to confluence 
in collagen G (10 µg/ml; Biochrom)-coated 24-well plates (Sarstedt), or 
in the case of NOP14 knockdown experiments in collagen G (10 µg/ml; 
Biochrom)-coated 48-well plates (Sarstedt) and treated as indicated. 
After the treatment period, HUVECs were washed with PBS containing 
Ca2+ and Mg2+ to remove all residues of vioprolide A and TNF before 1 
× 105, or in the case of NOP14 knockdown experiments 5 × 104, Cell
Tracker Green (Thermo Fisher Scientific)-labeled THP-1 cells, Jurkat 
cells, PBMCs or PLs were added to the HUVEC monolayer. The leuko
cytes were allowed to adhere (THP-1, Jurkat: 5 min; PBMCs, PLs: 10 
min). Non-adherent leukocytes were washed off using PBS containing 
Ca2+ and Mg2+. The relative amount of adhered fluorescence-labeled 
THP-1 cells, Jurkat cells, PBMCs and PLs was determined using a 
microplate reader (SPECTRAFluor Plus; Tecan) at 485 nm (ex) and 535 
nm (ex). 

2.9. Transmigration assay 

1 × 105 HUVECs were grown for 24 h on collagen G (10 µg/ml; 
Biochrom)-coated Transwell inserts (growth area 0.33 cm2, 5 µm pore 
size, polycarbonate; Corning, NY, USA) and treated as indicated. Sub
sequently, 2 × 104 CellTracker Green (Thermo Fisher Scientific)-labeled 
THP-1 cells in M199 (PAN-Biotech) supplemented with 0.1% bovine 
serum albumin (BSA; MilliporeSigma Burlington, MA, USA), 100 U/ml 
penicillin and 100 µg/ml streptomycin (PAN-Biotech) were added to the 
upper compartment of the Transwell system. SDF-1 (PeproTech) served 
as chemoattractant for leukocytes and was added to the lower 
compartment of the Transwell system to a final concentration of 500 ng/ 
ml in M199 (PAN-Biotech) supplemented with 0.1% BSA (Milli
poreSigma), 100 U/ml penicillin and 100 µg/ml streptomycin (PAN- 
Biotech). THP-1 cells were allowed to migrate through the endothelial 
monolayer towards the chemoattractant for 2 h. Non-migrated THP-1 
cells in the upper compartment were removed using a cotton swap, and 
transmigrated THP-1 cells were lysed using RIPA buffer and fluores
cence intensity was determined using a microplate reader (SPECTRA
FLuor Plus, Tecan) at ex 485 nm and em 535 nm. 
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2.10. Flow cytometry 

For investigating the cell surface expression of ICAM-1, VCAM-1, and 
E-selectin, HUVECs were grown to confluence in collagen G (10 µg/ml; 
Biochrom)-coated 12-well plates (Sarstedt) and treated as indicated. 
Subsequently, cells were washed with PBS and detached using HyClone 
HyQTase (GE Healthcare, Freiburg, Germany). HUVECs were stained for 
45 min on ice in the dark for mouse anti-human ICAM-1 (FITC, 1:33, 
MCA1615F; Bio Rad, Hercules, CA, USA), mouse anti-human VCAM-1 
(PE, 1:20, 555647; BD Biosciences) or mouse anti-human E-selectin (PE, 
1:10, 551145; BD Biosciences). Protein surface expression was quanti
fied by recording median values for 10.000 events per sample using a 
FACSVerse flow cytometer (BD Biosciences). 

2.11. Quantitative real-time PCR 

HUVECs were grown to confluence on collagen G (10 µg/ml; 
Biochrom)-coated 6-well plates (Sarstedt) and treated as indicated. 
Subsequently, RNA was isolated using the RNeasy Mini Kit (Qiagen, 
Hilden, Germany) according to the manufacturer’s protocol. On-column 
DNase digestion was performed with the RNase-Free DNase Set (Qiagen) 
to remove genomic DNA. 1 µg of the obtained RNA was reverse- 
transcribed into cDNA using SuperScript II reverse transcriptase (Life 
Technologies, Darmstadt, Germany). Quantitative real-time PCR was 
performed according to the comparative CT quantitation method 2-ΔΔCt 

using the SYBR Green PCR Master Mix (Life Technologies) and a Ste
pOnePlus System (Applied Biosystems, CA, USA). GAPDH served as 
housekeeping gene. Data were analyzed using the StepOnePlus Software 
v2.3. The following primer pairs were used: ICAM1 (forward: 5′- CTG 
CTC GGG GCT CTG TTC-3′; reverse: 5′-AAC AAC TTG GGC TGG TCA CA- 
3′), VCAM1 (forward: 5′-CCA CAG TAA GGC AGG CTG TAA-3′; reverse: 
5′-GCT GGA ACA GGT CAT GGT CA-3′), SELE (forward: 5′-AGA TGA 
GGA CTG CGT GGA GA-3‘; reverse: 5′-GTG GCC ACT GCA GGA TGT AT- 
3′), TNFRSF1A (forward: 5′-CAA GCC ACA GAG CCT AGA CA-3′; 
reverse: 5′-GAA TTC CTT CCA GCG CAA CG-3′), NFKBIA (forward: 5′- 
AGC TCC GAG ACT TTC GAG GA-3′; reverse: 5′-GAG TCA GGA CTC CCA 
CGC T-3′), KPNA2 (forward: 5′- GCA GCA ATG TGG AAA ATC AGC-3′; 
reverse: 5′- TTC GGA ATC AAA CCA GCC CG-3′), KPNA4 (forward: 5′- 
CAT TTG GTT CCT CTG CTC AGC C-3′; reverse: 5′-CTT GTG TTT GCT 
CAT CAG TTC CAG-3′), KPNB1 (forward: 5′-CTG CTT CCT GAA GCT 
GCC ATC A-3′; reverse: 5′-CTT CAG CCA GAC TGG AGA AAG C-3′), 
GAPDH (forward: 5′-CCA CAT CGC TCA GAC ACC AT-3′; reverse: 5′-TGA 
AGG GGT CAT TGA TGG CAA-3′). 

2.12. Western blot analysis 

HUVECs were grown to confluence on collagen G (10 µg/ml; 
Biochrom)-coated 6-well plates (Sarstedt) and treated as indicated. 
Subsequently, cells were washed with cold PBS and lysed with RIPA lysis 
buffer supplemented with protease and phosphatase inhibitors (4 mM 
Complete Mini EDTA-free (Roche, Mannheim, Germany), 0.3 mM so
dium orthovanadate (Sigma-Aldrich), 1 mM sodium fluoride (Merck 
Millipore, Darmstadt, Germany), 1 mM PMSF (Roche Diagnostics, IN, 
USA), 3 mM β-glycerophosphate (Sigma-Aldrich), 10 mM sodium py
rophosphate (Sigma-Aldrich), 0.12% (v/v) H2O2 (Sigma-Aldrich)). The 
protein content of each individual sample was detected using the Pierce 
BCA Protein Assay Kit (Thermo Fisher Scientific) and a pyronin-based 
sample buffer containing sodium dodecyl sulphate (SDS) was added to 
the samples followed by incubation at 95 ◦C for 5 min. Equal amounts of 
protein (20–40 µg) were separated by sodium dodecyl sulphate- 
polyacrylamide gel electrophoresis (SDS-PAGE; Bio-Rad Laboratories, 
Munich, Germany) and transferred onto a polyvinylidene fluoride 
membrane (PVDF; Bio-Rad) by semi-dry electroblotting using the Trans- 
Blot Turbo Transfer System (Bio-Rad) at constant voltage (25 V) for 30 
min. Unspecific binding sites were blocked with 5% non-fat dry milk 
(Blotto; Carl Roth) or 5% BSA (MilliporeSigma) containing 0.1% Tween- 

20 (Sigma-Aldrich), respectively. The following primary antibodies 
were used: rabbit anti-human ICAM-1 (1:2000, #4915; Cell Signaling/ 
New England Biolabs, Frankfurt am Main, Germany), mouse anti-human 
VCAM-1 (1:1000, sc13160; Santa Cruz Biotechnology, Dallas, TX, USA), 
mouse anti-human E-selectin (1:1000, sc137054; Santa Cruz Biotech
nology), rabbit anti-human TNFR1 (1:750, #3736; Cell Signaling/New 
England Biolabs), rabbit anti-human phospho-TAK1 (Thr184/187) 
(1:250, #4508; Cell Signaling/New England Biolabs), rabbit anti-human 
TAK1 (1:250, #4505; Cell Signaling/New England Biolabs), rabbit anti- 
human phospho-IKKα/β (1:500, #2697; Cell Signaling/New England 
Biolabs), rabbit anti-human IKKβ (1:500, #8943; Cell Signaling/New 
England Biolabs), rabbit anti-human phospho-IĸBα (Ser32) (1:1000, 
#2859; Cell Signaling/New England Biolabs), rabbit anti-human IĸBα 
(1:2000, #9242; Cell Signaling/New England Biolabs), mouse anti- 
human NF-ĸB p65 (1:1000, sc8008; Santa Cruz Biotechnology), rabbit 
anti-human importin subunit alpha-1 (1:1000, #14372; Cell Signaling/ 
New England Biolabs), mouse anti-human importin subunit alpha-3 
(1:1000, sc390535; Santa Cruz Biotechnology), rabbit anti-human 
importin beta-1 (1:1000, #60769; Cell Signaling/New England Bio
labs) and rabbit anti-human NOP14 (1:2000, PA5–58851; Invitrogen, 
Thermo Fisher Scientific). For unconjugated primary antibodies, the 
secondary antibodies goat anti-rabbit linked to HRP (1:3000, #7074; 
Cell Signaling/New England Biolabs) and goat anti-mouse linked to HRP 
(1:3000, #7076, Cell Signaling/New England Biolabs) were used. For 
loading control, rabbit anti-human β-tubulin (1:1000, #2128; Cell 
Signaling/New England Biolabs), mouse anti-human topoisomerase 1 
(1:1000, sc271285; Santa Cruz Biotechnology) or mouse anti-human 
β-actin-peroxidase (1:100.000, A3854; Sigma Aldrich) was used. Pro
tein expression was detected by chemiluminescence measurement and 
quantification of protein expression was performed by densitometric 
analysis of protein bands using ImageJ (software version 1.49k). 

2.13. De novo protein synthesis assay 

HUVECs were grown to confluence on collagen G (10 µg/ml; Bio
chrom) coated 8-well µ-slides (ibidi, Martinsried, Germany) and treated 
as indicated. CHX (Sigma-Aldrich) served as positive control for the 
inhibition of mRNA translation. To analyze de novo protein synthesis, 
the Click-iT Plus OPP Alexa Fluor 488 Protein Synthesis Assay Kit 
(Thermo Fisher Scientific) was used according to the manufacturer’s 
instructions. In brief, 20 µM Click-iT O-propargyl-puromycin (OPP) was 
added to the cells for the last 30 min of treatment leading to the 
incorporation of OPP into newly synthesized proteins. Subsequently, 
cells were fixed with 4% formaldehyde (Roti-Histofix; Carl Roth) and 
permeabilized with 0.5% Triton X-100 for 15 min. The incorporated 
OPP was labeled with Alexa Fluor 488 to visualize the newly synthesized 
proteins. Microscopical images were obtained using a Leica DMI6000B 
fluorescence microscope (Leica Microsystems, Wetzlar, Germany). The 
intensity of the Click-iT OPP signal in the nucleus was normalized to the 
intensity of the cell nuclei staining (NuclearMark Blue Stain) and 
analyzed using ImageJ (software version 1.49k). 

2.14. Cell fractionation 

For analyzing the cellular distribution of proteins, cells were sepa
rated into a cytosolic and nuclear fraction. In brief, HUVECs were grown 
to confluence on collagen G (10 µg/ml; Biochrom) coated 10 cm dishes 
(Sarstedt) and treated as indicated. Subsequently, cells were washed 
with ice-cold PBS, scraped off the dish and centrifuged at 17.000 g for 1 
min. The cell pellet was resuspended in fractionation buffer A consisting 
of 10 mM Hepes pH 7.9 (Carl Roth), 10 mM potassium chloride (Merck 
Millipore), 0.1 mM EDTA (Sigma-Aldrich), 0.1 mM EGTA (Sigma- 
Aldrich), 4 mM Complete Mini EDTA-free (Roche), 1 mM PMSF (Roche) 
and 1 mM DTT (Sigma-Aldrich) and incubated for 15 min on ice. Non
idet P-40 (Sigma-Aldrich) was added to each sample to a final concen
tration of 0.75% (v/v). The samples were briefly vortexed followed by 
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centrifugation at 17.000 g for 1 min. The supernatant, containing 
cytosolic proteins, was transferred to a new tube. The remaining cell 
pellet was incubated with fractionation buffer C consisting of 20 mM 
Hepes pH 7.9 (Carl Roth), 0.4 M sodium chloride (Carl Roth), 1 mM 
EDTA (Sigma-Aldrich), 1 mM EGTA (Sigma-Aldrich), 1% Nonidet P-40 
(Sigma-Aldrich), 4 mM Complete Mini EDTA-free (Roche), 1 mM PMSF 
(Roche) and 1 mM DTT (Sigma-Aldrich) and incubated for 15 min on 
ice. Samples were centrifuged at 17.000 g for 5 min, and the superna
tant, which contained nuclear proteins, was transferred to a fresh tube. 
The protein content of each sample was determined using the Pierce 
BCA Protein Assay Kit (Thermo Fisher Scientific) according to the 
manufacturer’s instructions. A pyronin-based sample buffer containing 
SDS was added to the samples followed by incubation at 95 ◦C for 10 
min. Equal amounts of protein (40–50 µg) were used for Western blot 
analysis as described in Section 2.12. Topoisomerase I and β-tubulin 
served as markers for the purity of the nuclear and cytosolic fraction, 
respectively. 

2.15. Immunofluorescence staining 

HUVECs were grown to confluence on collagen G (10 µg/ml; 
Biochrom)-coated 8-well µ-slides (ibidi) and treated as indicated. Sub
sequently, the cells were fixed with 4% formaldehyde (Roti-Histofix; 
Carl Roth) and permeabilized with 0.2% Triton X-100 for 2 min (NF-ĸB 
p65) or 5 min (importin subunit alpha-1). Unspecific binding sites were 
blocked with 0.2% BSA (MilliporeSigma) for 30 min and cells were 
treated with primary antibody for 2 h. The following primary antibodies 
were used: rabbit anti-human NF-ĸB p65 (1:400, sc8008; Santa Cruz 
Biotechnology) and rabbit anti-human importin subunit alpha-1 (1:400, 
#14372; Cell Signaling/New England Biolabs). The cells were washed 
with PBS to remove unbound primary antibody followed by incubation 
with an Alexa Fluor 488 conjugated secondary antibody (goat anti- 
mouse, 1:400, A11001 or goat anti-rabbit, 1:400, A11008; Thermo 
Fisher Scientific) for 2 h in the dark. Immunofluorescence staining was 
detected using a Leica DMI6000B fluorescence microscope (Leice 
Microsystems) and image quantification was performed using ImageJ 
(software version 1.49k) allowing determination of NF-ĸB p65 and 
importin subunit alpha-1 nuclear translocation. 

2.16. NF-ĸB promotor activity 

To analyze the NF-ĸB promotor activity, 1 × 106 HUVECs were 
transfected in aluminum cuvettes with the Firefly luciferase reporter 
plasmid pGL4.32[luc2P/NF-ĸB-RE/Hygro] (Promega) and a Renilla 
control plasmid pGL4.74[hRluc/TK] (Promega) at a ratio of 10:4 by 
electroporation using the Amaxa Nucleofector 2b device and the Human 
Umbilical Vein Endothelial Cell Nucleofector Kit (Lonza, Basel, 
Switzerland). The transfected cells were seeded into collagen G (10 µg/ 
ml; Biochrom)-coated 48-well plates (Sarstedt). After 24 h, the trans
fected HUVECs were treated as indicated followed by lysis of the cells 
with passive lysis buffer. The NF-ĸB promotor activity was measured 
using the Dual-Luciferase Reporter Assay System (Promega) according 
to the manufacturer’s protocol using a luminometer (SPECTRAFluor 
Plus, Tecan). 

2.17. Cellular thermal shift assay (CETSA) 

The cellular thermal shift assay was performed as described previ
ously [32] with the following modifications: Confluent HUVECs were 
treated with 300 nM vioprolide A for 1 h or left untreated. Cells were 
detached using trypsin/EDTA solution (Biochrom), washed with 
ice-cold PBS, and the cell number was adjusted to 5.8 × 106 cells per 
milliliter. 5.8 × 105 cells each were heated with eight temperature 
endpoints between 42.3 ◦C and 57.8 ◦C for 3 min using a peqSTAR 
thermocycler (PEQLAB Biotechnology, Erlangen, Germany). Cells were 
incubated at 21 ◦C for another 3 min and snap-frozen in liquid nitrogen 

immediately after. Cell lysis was performed by repeated freeze-thaw 
cycles in liquid nitrogen and the insoluble fraction containing dena
tured proteins was separated by centrifugation at 20.000 g for 30 min 3x 
SDS Sample Loading Buffer (187.5 mM Tris-HCl (pH 6.8), 6% (w/v) SDS, 
30% glycerol, 150 mM DTT, 0.03% (w/v) bromophenol blue, 2% 
β-mercaptoethanol) was added to the supernatants followed by incu
bation at 95 ◦C for 5 min. Thermal aggregation curves of NOP14 were 
determined by western blot analysis as described in Section 2.12. 

2.18. siRNA transfection 

For investigating the influence of NOP14 knockdown on activated 
endothelial cells, HUVECs were transfected with ON-TARGET plus 
human NOP14 siRNA smart pool (Dharmacon/Horizon Discovery, 
Lafayette, CO, USA) or siGENOME control pool (Dharmacon/Horizon 
Discovery) as transfection control using the GeneTrans II Transfection 
Reagent (MoBiTec, Goettingen, Germany) and the DNA Diluent B 
(MoBiTec) according to the manufacturer’s instructions. Briefly, 
HUVECs were seeded in a concentration of 25.000 cells/cm2 growth 
area and allowed to grow for 24 h in ECGM supplemented with 10% FCS 
(Biochrom), 100 U/ml penicillin, 100 µg/ml streptomycin (PAN- 
Biotech), 2.5 µg/ml amphotericin B (PAN-Biotech) and supplement 
mixture (PELOBiotech). For cell adhesion assays, 48-well plates (Sar
stedt) and for immunofluorescence staining 8-well µ-slides (ibidi) were 
used. After 24 h, the medium was changed to ECGM containing 100 U/ 
ml penicillin, 100 µg/ml streptomycin (PAN-Biotech) and 10 mM L- 
glutamine (Thermo Fisher Scientific). A final concentration of 60 nM 
siRNA in combination with the GeneTrans II Transfection Reagent and 
DNA Diluent B was added to the cells. 4 h post transfection, the medium 
was changed back to ECGM containing 10% FCS (Biochrom), 100 U/ml 
penicillin, 100 µg/ml streptomycin (PAN-Biotech), 2.5 µg/ml ampho
tericin B (PAN-Biotech) and supplement mixture (PELOBiotech), and 24 
h post transfection the medium was exchanged once more. 

2.19. Statistical analysis 

The number of independently performed experiments (n) indicates 
different donors for primary cells. All experiments were performed 
independently for at least three times; the actual number of performed 
experiments is stated in the respective figure legends. Statistical analyses 
were performed using GraphPad Prism software version 5.0 (San Diego, 
USA). One-way ANOVA followed by Tukey’s post hoc test or unpaired 
Student’s t-test was used for the evaluation of significant differences. P 
≤ 0.05 was considered as statistically significant. Data are expressed as 
mean ± standard error of the mean (SEM). 

3. Results 

3.1. Vioprolide A attenuates inflammatory actions in murine models in 
vivo 

For studying the anti-inflammatory actions of vioA in vivo, two 
distinct murine inflammatory models were used. First, we investigated 
the infiltration of microglia and macrophages, which take part in the 
inflammatory response during laser-induced choroidal neo
vascularization. Immunostaining of RPE/choroid flat mounts from laser- 
induced choroidal neovascularization (CNV)-treated eyes with allograft 
inflammatory factor 1 (AIF1 or Iba1), which is upregulated in activated 
microglia and macrophages [33], revealed that vioA treatment (30 nM) 
lead to a significant reduction (approx. 50%) in the number of 
Iba1-positive laser lesion area-infiltrating microglia and macrophages 
compared to control treatment (Figs. 1a and S1). In the next step, we 
focused on the interaction of leukocytes with vascular endothelial cells, 
which is needed for the extravasation of the leukocytes into the inflamed 
tissue. The rolling, adhesion and transmigration of Gr-1+ neutrophils 
and classical monocytes was investigated by intravital microscopy of the 
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TNF-activated cremaster muscle in mice. An example of the quantifi
cation method is given in Suppl. Fig. S2. VioA treatment (0.1 mg/kg) 
caused a significant decrease (approx. 70%) of the leukocyte adhesion to 
and transmigration through the vascular endothelium (Fig. 1b). The 
leukocyte rolling, however, was not affected. Taken together, these data 
demonstrate that vioA elicits potent anti-inflammatory actions in vivo. 

3.2. Vioprolide A lowers leukocyte-endothelial cell interactions in vitro 

For more profound investigations concerning the anti-inflammatory 
properties of vioA on endothelial cells in vitro, we first performed cell 
viability assays to ensure that the effects of vioA are not linked to (cyto-) 

toxicity. We found that concentrations up to 10 nM of vioA for a 
maximum of 72 h had no effect on the metabolic activity Fig. S3a), 
membrane integrity Fig. S3b) and apoptosis rate (Fig. S3c) of HUVECs. 
In the next step, the leukocyte-endothelial cell interaction was examined 
in vitro by focusing on the leukocyte adhesion to and transmigration 
through a TNF-activated monolayer of HUVECs. Note that only endo
thelial cells were treated with vioA, whereas the leukocytes remained 
untreated to focus solely on the anti-inflammatory actions of vioA in 
endothelial cells. As shown in Fig. 2a, the adhesion of fluorescently 
labeled THP-1 cells, Jurkat cells, PLs and PBMCs to a TNF-activated 
HUVEC monolayer was significantly downregulated when HUVECs 
were pretreated with vioA for 16 h. The reduction of leukocyte adhesion 

Fig. 1. Vioprolide A reduces the microglia and macrophage infiltration in a laser-induced choroidal neovascularization model and the adhesion and transmigration 
of leukocytes in the cremaster muscle in mice in vivo. a Laser-induced choroidal neovascularization model. Mice were intravitreally injected with vioprolide A 
(30 nM) or vehicle (0.03% DMSO in 0.9% NaCl). Laser photocoagulation was conducted immediately after injection and the infiltration of microglia and macro
phages around the CNV lesions was determined on day 14 by visualizing Iba1 using immunohistochemistry and fluorescence microscopy. CNV lesions are shown in 
dotted lines. One representative experiment out of 3 is shown. Scale bar, 50 µm. b Intravital microscopy of the cremaster muscle in mice. Mice were injected with 
vioprolide A (0.1 mg/kg, i.a.) or vehicle (0.02% DMSO). After 1 h, TNF (300 ng) was applied intrascrotally. After 4 h, the TNF-evoked rolling, firm adhesion and 
transmigration of Gr-1+ neutrophils and classical monocytes to the postcapillary venules of the cremaster muscle were detected by intravital microscopy. One 
representative intravital microscopic image is shown. Vessel walls are depicted as dotted lines. Scale bar, 100 µm. IBA1, ionized calcium-binding adapter molecule 1; 
VioA, vioprolide A. Data are expressed as mean ± SEM. n = 6 (a) and n = 8 (b). *P ≤ 0.05 vs. negative control (a) or TNF control (b). 
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was concentration-dependent with the highest effect observed for 10 nM 
of vioA. In addition, the leukocyte transmigration through a TNF- 
activated endothelial monolayer towards an SDF-1 gradient was 
significantly decreased after pretreatment of the HUVECs with 10 nM 
vioA for 16 h (Fig. 2b). Taken together, we showed that the treatment of 
endothelial cells with vioA caused a significant reduction of leukocyte- 
endothelial cell interactions in vitro. 

3.3. Vioprolide A reduces the expression levels of endothelial cell adhesion 
molecules in vitro 

CAMs play a crucial role in mediating leukocyte-endothelial cell 
interaction. While E-selectin is involved in the rolling motion of leuko
cytes on the endothelial surface, ICAM-1 and VCAM-1 mediate the firm 
adhesion of the leukocytes to the endothelium. As we could show a 
reduction of the leukocyte adhesion to and transmigration through a 
TNF-activated endothelial monolayer, we next focused on the effects of 
vioA on the expression level of the endothelial CAMs to uncover the 
underlying mode of action of the anti-inflammatory actions of vioA. 

Via flow cytometry we monitored the cell surface protein levels of 
ICAM-1, VCAM-1 and E-selectin on TNF-activated HUVECs. These levels 
were significantly downregulated after vioA pretreatment (16 h;  
Fig. 3a). The observed reduction was concentration-dependent and 
almost completely inhibited at the highest vioA concentration applied 
(10 nM). To further differentiate if vioA impairs the trafficking of CAMs 
to the cell surface or rather the overall protein expression of CAMs, the 
total protein level of ICAM-1, VCAM-1 and E-selectin in TNF-activated 
HUVECs was analyzed by western blot experiments (Fig. 3b). In accor
dance with the results obtained for the cell surface expression, the total 
protein levels of all three CAMs were significantly reduced when 
HUVECs were pretreated with vioA for 16 h. Again, the observed effects 
were concentration-dependent and the highest concentration of vioA 

(10 nM) completely inhibited the TNF-induced total protein expression 
of ICAM-1, VCAM-1 and E-selectin. In addition to influencing the total 
protein expression of CAMs, we found that pretreatment with vioA 
(16 h) also decreased the TNF-induced mRNA expression of ICAM1 and 
VCAM1 after 4 h and of SELE after 2 h in HUVECs (Fig. 3c). However, in 
contrast to the effect on the protein level of CAMs, the highest applied 
concentration of vioA (10 nM) was not able to completely downregulate 
the TNF-induced mRNA expression. Similar effects on the mRNA 
expression of CAMs in HUVECs was also observed after 16 h of vioA 
pretreatment followed by 4 h (SELE) and 6 h (ICAM1, VCAM1) of TNF 
activation (Suppl. Fig. S4). In total, we could demonstrate that the action 
of vioA observed on the leukocyte-endothelial cell interaction is likely to 
be caused through impairment of CAMs in HUVECs. The reduced protein 
expression of CAMs, however, can only in part be attributed to a reduced 
TNF-induced mRNA expression. 

3.4. Vioprolide A impairs de novo protein synthesis in HUVECs leading to 
reduced TNFR1 protein levels 

Due to the observed discrepancy between the protein and mRNA 
expression of CAMs and based on recently published data showing that 
vioA interacts with NOP14, which is involved in the ribosomal biogen
esis and assembly of the small subunit processome, we examined the 
effect of vioA on general de novo protein synthesis in HUVECs using a 
protein translation assay. As shown in Fig. 4a and b, the formation of 
newly synthesized proteins in HUVECs was both concentration- and 
time-dependently impaired upon vioA treatment. A maximum inhibi
tory effect was observed after treatment for 16 h with 10 nM, which was 
equally strong compared to the treatment with the known protein syn
thesis inhibitor cycloheximide (CHX, 10 µg/ml) for 24 h. Concentration- 
response curves of vioA (Suppl. Fig. S5a) and CHX (Suppl. Fig. S5b) 
further indicated that 10 nM of vioA and 3 µg/ml of CHX applied over a 

Fig. 2. Vioprolide A reduces the leukocyte adhesion to and transmigration through a HUVEC monolayer in vitro. a Confluent HUVECs were treated with vioprolide A 
as indicated for 16 h and activated with TNF (10 ng/ml) for 6 h. Fluorescence-labeled THP-1 cells, Jurkat cells, primary lymphocytes (PLs) and peripheral blood 
mononuclear cells (PBMCs) were allowed to adhere for 5 min (THP-1 cells, Jurkat cells) or 10 min (PLs, PBMCs). The amount of adhered THP-1 cells, Jurkat cells, PLs 
and PBMCs was analyzed using fluorescence measurement. b HUVECs were grown on the porous membrane of a Transwell insert (pore size 5 µm) for 24 h, treated 
with vioprolide A as indicated for 16 h and activated with TNF (10 ng/ml) for 6 h. SDF-1 (CXCL12, 500 ng/ml) was added to the lower compartment of the Transwell 
as chemoattractant. Fluorescence-labeled THP-1 cells were added to the upper compartment of the Transwell and allowed to transmigrate through the HUVEC 
monolayer for 2 h. The amount of transmigrated THP-1 cells was determined by fluorescence measurement. VioA, vioprolide A. Data are expressed as mean ± SEM. 
n = 3 (b), n = 5 (a THP-1, a PL, a PBMC), n = 6 (a Jurkat). *P ≤ 0.05 vs. TNF control (a) or SDF-1 control (b). 
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period of 16 h had equally potent effects on the de novo protein synthesis 
in HUVECs. It is known that various natural inhibitors of mRNA trans
lation, including the plant alkaloid narciclasine and the bacteria-derived 
cytotrienin A, exert their anti-inflammatory actions through influencing 
the TNFR1 [34,35]. The TNFR1 is the most important receptor in 
TNF-mediated inflammatory signaling in endothelial cells and its acti
vation causes the induction of the downstream NF-ĸB signaling cascade. 
For assessing if the anti-inflammatory properties of vioA would derive 
from impairing the TNFR1, too, we analyzed its protein level in HUVECs 
upon vioA treatment over a period of 48 h. As demonstrated in Fig. 4c, 
vioA strongly reduced the TNFR1 protein level in a time-dependent 
manner. The maximum effect was observed after 16 h of treatment 
with 10 nM of vioA. This result is in line with the effect on general de 
novo protein synthesis. At the same time, vioA time-dependently upre
gulated the TNFRSF1A mRNA expression in HUVECs (Fig. 4d), under
lining that the effect of vioA on the TNFR1 protein level is attributed to 
an influence on mRNA translation rather than mRNA expression. More 
detailed investigations regarding the turnover of the TNFR1 were 

performed by using CHX and revealed a short half-life of the protein of 
approximately 30 min (Suppl. Fig. S6a left). CHX treatment of up to 72 h 
completely inhibited the TNFR1 protein expression (Suppl. Fig. S6a 
right), whereas the TNFR1 protein level recovered after vioA treatment 
for 24 h or longer. Importantly, when vioA (10 nM) was administered 
repetitively each 12 h for a total period of 48 h, HUVECs showed no 
recovery from the protein synthesis inhibition (Suppl. Fig. S6b). In line 
with this, the TNFR1 protein level did not recover after repetitive 
treatment with vioA (Suppl. Fig. S6c). These observations indicate that 
the TNFR1 has on the one hand a short half-life and is on the other hand 
quickly resynthesized when protein synthesis inhibition is relieved. 

3.5. Vioprolide A inhibits important kinases of the NF-ĸB signaling 
pathway but does not rescue IĸBα protein levels 

To further asses the role of the reduced TNFR1 protein level in the 
anti-inflammatory actions of vioA, we investigated the downstream NF- 
ĸB signaling pathway. When the TNFR1 is activated, consecutive 

Fig. 3. Vioprolide A reduces ICAM-1, VCAM-1 and E-selectin expression in HUVECs. a-b Confluent HUVECs were treated with the indicated concentrations of 
vioprolide A for 16 h followed by activation with TNF (10 ng/ml) for 4 h (E-selectin) or 6 h (ICAM-1, VCAM-1). a ICAM-1, VCAM-1 and E-selectin cell surface protein 
expression was measured by flow cytometry. b Total protein expression of ICAM-1, VCAM-1 and E-selectin was detected by western blot analysis. One representative 
blot out of 3 is shown. c Confluent HUVECs were treated with vioprolide A as indicated for 16 h followed by activation with TNF (10 ng/ml) for 2 h (SELE) or 4 h 
(ICAM1, VCAM1). The mRNA expression of ICAM1, VCAM1 and SELE was analyzed by quantitative PCR. VioA, vioprolide A. Data are expressed as means ± SEM. 
n = 3. *P ≤ 0.05 vs. TNF control. 
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downstream kinases, such as TAK and IKK are induced, which cause 
IĸBα phosphorylation and degradation. In the following, the liberated 
NF-ĸB subunits can translocate to the nucleus where they bind to pro
motor regions and regulate the gene transcription of important inflam
matory genes, such as the aforementioned CAMs. As demonstrated in  
Fig. 5a and 5b, we found that the phosphorylation of TAK and IKK was 
significantly downregulated in vioA-pretreated (16 h) HUVECs after 
15 min, 30 min and 60 min of TNF treatment. Nevertheless, in
vestigations regarding IĸBα revealed that pretreatment with vioA (16 h) 
enhanced the reduction of the IĸBα protein levels that was triggered by 
TNF treatment for 15 min, 30 min and 60 min (Fig. 5c). In addition, the 
relative amount of IĸBα phosphoprotein in TNF-activated HUVECs was 
decreased upon vioA pretreatment for 16 h (Suppl. Fig. S7a). Based on 
these findings, we were interested in how vioA alone (without TNF 
treatment) would impair IĸBα total protein levels in HUVECs. As shown 
in Fig. 5d, the total protein level of IĸBα was time-dependently reduced 
upon vioA treatment. Compared to the rapid decrease of the TNFR1 
protein level (Fig. 4c), however, the IĸBα protein level decreased more 
slowly and showed no recovery up to 48 h of vioA treatment. In concert 
with the results for TNFR1, NFKBIA mRNA expression was time- 
dependently upregulated by vioA (Fig. 5e), which underlines that the 
effects observed are caused by the influence of vioA on protein synthesis. 
CHX treatment showed a similar time-dependent influence on the IĸBα 
protein level in HUVECs (Fig. 5f). Importantly, up to 6 h of CHX treat
ment only evoked a reduction of the IĸBα total protein level of about 
40% (Suppl. Fig. S7b). This confirms that the protein has a longer half- 
life compared to the TNFR1. Similar to the results obtained for the 
TNFR1, repetitive treatment with vioA every 12 h for a total of 48 h 

decreased the IĸBα protein level more than the single treatment for 48 h 
(Suppl. Fig. S7c). Interestingly, previous data concerning the protein 
synthesis inhibitor narciclasine demonstrated no effect on the total 
protein level of IĸBα in HUVECs [34]. Taken together, we could show 
that although vioA reduces the TNFR1 protein level and decreases the 
TNF-evoked activation of important kinases of the NF-ĸB signaling 
cascade, such as TAK and IKK, the natural product does not rescue IĸBα 
protein levels. In contrast, vioA is likely to reduce the IĸBα protein levels 
without TNF-activation due to its inhibitory effect on general de novo 
protein synthesis. 

3.6. Vioprolide A prevents NF-ĸB p65 nuclear translocation and NF-ĸB 
promotor activity 

Because the inhibitory protein IĸBα is important for masking the NLS 
of NF-ĸB subunits and due to the fact that vioA reduced the IĸBα protein 
level in HUVECs, we next focused on the NF-ĸB subunit p65. We neither 
observed an effect on the p65 total protein level over a period of 48 h of 
vioA treatment, indicating a long half-life of this protein, nor on its 
cellular distribution in HUVECs, as shown by cellular fractionation and 
western blot experiments (Fig. 6a). The purity of the subcellular frac
tions was ensured in each individually performed experiment using 
western blot analysis of β-tubulin and topoisomerase I as cytosolic and 
nuclear marker, respectively (Fig. S8a). Surprisingly, despite reduced 
IĸBα protein levels, immunofluorescence staining for the NF-ĸB subunit 
p65 revealed that its nuclear translocation in HUVECs was markedly 
decreased upon vioA pretreatment (16 h) after 15 min, 30 min and 
60 min of TNF activation (Fig. 6b). In accordance with this, we could 

Fig. 4. Vioprolide A impairs de novo protein 
synthesis in HUVECs and downregulates TNFR1 
protein expression. a Confluent HUVECs were 
treated with the indicated concentrations of 
vioprolide A. b Confluent HUVECs were treated 
with vioprolide A (10 nM) for the indicated 
time points. CHX (10 µg/ml) served as positive 
control. a-b Nascent polypeptide chains were 
visualized by immunocytochemistry using 
Click-iT Plus OPP Alexa Fluor 488 and fluores
cence microscopy. One representative experi
ment out of 3 is shown. Scale bar, 50 µm. c- 
d Confluent HUVECs were treated with vio
prolide A (10 nM) for the indicated time points. 
Total protein expression of TNFR1 (c) was 
determined by western blot analysis. One 
representative blot out of 3 is shown. Total 
mRNA expression of TNFRSF1A (d) was detec
ted by quantitative PCR. VioA, vioprolide A; 
CHX, cycloheximide. Data are expressed as 
means ± SEM. n = 3. *P ≤ 0.05 vs. negative 
control.   
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demonstrate that the TNF-induced NF-ĸB promotor activity, assessed by 
NF-ĸB reporter gene assay, was concentration-dependently reduced 
upon pretreatment of HUVECs with vioA for 16 h (Fig. 6c). Importantly, 
although vioA has been assessed as inhibitor of protein synthesis, the 
expression of the Renilla control plasmid remained unaffected, which 
strengthens the results of the NF-ĸB reporter gene assay (Fig. S9). In 
summary, these results indicate that the anti-inflammatory actions of 
vioA can be attributed to an inhibition of the NF-ĸB p65 nuclear 
translocation. 

3.7. The inhibition of NF-ĸB p65 nuclear translocation by vioprolide A is 
attributed to an impairment of importin family members 

Important for the successful nuclear translocation of NF-ĸB subunits 
is on the one hand the release of their NLS through degradation of IĸBα 
and on the other hand the interaction with carrier proteins that ensure 
the shuttling of the protein through the nuclear pore complex into the 
nucleus. Amongst the members of the importin family, importin subunit 
alpha-1 and importin subunit alpha-3 have been shown to interact with 

the NLS of NF-ĸB p65 and to form a heterodimer with importin subunit 
beta-1, thereby mediating p65 nuclear translocation [15,17]. VioA 
time-dependently decreased the total protein level of importin subunit 
alpha-1 (Fig. 7a), while the total protein levels of importin subunit 
alpha-3 and importin subunit beta-1 remained unaffected (Fig. 7b-c). An 
additional effect of vioA different from the inhibition of protein syn
thesis with regards to importin subunit alpha-1 could be excluded, as up 
to 16 h of treatment with the natural product had no influence on the 
mRNA expression of KPNA2 (Fig. S10a). While the total protein level of 
importin subunit alpha-3 and importin subunit beta-1 remained stable, 
vioA even increased the mRNA expression of KPNA4 and KPNB1 
(Fig. S10b-c). At the same time, the nuclear localization of importin 
subunit alpha-1 in both non-activated and TNF-activated HUVECs 
(5–60 min) and of importin subunit beta-1 in TNF-activated 
(15–30 min) HUVECs was significantly reduced when HUVECs were 
pretreated with vioA for 16 h, as shown by western blot analysis 
(Fig. 7d-e). The nuclear accumulation of importin subunit alpha-3 in 
HUVECs remained unaffected by vioA treatment for 16 h and 
TNF-activation (Fig. 7f). The purity of the nuclear fraction was ensured 

Fig. 5. Vioprolide A reduces the activation of 
TNFR1 downstream kinases, yet IĸBα total 
protein levels are decreased. a-c Confluent 
HUVECs were treated with vioprolide A 
(10 nM) for 16 h followed by activation with 
TNF (10 ng/ml) for the indicated time points. 
Total protein expression of phospho-TAK1 (p- 
TAK1, a), phospho-IKKα/β (p-IKKα/β, b) and 
IĸBα (c) was analyzed by western blot experi
ments. One representative blot out of 3 is 
shown. d-e Confluent HUVECs were treated 
with vioprolide A (10 nM) as indicated. Total 
protein expression of IĸBα (d) was detected by 
western blot analysis. One representative blot 
out of 3 is shown. Total mRNA expression of 
NFKBIA (e) was detected by quantitative PCR. f 
Confluent HUVECs were treated with cyclo
heximide (3 µg/ml) as indicated. Total protein 
expression of IĸBα was detected by western blot 
analysis. One representative blot out of 3 is 
shown. VioA, vioprolide A, CHX, cyclohexi
mide. Data are expressed as means ± SEM. 
n = 3. *P ≤ 0.05 vs. TNF control (a-c) or nega
tive control (d, e, f), #P ≤ 0.05 vs. negative 
control (c).   
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by western blot analysis of the nuclear and cytosolic markers β-tubulin 
and topoisomerase I, respectively (Fig. S8b). Note that, although CHX 
showed similar effects on the total protein level of importin subunit 
alpha-1/alpha-3/beta-1 (Fig. S11a-c) and potently decreased the nu
clear localization of p65 (Fig. S11d), the mRNA expression of ICAM1 and 
SELE in TNF-activated HUVECs was increased rather than decreased 
(Fig. S11e). Only the VCAM1 mRNA expression was reduced (Fig. S11e). 
These results emphasize that, in contrast to vioA, the CHX-evoked effect 
on the importin family members and NF-κB p65 is not sufficient for 
preventing TNF-induced proinflammatory gene expression. 

3.8. Knockdown of the vioprolide A target NOP14 evokes reduced 
leukocyte-endothelial cell interactions caused by a decrease of CAM 
expression and p65 nuclear translocation 

To verify the interaction of vioA with NOP14 in HUVECs, we per
formed a cellular thermal shift assay (CETSA). In this assay, thermal 
denaturation and thus protein stability are assessed through heating 
cells with different temperatures. After cell lysis, denatured and thus 
aggregated proteins can be removed from the samples through centri
fugation and the stable proteins in the supernatant can be analyzed [32]. 

We investigated the aggregation temperature (Tagg) curves of untreated 
and vioA-treated (300 nM, 1 h) cells by western blot analysis. VioA 
showed a thermal shift of the NOP14 protein stability from 46.1 ◦C to 
48.2 ◦C, thus indicating an interaction between the natural product and 
NOP14 in HUVECs (Fig. 8a). We then strived to investigate a potential 
anti-inflammatory effect caused by inhibition of NOP14. Therefore, we 
performed siRNA-mediated knockdown of NOP14 and analyzed its 
protein level 24 h, 48 h and 72 h after knockdown (Fig. S12). To eval
uate the effect of NOP14 knockdown on the leukocyte-endothelial cell 
interaction we conducted a cell adhesion assay. As demonstrated in 
Fig. 8b, we found that knockdown of NOP14 significantly reduced the 
adhesion of fluorescently labeled THP-1 cells to TNF-activated HUVECs, 
while the basal leukocyte adhesion to non-activated HUVECs was not 
altered. In addition, the effect of vioA on the adhesion of fluorescently 
labeled THP-1 cells to the TNF-activated HUVEC monolayer was not 
further increased. In concert with this, the TNF-induced mRNA expres
sion of ICAM1 as well as the NF-κB p65 nuclear translocation were 
significantly decreased in NOP14 knockdown cells, as demonstrated by 
quantitative real-time PCR (Fig. 8c) and immunofluorescence staining 
(Fig. 8d). Again, NOP14 knockdown did not further increase the effect of 
vioA pretreatment (16 h) on ICAM1 mRNA expression as well as NF-κB 

Fig. 6. Vioprolide A reduces TNF-induced p65 
translocation and NF-ĸB promotor activity. a 
Confluent HUVECs were treated with vioprolide 
A (10 nM) or TNF (10 ng/ml) as indicated. 
Cytosolic and nuclear fractions were separated 
and total protein expression of p65 was 
analyzed by western blot experiments. One 
representative blot out of 3 is shown. b 
Confluent HUVECs were treated with vioprolide 
A (10 nM) for 16 h followed by TNF (10 ng/ml) 
activation as indicated. p65 was visualized by 
immunocytochemistry and fluorescence micro
scopy. One representative experiment out of 3 
is shown. Scale bar, 200 µm. c HUVECs were co- 
transfected with a vector coding for the NF-ĸB 
response element and firefly luciferase and a 
control vector coding for Renilla luciferase. 24 h 
after transfection, HUVECs were treated with 
vioprolide A as indicated for 16 h followed by 
activation with TNF (10 ng/ml) for 6 h. NF-ĸB- 
dependent luciferase activity was measured by 
dual-luciferase reporter gene assay and lumi
nescence measurement. VioA, vioprolide A; 
Topo1, topoisomerase 1. Data are expressed as 
mean ± SEM. n = 3 (a, b), n = 4 (c). *P ≤ 0.05 
vs. negative control (a) or TNF control (b, c).   
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Fig. 7. Vioprolide A reduces importin subunit alpha-1 total protein level and influences importin subunit alpha-1/beta-1 nuclear localization. a-c Confluent HUVECs 
were treated with vioprolide A (10 nM) as indicated. Total protein levels of importin subunit alpha-1 (a), importin subunit alpha-3 (b) and importin subunit beta-1 (c) 
were determined by western blot analysis. One representative blot out of 3 is shown. d-f Confluent HUVECs were treated with vioprolide A (10 nM) for 16 h followed 
by activation with TNF (10 ng/ml) as indicated. The nuclear fractions were separated and total nuclear protein expression of importin subunit alpha-1 (d), importin 
subunit beta-1 (e) and importin subunit alpha-3 (f) was determined by western blot analysis. One representative blot out of 3 is shown. VioA, vioprolide A; Imp, 
importin; Topo1, topoisomerase 1. Data are expressed as mean ± SEM. n = 3. *P ≤ 0.05 vs. negative control (a-c) or TNF control (d-f). #P ≤ 0.05 vs. negative control 
(d-f). 
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p65 nuclear translocation in TNF-activated HUVECs. Immunofluores
cence staining of importin subunit alpha-1 further revealed that NOP14 
knockdown decreased the fluorescence intensity and thus cellular 
importin subunit alpha-1 protein level equally strong compared to 16 h 
vioA (10 nM) treatment (Fig. 8e). These results clearly underline the 
involvement of NOP14 in inflammatory processes in the endothelium 

and demonstrate that the anti-inflammatory actions of vioA are, at least 
in part, evoked by inhibition of NOP14. 

4. Discussion 

In this study, we focused on the anti-inflammatory actions of the 

Fig. 8. NOP14 knockdown influences TNF- 
activated inflammatory processes in HUVECs. 
a Confluent HUVECs were treated with 300 nM 
vioprolide A for 1 h or left untreated. Cells were 
exposed to increasing temperatures between 
42.3 and 57.8 ◦C and lysed by repeated freeze- 
thaw cycles in liquid nitrogen. Thermal aggre
gation curves of NOP14 were analyzed by 
western blot. One representative blot out of 4 is 
shown. b-e Subconfluent cells were transfected 
with siRNA against NOP14 (siNOP14, 60 nM) 
or non-targeting siRNA (nt siRNA, 60 nM) as 
control using GeneTrans II Transfection Re
agent. 30 h after transfection, HUVECs were 
treated with 10 nM vioprolide A for 16 h. b 
HUVECs were activated with TNF (10 ng/ml) 
for 6 h and fluorescence-labeled THP-1 cells 
were allowed to adhere to the HUVEC mono
layer for 5 min. The amount of adhered THP-1 
was detected by fluorescence measurement. c 
HUVECs were activated with TNF (10 ng/ml) 
for 4 h. The mRNA expression of ICAM1 was 
analyzed by quantitative PCR. d HUVECs were 
activated with TNF (10 ng/ml) for 30 min p65 
was visualized by immunocytochemistry and 
fluorescence microscopy. One representative 
experiment out of 3 is shown. Scale bar, 
200 µm. e Importin subunit alpha-1 was visu
alized by immunocytochemistry and fluores
cence microscopy. One representative 
experiment out of 3 is shown. Scale bar, 50 µm. 
Tagg, aggregation temperature; VioA, vioprolide 
A. Data are expressed as mean ± SEM. n = 4 
(a), n = 5 (b), n = 3 (c-e). *P ≤ 0.05 vs. TNF 
control.   
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natural product vioA in vivo and in vitro. VioA exerted strong anti- 
inflammatory effects in vivo by reducing the laser lesion area infiltra
tion of microglia and macrophages in a murine CNV model and by 
lowering the interaction between leukocytes and the vascular endothe
lium as observed by intravital microscopy of the murine cremaster 
muscle. Although the rolling motion of the leukocytes was not impaired 
by vioA, their firm adhesion to and transmigration through the vascular 
endothelium was strongly reduced. In vitro models further showed that 
vioA significantly decreased both the leukocyte adhesion to and trans
migration through TNF-activated endothelial cells due to an inhibition 
of the cell surface and total protein expression of CAMs. Although vioA 
also potently reduced the TNF-induced mRNA expression of the coding 
genes for ICAM-1, VCAM-1 (4 h and 6 h TNF) and E-selectin (2 h and 4 h 
TNF), the effect on the protein levels was stronger compared to the 
reduction of the mRNA levels. This led to the hypothesis that the anti- 
inflammatory action of vioA is not only attributed to the impairment 
of inflammatory gene expression but also to the prevention of proper 
mRNA translation into functional proteins. This notion was furthermore 
strengthened by recently published data demonstrating that vioA targets 
the nucleolar protein 14 (NOP14), which is involved in the ribosomal 
biogenesis [3]. By using a protein translation assay, which monitors the 
incorporation of OPP into newly synthesized proteins, we verified that 
vioA reduced the de novo protein synthesis also in endothelial cells. 
These results indicate that the protein level of CAMs upon vioA treat
ment is reduced through a dual mechanism. On the one hand, vioA 
impairs the NF-ĸB signaling pathway through reducing the p65 nuclear 
translocation and NF-κB promotor activity. This explains the reduction 
of TNF-induced CAM mRNA expression. On the other hand, vioA acts as 
inhibitor of general de novo protein synthesis. Thus, although a reduced 
amount of CAM mRNA is still expressed in vioA-treated endothelial 
cells, protein synthesis inhibition prevents its translation into protein. 

Interestingly, over the last years, various inhibitors of mRNA trans
lation have been identified to exert anti-inflammatory actions. The 
bacteria-derived mycotrienin II and cytotrienin A were shown to reduce 
the TNF-induced ICAM-1 expression in human lung carcinoma cells due 
to a ribotoxic stress response leading to ectodomain shedding of the 
TNFR1 [35,36]. The plant-derived alkaloid narciclasine was found to act 
anti-inflammatorily in HUVECs by reducing the TNFR1 protein level, 
thereby inhibiting the downstream NF-ĸB signaling cascade [34]. Also, 
derivatives of the Aglaia flavagline rocaglamide were shown to influence 
the NF-ĸB activity by prohibiting the phosphorylation and subsequent 
degradation of IĸBα in T cells [37]. The NF-ĸB signaling cascade, which 
can be activated via the binding of TNF to the TNFR1, represents one of 
the most important inflammatory pathways in endothelial cells and its 
inhibition has been shown to be efficient in the treatment of chronic 
inflammation [38]. Thus, we further investigated a potential connection 
between the anti-inflammatory actions of vioA and the NF-ĸB signaling 
pathway. In concert with the effects of narciclasine, vioA potently 
downregulated the protein level of the TNFR1, while the TNFRSF1A 
mRNA level was time-dependently increased. Accordingly, the phos
phorylation and thus activation of the downstream kinases TAK and IKK 
in TNF-activated HUVECs was significantly reduced by vioA. Never
theless, in contrast to narciclasine, vioA did not rescue the IĸBα protein 
level in TNF-treated endothelial cells but instead already decreased the 
total protein level of IĸBα in the absence of TNF. Again, vioA simulta
nsously upregulated the NFKBIA mRNA level, which is most likely 
attributed to a feedback mechanism of the cells towards the reduction of 
de novo protein synthesis. IκBα showed a longer half-live upon CHX 
treatment compared to the TNFR1. This can be attributed to the inter
action of IκBα with cytosolic NF-κB subunits, which leads to a stabili
zation of the protein and explains why the protein level decreases more 
slowly upon inhibition of protein synthesis compared to the protein level 
of the TNFR1 [39]. Interestingly, although protein synthesis in HUVECs 
after vioA treatment was gradually restored within 24–48 h, the IĸBα 
protein level showed no recovery. It is important to mention that in this 
study we focused on the anti-inflammatory effect of vioA and thus 

investigated the influence of the natural product on the TNF-induced 
NF-ĸB signaling pathway and on general protein synthesis. However, 
other intracellular signaling pathways can interfere with IĸBα stability 
and degradation, too. As an example, it has been shown that increased 
Akt (protein kinase B) activation evokes the phosphorylation of IKK 
which in the following leads to the phosphorylation and degradation of 
IĸBα [40]. As the strongest influence of vioA on the TNFR1 was observed 
after 16 h, we only investigated the activation of downstream kinases 
(TAK, IKK) after 16 h of vioA treatment and only using TNF as activator. 
Thus, we cannot draw any conclusions on how these kinases are influ
enced after longer vioA treatment periods of 24 h and 48 h or using 
different activators. In contrast to IĸBα and the TNFR1, the NF-ĸB p65 
protein level remained unaffected in HUVECs upon treatment with vioA, 
which indicates a long half-life period of the protein. In addition, the 
TNF-induced NF-ĸB p65 nuclear translocation as well as the NF-ĸB 
promotor activity were strongly impaired by vioA. 

Importins are carrier proteins that bind the NLS of NF-ĸB p65, 
thereby shuttling the protein through the pore complexes into the nu
cleus. In many chronic pathologies, including rheumatoid arthritis, 
atherosclerosis, or inflammatory bowel diseases (IBD) and even cancer, 
members of the importin α- and β-family are crucially involved [41–44]. 
An upregulation of importin subunit alpha-1 for example has been 
observed in patients with rheumatoid arthritis compared to healthy 
control patients [45]. These data suggest that dysregulation of importins 
is an important aspect of chronic inflammatory diseases. Hence, 
addressing deregulated importins represents a promising treatment 
possibility [46]. We demonstrated that vioA evoked a time-dependent 
reduction of the importin subunit alpha-1 protein level accompanied 
by an inhibition of the importin subunit alpha-1 and importin subunit 
beta-1 nuclear localization in TNF-activated vascular endothelial cells. 
These results show that, although both vioA and narciclasine act as in
hibitors of eukaryotic protein synthesis, the natural products influence 
the expression of, at least in part, differing proteins, which leads to 
unique modes of action. This observation is furthermore strengthened by 
the finding that, although also CHX reduced the protein expression of 
importin subunit alpha-1, the protein synthesis inhibitor increased 
rather than decreased the mRNA expression of the CAM encoding genes 
ICAM1 and SELE in TNF-activated HUVECs. 

As shown previously, vioA interacts with the nucleolar protein 
NOP14 in Jurkat cells. Through performing a cellular thermal shift 
assay, we could verify that vioA also binds to NOP14 in HUVECs. 
Although various studies underline the involvement of NOP14 in 
angiogenic processes in cancer, nothing is known about the general 
involvement of NOP14 in inflammatory actions [4–7]. To elucidate this 
important point, we performed siRNA-mediated knockdown of NOP14 
in HUVECs. We found that NOP14 knockdown significantly reduced the 
adhesion of leukocytes to TNF-activated endothelial cells. In concert 
with the action of vioA, NOP14 knockdown also reduced the 
TNF-induced ICAM1 mRNA expression, p65 nuclear translocation and 
importin subunit alpha-1 protein level in HUVECs. Importantly, the ef
fects of vioA were not further increased in combination with NOP14 
knockdown. NOP14 knockdown alone, however, had slightly less potent 
effects in the conducted experiments compared to vioA. This could be 
explained by the fact that siRNA-mediated knockdown of NOP14 only 
reduced its protein level to ~40% of control level. Thus, the observed 
effects cannot be equated to a complete knockout of the protein. In total, 
we propose that the anti-inflammatory action of vioA is, at least in part, 
attributed to its interaction with NOP14. VioA is the first ever mentioned 
natural product that interacts with the NOP14-associated pathway of 
ribosomal biogenesis. The protein NOP14 again has been shown to be 
differentially expressed in various cell types [4–7]. This renders both 
vioA as drug lead as well as NOP14 as cellular target highly unique. 
Moreover, our data indicate that NOP14 is not only involved in angio
genic events but is also important for inflammatory processes in vascular 
endothelial cells. 

Taken together, we could demonstrate for the first time that vioA 
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inhibits TNF-induced inflammatory processes in endothelial cells and 
reduces the leukocyte-endothelial cell interaction. To our knowledge, 
this is also the first time that the anti-inflammatory action of a protein 
synthesis inhibitor could be linked to the impairment of carrier proteins 
of the importin family. We conclude that vioA is a highly potent and 
unique natural product that provides promising effects on inflammation- 
related processes in the vascular endothelium by reducing leukocyte- 
endothelial cell interactions and targeting the importin family of car
rier proteins without exerting cytotoxic effects. Especially by targeting 
NOP14 and thus de novo protein synthesis in a unique way, vioA rep
resents a promising drug lead for the selective treatment of chronic in
flammatory diseases that are associated with deregulated importin 
family member or NOP14 expression, which warrants further in-depth 
research. 
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