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ABSTRACT 

Withaferin A (WA), a natural phytochemical derived from the plant Withania somnifera, 

is a well-studied bioactive compound exerting a broad spectrum of health promoting 

effects. To gain better insight in the potential therapeutic capacity of WA, we 

evaluated the transcriptional effects of WA on primary human umbilical vein 

endothelial cells (HUVECs) and an endothelial cell line (EA.hy926). RNA microarray 

analysis of WA treated HUVEC cells demonstrated increased expression of the 

antioxidant gene heme oxygenase (HO-1). Transcriptional regulation of this gene is 

strongly dependent on the transcription factor NF-E2-related factor 2 (Nrf2), which 

senses chemical changes in the cell and coordinates transcriptional responses to 

maintain chemical homeostasis via expression of antioxidant genes and 

cytoprotective Phase II detoxifying enzymes. Under normal conditions, Nrf2 is kept in 

the cytoplasm by Kelch-like ECH-associated protein 1 (Keap1), an adaptor protein 

controlling the half-life of Nrf2 via constant proteasomal degradation. In this study we 

demonstrate that WA time- and concentration-dependently induces HO-1 expression 

in endothelial cells via upregulation and increased nuclear translocation of Nrf2. 

According to the crucial negative regulatory role of Keap1 in Nrf2 expression levels, a 

direct interaction of WA with Keap1 could be demonstrated. In vitro and in silico 

evaluations suggest that specific cysteine residues in Keap1 might be involved in the 

interaction with WA.  
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1. Introduction 

The plant Withania somnifera, also known as “Ashwagandha”, “Indian ginseng” or “winter 

cherry”, is popular in Ayurvedic medicine, an ancient medicinal system of Indian origin based 

on the therapeutic use of herbs and natural products. Various extract preparations have been 

used to treat a wide range of disorders like chronic fatigue, dehydration or rheumatism for 

over thousands of years. The main bio-active chemical constituents of Withania somnifera 

are the withanolides, a class of chemicals containing a steroidal alkaloid and a lactone 

structure. From these various withanolides, Withaferin A (WA), a highly oxygenated 

withanolide, is by far the most studied bioactive compound. Chemical structure analysis of 

WA pinpointed 3 positions that could be involved in an alkylation reaction with nucleophilic 

sites like sulfhydryl groups of cysteine residues in target proteins. These positions are the 

epoxide structure at C5 and an unsaturated ketone at C3 and C24, being all highly 

susceptible for nucleophilic attack to target proteins, resulting in a covalent binding via a 

Michael addition alkylation reaction [1]. WA was demonstrated to exert a broad spectrum of 

health promoting effects including anti-inflammatory, anti-carcinogenic, anti-angiogenic and 

pro-apoptotic properties. Despite this wide variety of therapeutic capacities of the compound, 

the molecular mechanisms underlying these activities remain largely unknown.  

Nonetheless certain proteins have already been identified as targets of WA, including the 

intermediate filament proteins vimentin, glial fibrillary acidic protein and desmin, chaperones 

such as hsp90 and various kinases (reviewed in [2]). By these interactions, WA was shown 

to regulate several signal transduction cascades involved in cell death, inflammatory 

responses, proliferation, metastasis and transcriptional regulation. In case of its regulatory 

role on transcriptional processes, positive and negative effects have been described, 

including inhibition of transcription mediated by NF-κB, Notch-1, STAT1 and STAT3, and 

activation of transcription mediated by heat shock factor-1 and LXRα [1, 3-8]. Besides these 

in vitro and in vivo studies, in silico molecular docking studies revealed the possibility of 

strong intermolecular interactions of WA with some crucial intracellular mediators of different 

signal transduction pathways, including the hsp90-binding protein CDC37, the adaptor 

protein IKKγ involved in NF-κB activation, the tumor suppressor protein p53, the cell cycle 

regulating protein p21, and the stress chaperone mortalin [9-13]. In the latter study a 

potential binding of WA to the transcription factor NF-E2 related factor 2 (Nrf2) was also 

suggested. Nrf2 is a cap´n´collar basic leucine zipper transcription factor belonging to a 

group of xenobiotic- and oxidative stress-activated receptors. Nrf2 senses chemical changes 

in the cell and coordinates transcriptional responses to maintain the chemical homeostasis of 

the cell via the expression of a battery of more than 200 genes including antioxidant genes 

and other cytoprotective Phase II detoxifying enzymes via the presence of an antioxidant 
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response element (ARE)/electrophile response element (EpRE) in their promoter region [14]. 

Among these Nrf2-regulated genes, heme oxygenase-1 (HO-1) is one of the most studied 

examples.  

In inactivated cells, Nrf2 is associated in the cytoplasm with the Kelch-like ECH-associated 

protein 1 (Keap1) [15]. This BTB and Kelch domain containing protein is an adaptor, which 

bridges Nrf2 to Cullin3 (Cul3)-based E3 ligase thereby regulating the stability of Nrf2 via 

constitutive ubiquitination and proteasomal degradation [16-18]. Under quiescent conditions, 

Nrf2 is constantly degraded having a half-life of less than 20 minutes [19]. Keap1 is a thiol-

rich protein that has multiple reactive cysteines required for activation of Nrf2. Several 

electrophilic reagents have been shown to directly target these cysteine residues (reviewed 

in [20]). Using transgenic complementation rescue analysis in mice mainly 3 cysteine 

residues, i.e. C151, C273 and C288, have been demonstrated to be indispensable for Keap1 

mediated ubiquitination of Nrf2 [21]. Modifications of these cysteines in Keap1 lead to 

conformational changes in the Nrf2-Keap1-Cul3 complex whereby Nrf2 can no longer be 

ubiquitinated and escapes from subsequent degradation. Thereby accumulation of the 

transcription factor occurs, leading to its nuclear translocation, heterodimer formation with 

small MAF proteins and increased transcription of Nrf2 target genes [22].  

To gain better insight in the potential therapeutic properties of WA, we investigated the 

effects of WA on transcriptional processes in vascular endothelial cells. This analysis 

supported strong evidence for WA-mediated activation of the transcription factor Nrf2. In 

primary endothelial cells as well as in an endothelial cell line, we further investigated how WA 

activates Nrf2 signaling. By means of biotinylated WA and pull-down experiments, the 

possible electrophilic interactions of WA with Keap1 was evaluated. Finally, in silico docking 

modeling and proteomic analysis of WA-modified Keap1 has been applied to identify 

cysteine residues which may react with WA through a covalent Michael addition reaction.  
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2. Materials and methods 

2.1 Materials  

Withaferin A (WA) and Withanone (WN) were purchased from ChromaDex (Santa Ana, CA). 

Both compounds were solubilized in DMSO at 20mM. MG-132 and cycloheximide (CHX) 

were obtained from Sigma (St. Louis, MO). Anti-Nrf2 and anti-FLAG tag antibody were 

purchased from Abcam (Cambridge, UK), anti-HO-1 from Gentaur (Kampenhout, BE), anti-

Keap1 from Bio-Connect (TE Huissen, NL), anti-Keap1N from Santa Cruz Biotechnology 

(Santa Cruz, CA), anti-ubiquitin from Cell Signaling Technology (Danvers, MA), anti-HA 

clone 16B12 from Covance Research Products (Berkeley, CA), anti-tubulin and anti-FLAG 

M2 affinity gel from Sigma (St. Louis, MO), and IRdye coupled secondary antibodies 

(Rockland, Gilbertsville, PA). siRNA Nrf2 plus SMART pool (L-003755-00-0005) and non-

targeting pool (D-001810-10-05) were obtained from Dharmacon (Lafayette, CO). 

Neutravidin agarose beads were purchased from Thermo Scientific (Rockford, IL), Protein A 

on Trisacryl beads from Pierce Protein Biology (Rockford, IL). Recombinant Keap1-protein 

was obtained from Sino Biological (Beijing, China). Trypsin was purchased from Promega 

(Madison, USA). Ammonium bicarbonate (ABC) acetonitrile (ACN), α-cyano-4-

hydroxycinnamic acid and trifluoroacetic acid (TFA) were acquired from Sigma (St. Louis, 

MO). 

2.2 Cell culture  

The EA.hy926 cell line was a kind gift of Dr. Voets (Catholic University Leuven, Department 

of Cell and Molecular Medicine, Laboratory of Ion Channel Research, BE). This hybridoma of 

the human umbilical vein endothelial cell (HUVEC) with the human epithelial cell line A549 

has been shown to retain several native endothelial cell properties [23]. Cells were cultured 

in Dulbecco´s Modified Eagle´s Medium supplemented with 10% fetal bovine serum, 

100 U/ml penicillin, 100µg/ml streptomycin and HAT selection supplement (Invitrogen, 

Carlsbad, CA) in mycoplasma- and endotoxin-free conditions. Primary HUVEC cells were 

cultured in EBM Basal Phenol Red Free medium supplemented with EGM SingleQuot Kit 

containing supplements and growth factors (Lonza, CH). All HUVEC cells were used in 

experiments at the third passage level. Human embryonic kidney HEK293T cells were used 

in cellular assays requiring high transfection efficiencies. These cells were a kind gift of Dr. 

M. Hall (University of Birmingham, UK). Cells were grown in Dulbecco’s modified Eagle’s 

medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 0.4 mM sodium 

pyruvate and penicillin/streptomycin. 

2.3 Plasmids 
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Eukaryotic expression pCDNA3 plasmids encoding Keap1 or its deletion mutants, Keap1-

∆BTB, Keap1-∆link and Keap1-∆Kelch, as well as pGL4.22-hNQO1-ARE-luc, a luciferase 

reporter plasmid with ARE binding site of human NQO1 gene, were generously provided by. 

Dr. D.D. Zhang (University of Arizona, Tucson, AZ). The eukaryotic expression vector 

pUT651 encoding β-galactosidase was obtained from Eurogentec.  

2.4 MTT cell viability assay  

Cells seeded in 96-well plates were treated with various concentrations of WA, WA-BIOT or 

WN. After 24 hours incubation, 10µl MTT reagent was added to each well and incubated for 

an additional 4 hours. Solubilization of the formed MTT crystals was achieved by addition of 

40µl of SDS/HCl solution per well. Plates were incubated overnight at room temperature. 

Absorbance was measured at 595 nm using a plate reader (Victor 3 Wallac 1420, Perkin 

Elmer Life Sciences).  

2.5 mRNA microarray processing and data analysis  

Following trizol extraction from HUVEC cells which were left untreated or exposed for 6 h to 

1 µM WA in 3 independent experiments, RNA was quality controlled on a Bio-Rad experion 

(Bio-Rad, Hercules, CA, USA). Samples with 28S/18S rRNA ratio > 1.8 and A260/A280 ratio 

between 1.9-2.1 were used for further analysis. 500ng of total RNA was amplified using the 

Illumina TotalPrep RNA Amplification kit (Life Technologies, Carlsbad, CA, USA). RNA was 

reverse transcribed using T7 oligo(dT) primers after which biotinylated cRNA was 

synthesized through in vitro transcription reaction. 750ng of amplified cRNA was hybridized 

to a corresponding array of a HumanHT12 bead chip (Illumina, San Diego, CA). The bead 

chip was incubated for 18 hours at 58°C in a hybridization oven whilst continuous rocking. 

After several consecutive washing steps, bead intensities were read on Illumina iScan. Raw 

data intensities were read in R using the “bead array” package (v2.8.1) [24]. Intensities were 

normalized and differential gene expression between samples was estimated using “limma” 

(v3.14.1) [25]. Resulting p-values were corrected for multiple hypothesis testing using the 

Benjamini-Hochberg procedure. Next to estimating gene expressions, euclidean distances 

between samples were calculated and used as a distance metric in a hierarchical cluster 

analysis. Transcriptomic analysis was done by uploading Illumina bead array gene 

expression data into Ingenuity Pathway Analysis software (IPA) and performing a core 

analysis. Each identifier was mapped to its corresponding gene object in the Ingenuity 

knowledge base. A fold change cut-off of 2 as well as false discovery rate of 0.05% were set 

to identify genes whose expression was significantly differentially regulated. These genes, 

called focus genes, were overlaid onto a global molecular network developed from 

information contained in the Ingenuity knowledge base. Networks of these focus genes were 
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then algorithmically generated based on their connectivity. The Bio Functional Analysis 

identified the biological functions and/or diseases that were most significant to the data set. 

Genes from the dataset that met the abovementioned cut-off and were associated with 

biological functions and/or diseases in the Ingenuity knowledge base were considered for the 

analysis. Fisher‘s exact test was used to calculate a p-value determining the probability that 

each biological function and/or disease assigned to that data set is due to chance alone. This 

mRNA microarray processing and hierarchical clustering was performed by the Department 

of Biomedical Sciences, in Human Molecular Genetics Group of Dr. Van Camp. 

2.6 RNA isolation and qPCR  

Cells, seeded in 6-well plates, were stimulated for 6 hours with various concentrations of WA 

or with 1µM WA at several time points. As a control cells were treated with DMSO for 6 

hours. After incubation total RNA was extracted by the acid-guanidinium-thiocyanate-phenol 

chloroform method using Trizol Reagent (Invitrogen, Carlsbad, CA). 0.5µg of total RNA was 

used to perform reverse transcription using MMLV reverse transcriptase (Promega, Madison, 

WI). Real-time polymerase chain reaction (qPCR) was performed on the Light Cycler 480II 

system (Roche, Basel, CH) using the SYBR green Master Mix (Biorad, Hercules, CA) and 

the following gene specific primer sets: HMOX1 fwd 5’-CCAGCGGGCCAGCAACAAAGTGC-

3’ and HMOX1 rev 5’-AAGCCTTCAGTGCCCACGGTAAGG-3’, PPIA fwd 5’-

GCATACGGGTCCTGGCATCTTGTCC-3’ and PPIA rev 5’-

ATGGTGATCTTCTTGCTGGTCTTGC-3’, GAPDH fwd 5’-GCTCTGCTCCTCCTGTTC-3’ and 

GAPDH rev 5’-ACGACCAAATCCGTTGACTC-3’, Nrf2 fwd 5’-TTCCCGGTCACATCGAGAG-

3’ and Nrf2 rev 5’-TCCTGTTGCATACCGTCTAAATC-3’. Primers used for qPCR validation of 

the mRNA array data were produced by Qiagen (HSPB8 PPH11188B-200; DNAJB9 

PPH05919A-200; HERPUD1 PPH126061-200; GCLM PPH02099A-200; SQSTM1 

PPH02107A-200; ENC1 PPH00878A-200). Efficiency and relative mRNA amounts were 

calculated for every run by the use of a standard curve. Relative mRNA values were 

normalized to GAPDH as a reference gene. 

2.7 Western immunoblotting  

Cells were left untreated or were treated with different doses of WA, WN or DMSO, and 

MG132 or CHX for different time points. At the end of the incubation time, whole cell lysates 

were prepared in SDS sample buffer (62.5mM Tris–HCl pH6.8, 2% SDS, 10% glycerol, 0.5% 

DTT). Proteins were separated by loading equal amounts of the lysates on a 8.5% SDS-

PAGE and presence of the proteins of interest was evaluated via western blotting using 

specific HO-1, Nrf2, Keap1, HA, FLAG or tubulin recognizing primary antibodies and 

visualized by fluorophore-coupled secondary antibodies. Tubulin was used as a loading 
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control protein. Detection was performed by use of the Odyssey Imaging System (Licor, 

Lincoln, NA) and quantification of the bands was performed using the Odyssey Imaging 

System software.  

2.8 siRNA silencing  

Cells were transfected with 25nM siRNA Nrf2 siGENOME plus SMART pool via the 

Dharmafect transfection reagent number 1 following the protocol as described by Thermo 

Scientific. A non-targeting pool was used as a negative control to assess a-specific effects. 

24 hours after transfection cells were induced with WA for the indicated time periods. 

Subsequently, cells were lysed in SDS sample buffer or RNA was isolated, as described 

above. 

2.9 Nuclear and cytoplasmic extraction  

Cells were stimulated with 1µM WA for several time points before lysis in B1 buffer (10mM 

HEPES pH7.5, 10mM KCl, 1mM MgCl2, 5% glycerol, 0.5mM EDTA pH 7.5, 0.1mM EGTA pH 

7.5, 0.5mM DTT, protease inhibitors and 0.65% NP-40). Nuclei were pelleted by 

centrifugation at 800 rpm for 15 minutes and lysed in B2 buffer by shaking 15 minutes at 4°C 

(20mM HEPES pH7.5, 1% NP-40, 1mM MgCl2, 400mM NaCl, 10mM KCl, 20% glycerol, 

0.5mM EDTA pH7.5, 0.1mM EGTA pH7.5, 0.5mM DTT and protease inhibitors). 

Concentrations of protein samples were measured using the Pierce BCA protein assay kit 

(Thermo Scientific, Rockford, IL) and equal protein amounts were subsequently analyzed by 

western blotting for detection of the protein of interest. In these assays tubulin and PARP 

detection were added as loading control and to validate fractionation, being respectively a 

cytoplasmic and nuclear marker.  

2.10 ARE-dependent luciferase reporter assay 

HEK293T cells were seeded in 24-well plates and transiently transfected by a standard PEI 

co-precipitation method using 200 ng DNA per well. Each transfection setup contained 80 ng 

empty vector, 80 ng of pGL4-hNQO1-ARE-luc plasmid and 40 ng pUT651 plasmid. Twenty-

four hours after transfection, cells were left untreated or were treated with 1 or 2 µM WA, or 

corresponding concentration of DMSO, as indicated. After 24 hours incubation, cells were 

lysed in 100 µl lysis buffer and ARE-dependent luciferase activity was measured by using the 

Firefly Luciferase Glow Assay Kit (Pierce, Rockford, IL). Also activity of constitutively 

expressed β-galactosidase was measured by using Galacto-Star -Galactosidase Reporter 

Gene Assay System (Applied Biosystems, Bedford, MA) to normalize for differences in 

transfection efficiency. 

2.11 Ubiquitination assay 
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HEK293T cells were transiently transfected using PEI transfection procedure with expression 

vectors encoding HA-tagged NRF2, FLAG-tagged NRF2 and Keap1. 24 hours after 

transfection cells were left untreated or were treated with WA for 2h and with MG132 for 1,5h 

to stabilize NRF2 expression. Cells were lysed in lysis buffer (5mM Tris-HCl pH7.5, 1% 

Triton-X100, 5mM EDTA, with the phosphatase and protease inhibitors NaF, aprotinin, 

pefabloc and leupeptin) supplemented with 2% SDS. Samples were boiled for 10 minutes at 

95°C to disrupt protein-protein interactions while keeping the ubiquitination profile intact. 

Samples were diluted with lysis buffer without SDS to a final SDS concentration of 0,4%. 

Immunoprecipitation of NRF2 was performed using anti-NRF2 antibodies and protein A on 

Trisacryl beads. Samples were analyzed by western blot and evaluated for the expression of 

NRF2, Keap1 and ubiquitination of NRF2 using specific antibodies. 

2.12 Affinity binding study  

To analyze the interaction of WA with endogenous Keap1, Ea.hy926 cells were incubated for 

2 hours with 1µM biotinylated WA (WA-BIOT) or 1µM biotin. Additionally, pre-incubation for 1 

hour with 1 µM WA and co-incubation with 1µM DTT were evaluated. After incubation cells 

were lysed in buffer A (5mM Tris-HCl pH7.5, 1% Triton-X100, 5mM EDTA, supplemented 

with the phosphatase and protease inhibitors NaF, aprotinin, pefabloc and leupeptin). 

Proteins present in the soluble supernatant fractions were evaluated by western blotting. Pull 

down of WA interacting proteins from these samples was performed by addition of 

neutravidin beads and rotation of the samples overnight at 4°C. Beads were washed 5 times 

in lysis buffer and proteins were eluted from the beads by addition of 2x SDS sample buffer 

and boiling the samples. Subsequently, samples containing WA interacting proteins were 

analyzed by western blotting.  

To define the interaction domain in Keap1 involved in the binding of WA, HEK293T cells 

were transiently transfected with WT or deletion mutant encoding eukaryotic expression 

vectors via standard PEI transfection procedure. 24 hours later, transfected cells were 

incubated with 1uM WA-BIOT or 1µM biotin for 2 hours. Samples were further processed as 

described above.  

2.13 Adduct identification  

Keap1 was incubated with 50µM WA or 50µM WN in 50mM ABC buffer pH7.4 for 30 min at 

37°C. Keap1 (0.1mg/ml) was digested by trypsin during 2 hours at 37°C. The digested 

samples were diluted 1:10 in TFA. After dilution, 1µl of the digest and 1µl of matrix solution 

(2.5mg/ml α-cyano-4-hydroxycinnamic acid in 50% ACN/0.1% TFA) was spotted on a 348-

well-format target plate and air-dried. Mass spectra were measured on the MALDI-TOF/TOF 

mass spectrometer (4800 MALDI-TOF/TOF analyzer; Applied Biosystems). 
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2.14 Covalent docking of WA with human Keap1 

The keap1 protein of H. sapiens contains 624 amino acids containing 2 main structural 

domains: the BTB domain (67-179) and KELCH 1-6 domains (327-611). Due to the 

availability of crystal structures of only certain regions of KEAP1 in protein data bank, we 

have used 2.35 Å resolution crystal structure of BTB domain (PDB id: 4CXI) for covalent 

docking of WA to Cys151 and 1.8 Å resolution crystal structure of KELCH domain (PDB id: 

4IFL) for covalent docking of WA to Cys489 and Cys434. Because a complete crystal 

structure of Keap1 is not yet available, we performed covalent docking of WA to Cys319, and 

Cys613 on a human Keap1 homology model built by the I-TASSER algorithm 

(http://zhanglab.ccmb.med.umich.edu/I-TASSER/) by combining crystal structures of Keap1 

(1U6DX [26], 2DYHA [27], 3HVEA [28], 3I3NA (Murray, unpublished), 3ZGD [29], 4AP2A 

[30], and 4IFJ (Pan, unpublished)). The overall quality and pattern of non-bonded atomic 

interactions of homology built Keap1 model was verified by ERRAT. 

(http://services.mbi.ucla.edu/ERRAT/). Before proceeding to the covalent docking homology 

models with WA, the homology built full length Keap1 protein structure is energy 

minimized by the YASARA force field algorithm, by calculating corresponding hydrophobic 

side chains of a PDB converted into qualitative energies [31] 

(http://www.yasara.org/minimizationserver.htm). Cloud computing was applied to calculate 

covalent docking scores towards the specified cysteines [32]. Covalent docking is based on 

the Autodock source code 4.2 compatible with the existing scoring function of docking and 

molecular geometry constrains of the covalent linkages [33]. To ensure the optimal geometry 

of the bound ligand during the covalent docking, the structural changes of ligand were 

restricted to minimize variation in chiral WA conformations. The binding site was defined by 

selecting SH groups of specific cysteines. The docking solutions were evaluated based on 

their scoring function and the generated poses were clustered based on the cluster ranks of 

ligands. At the end of the docking procedure clusters were differentiated based on the 

covalent bond lengths and the docking score.  
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3. Results 

3.1 Transcriptome profiling and pathway analysis of Withaferin A treated HUVEC cells 

During recent years, evidence steadily increases that many therapeutic phytochemicals do 

not target single proteins but rather protein networks or pathways. To characterize pathways 

affected by WA in HUVEC cells, Illumina mRNA array analysis was performed to define WA 

responsive gene clusters. Therefore HUVEC cells were left either untreated or were treated 

with 1 µM WA for 6 hours. To reduce noisiness of the data, both setups were performed as 

biological triplicates. Identification of the statistically most important differentially expressed 

genes in the two conditions tested, WA treated vs. untreated, was obtained by delineating 

the log ratio cut off at 1 and the false discovery rate at 0.05%. Significance values were 

calculated via the Fisher’s exact test to select specifically significant changes in the 

expression of every gene among repeated measurements. Biological interpretation of 

transcriptomic changes was done by uploading gene expression datasets into IPA software 

and performing core analysis. 

In the microarray, about 48000 mRNAs were evaluated for expression changes in untreated 

and WA-treated HUVEC cells. Applying the threshold conditions, only 53 genes (about 

0,11%) were detected as being significantly differentially expressed. These included 45 

genes being upregulated by WA and 8 genes down-regulated by WA (Table 1). 

To interpret the gene expression data in the context of biological processes and pathways, 

which might be altered in response to WA, IPA core analysis was applied to determine 

overrepresented signaling and metabolic canonical pathways. Although the gene set of 

differentially expressed genes was rather limited, this analysis method identified significantly 

overrepresented molecular pathways in the imported data set. Among them the Nrf2-

mediated oxidative stress response pathway was shown to be the most significantly 

impacted by WA treatment (Figure 1A). This observation indicates that WA might activate the 

Nrf2 transcription factor pathway, leading to regulation of ARE-dependent genes. Since Nrf2 

is involved in regulation of genes participating in heme degradation and glutathione 

biosynthesis pathways, the occurrence of the latter pathways in this IPA selected list might 

be a consequence of the primary effects of WA on regulation of the Nrf2 signaling (Figure 

1B). In total 7 Nrf2 regulated genes were differentially regulated by WA, among which 6 were 

upregulated and 1 was down-regulated (Table 1). Differential expression of these genes 

induced by WA treatment was verified by qPCR analysis (Figure 1C). Among them the most 

prominently regulated gene was HMOX1, coding for HO-1 protein. It was the second 

strongest regulated gene in the top 10 list with about a 20-fold induction and statistically the 

most significantly differentially regulated gene upon treatment of HUVEC cells with WA.  
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3.2 Upregulation of HO-1 by WA in HUVECs and EA.hy926 endothelial cells 

Based on the transcription profiling and qPCR verification data in HUVEC cells, we further 

characterized concentration- and time-dependent regulation of HMOX1 by WA. qPCR 

analysis confirmed the increase of HMOX1 mRNA level by WA treatment in a concentration- 

and time-dependent manner (figure 2A,B), correlating with increased HO-1 protein 

expression level (Figure 2C,D). After 6h of WA administration HO-1 protein levels reached a 

plateau phase upon which downregulation of HO-1 was observed (data not shown). Next, we 

compared HMOX1 gene induction by WA with the effect of a structurally related withanolide 

WN and with the effect of DMSO, the vehicle in which WA and WN were solubilized. As 

expected, no increase in HO-1 expression could be observed by DMSO treatment and, 

remarkably, also not by the related withanolide. Similar results were obtained in the HUVEC-

derived endothelial cell line EA.hy926 (Figure 2E-H). These results indicate that specifically 

WA, but not WN, induces HO-1 expression at the transcriptional and protein level in 

endothelial cells in a time- and concentration-dependent manner.  

To confirm that the observed gene expression regulating effects are not due to WA-induced 

cytotoxicity, MTT assay was applied to define endothelial cell viability after exposure with 

different concentrations of WA for 24h. At concentrations up to 2µM, cells remained viable 

and no adverse effects on the growth of EA.hy926 and HUVEC cells could be observed (data 

not shown). These results confirm that the observed transcriptional regulatory effects by WA 

are not inherent or secondary to WA-induced cell death. 

3.3 Role of Nrf2 in WA-induced upregulation of HO-1 

To assess if activation of the transcription factor Nrf2 is implicated in WA-induced HO-1 

upregulation, knockdown of Nrf2 was performed. Therefore, EA.hy926 cells were transiently 

transfected with Nrf2 siRNA and non-targeting siRNA as a control. Subsequently, Nrf2 and 

WA-induced HO-1 protein levels were analyzed by western blotting. Concomitantly with a 

clear downregulation of Nrf2 protein expression levels, induction of HO-1 expression by WA 

was also substantially decreased. In contrast, transfection of the non-targeting siRNA had no 

effect on expression levels of both proteins (Figure 3A), demonstrating the involvement of 

Nrf2 in WA-mediated HO-1 expression.  

Previous studies demonstrated that upregulation of HO-1 by NRF2 can be mediated via 

binding of NRF2 to its antioxidant response element (ARE) consensus recognition sequence 

[34, 35]. Therefore we evaluated whether WA can regulate the expression of a luciferase 

reporter gene under control of this NRF2-regulated ARE-sequence in transiently transfected 

HEK293T cells. The transfected cells were either left untreated or were treated with different 

concentrations of WA. 6h WA treatment of HEK293T cells dose-dependently increased 
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luciferase expression levels (Figure 3B). As expected from results on the regulation of HO-1 

expression, the WA related withanolide WN as well as the solvent control, i.e. DMSO, had no 

effect on ARE dependent luciferase expression. These results further strengthen the 

evidence that WA can regulate NRF2 dependent transcription. 

3.4 Mechanism of action of WA induced NRF2 expression levels 

Since activation of Nrf2 requires several sequential steps including inhibition of its 

continuous, proteasome-dependent degradation leading to its accumulation followed by 

nuclear translocation, the effect of WA on these different stages of the Nrf2 activation 

pathway was evaluated. An increase in the total endogenous expression level of Nrf2 by WA 

could be observed in EA.hy926 cells in a time-dependent manner, although not as prominent 

as by MG132, a direct inhibitor of the proteasome (Figure 4A). This time dependency 

perfectly correlates with the observed mRNA expression levels of HO-1. Further fractionation 

of the cellular lysates in cytoplasmic and nuclear fractions demonstrated that WA-mediated 

increase in Nrf2 protein expression levels results in increased nuclear translocation of Nrf2 

(Figure 4B). These data confirm that WA can activate the transcription factor Nrf2 which then 

plays a key role in the HO-1 upregulation by WA in endothelial cells.  

Altered Nrf2 protein levels can be obtained by changes in transcriptional or translation 

regulation or changes in protein stability. qPCR analysis on mRNA extracted from HUVEC 

cells treated with 1µM WA for 6h or left untreated revealed no effect of WA on Nrf2 mRNA 

transcript levels (Figure 4C). To further explore a possible effect of WA on Nrf2 protein 

stability, Ea.hy926 cells were pretreated with MG132 for 2h, resulting in increased Nrf2 

protein levels. After vigorous washing of these cells to deplete MG132, cells were treated 

with CHX in the presence or absence of 1µM WA for different time points. Analyses of 

protein levels by western blot confirmed the short half-life of Nrf2, whose expression levels 

were hardly detectable after 90 minutes CHX treatment. In contrast, co-treatment with WA 

clearly prolonged Nrf2 stability up to 3h treatment, indicating that WA affects Nrf2 expression 

levels by inhibition of protein degradation (Figure 4D).  

We next explored the molecular mechanism by which WA activates the NRF2 pathway. 

Since no effect of WA on the integrity of the Nrf2/KEAP1/Cul3 complex could be observed 

(data not shown), we evaluated whether WA affects Keap1-mediated ubiquitination of NRF2, 

as previously described for some NRF2 inducers [36-38]. Therefore a cell-based 

ubiquitination assay was performed in HEK293T cells transiently overexpressing NRF2, 

Keap1 and FLAG-tagged ubiquitin. The cells were either left untreated or were treated with 

different concentrations of WA (1 or 2µM) for 2h, along with the proteasome inhibitor MG132 

(10µM). Addition of the latter allows the accumulation of ubiquitinated NRF2 leading to 
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comparable expression levels of NRF2 in all setups. As expected, co-expression of Keap1 

with NRF2 significantly increased ubiquitination of NRF2. Interestingly, WA treatment 

markedly inhibited this ubiquitination of NRF2 already at 1µM concentration (Figure 4E).  

3.4 Direct interaction of WA with Keap1  

Based on the previous observations, it can be concluded that WA interferes with the Nrf2 

activation pathway at an early step in the signaling cascade, taking place in the cytoplasm 

and influencing Nrf2 ubiquitination and consequently also stability. A major contribution to 

this step is provided by the Nrf2 negative regulator Keap1. Since Keap1 contains several 

redox-sensitive cysteine residues that can be modified leading to activation of Nrf2, we 

hypothesized that WA, being a thiol reactive compound, would inhibit Nrf2 ubiquitination by 

directly targeting Keap1. Via affinity purification using biotinylated WA (WA-BIOT), the 

potential binding of WA with Keap1 was investigated. Although the WA molecule was 

modified with a biotin moiety at its C27 position (Figure 5A), a residue which was suggested 

not to play a critical role in the biological activities of WA, we first evaluated the conservation 

of the bioactivity of this newly formed compound in the Nrf2 activation pathway in comparison 

with WA. Similarly to WA, WA-BIOT was able to induce HO-1 expression in endothelial cells 

indicating that the biotin modification did not alter the reactivity of the WA moiety in WA-BIOT 

(data not shown). Pull down analysis was performed by stimulating EA.hy926 cells with 1µM 

WA-BIOT for 2hours and capturing the WA-BIOT interacting proteins under stringent 

conditions using neutravidin beads. Interestingly, this affinity purification analysis 

demonstrated an interaction between WA-BIOT and Keap1 which could not be detected in 

the biotin-treated control cells (Figure 5B). Furthermore, higher molecular weight bands were 

observed upon treatment with WA-BIOT. This observation might indicate clustering of Keap1, 

however this hypothesis requires further analysis. Pretreatment with WA 1h before addition 

of WA-BIOT reduced the interaction of WA-BIOT with Keap1 indicating a competition of WA 

with WA-BIOT for binding to Keap1 and suggesting that the interaction of WA-BIOT with 

Keap1 occurs indeed via the WA moiety. Since DTT is a strong reducing agent affecting 

disulphide bonds, we hypothesized that co-treatment with DTT would reverse WA-Keap1 

binding assuming that this binding is based on a Michael addition reaction of WA with 

cysteine residues in Keap1. As expected, under the condition of co-treatment with DTT, 

interaction between WA-BIOT and Keap1 was completely disrupted further strengthening the 

possibility of covalent linkage of WA with thiol groups in Keap1.  

Since in silico modeling proposed that Nrf2 could also be a potential binding partner of WA 

[13], we investigated if WA-BIOT could also pull down Nrf2 and if the observed binding of 

WA-BIOT with Keap1 would be indirect via Nrf2. Thereto EA.hy926 cells were transfected 

with non-coding and Nrf2 siRNA. Using identical conditions as described above, we never 
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managed to detect an interaction of WA-BIOT with Nrf2 (Figure 5C). Furthermore, we were 

able to demonstrate that the interaction of WA-BIOT with Keap1 was not influenced by a 

strongly reduced expression level of Nrf2 (Figure 5C). These results indicate that in 

endothelial cells WA targets Keap1 independently of Nrf2 and that the cysteine residues 

within Keap1 might play an important role herein.  

To further investigate if WA directly targets Keap1 and which site in Keap1 is involved in this 

interaction, recombinant Keap1 was incubated in vitro with WA. After trypsin digestion, 

peptide fragments bound to WA were analyzed by MALDI-TOF. As a negative control, a 

similar setup was included with the inactive withanolide WN instead of WA. Upon incubation 

with WA, several Keap1 trypsin fragments demonstrated altered m/z values correlating with 

covalent binding to WA (Figure 6A-B). These fragments all contained cysteine residues 

which, based on the reversion of interaction with DTT and on previous observations of 

Michael addition reaction by WA, are assumed as the WA target sites. Based on these 

observations Cys151, Cys319, Cys434, Cys489 and Cys613 are suggested to be involved in 

the interaction of Keap1 with WA. In contrast, no alterations were observed upon treatment 

with WN, correlating with the lack of effect of WN on the Nrf2 pathway.  

These results indicate that WA can interact with different domains in Keap1. To confirm this 

observation in a cellular context we performed transient overexpression of either full length 

Keap1 or deletion mutants (∆BTB, ∆linker and ∆Kelch, lacking the BTB domain, the linker 

domain between BTB and Kelch domain, or the Kelch domain, respectively) (Figure 6D). The 

transfected cells were treated with WA-BIOT or biotin and after lysis and pull down 

interacting Keap1 proteins were evaluated by western blot using an antibody raised against 

the complete N-terminal end of Keap1. The obtained data confirm that WA can interact with 

all deletion mutants evaluated, so further confirming the in vitro data of multi-site targeting 

action of WA (Figure 6C). Furthermore higher order complexes were detected for all Keap1 

variants evaluated, specifically upon WA-BIOT treatment. The identity of these complexes 

requires further investigation. 

Analysis of the in silico models of Keap1 demonstrated that the potential WA interacting Cys 

residues are located at different sites of Keap1. Upon applying covalent docking software, 

which allows to integrate Michael addition reactions of WA with specific Keap1 Cys residues, 

lowest binding energy was observed for Cys319. Unfortunately predictions at this Cys, as 

well as Cys613, are less accurately predictable due to lack of crystal structures of the regions 

encompassing these residues. Almost comparable minimal binding energies and binding 

distances were obtained for interaction of WA with Cys151, Cys434, Cys489, which suggests 

potential redundant binding of WA to multiple Keap1 Cys residues (Figure 7).  
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4. Discussion 

Withaferin A, one of the most bioactive molecules of the traditional Ayurvedic herb Withania 

somnifera, has demonstrated several biological activities including anti-inflammation, pro-

apoptosis, anti-angiogenesis, etc. [2]. As such, WA holds promise for therapeutic 

applications of inflammatory diseases, cancer as well as neurologic disorders. However, 

high-quality insight in the effect of WA on different cell types is obligatory. Due to their 

strategic location, lining the blood vessels in a single continuous layer, endothelial cells play 

a crucial role in sensing various physiological and pathophysiological stressors as well as 

oxidative stress and xenobiotics. Therefore, we evaluated the effects of WA on endothelial 

cells to gain insight into WA-mediated transcription regulating effects. 

In this paper, we demonstrated that WA strongly induces time- and concentration-

dependently the expression of the antioxidant gene HO-1 in primary endothelial cells as well 

as in an endothelial cell line. The potential regulatory role of WA on HO-1 expression in 

endothelial cells has already been suggested by Bargagna-Mohan and colleagues, who 

demonstrated upregulation of HO-1 upon co-treatment of HUVEC cells with WA and VEGF 

or TNF [39]. In our study, we confirmed that this regulatory effect is mediated by WA alone. 

HO-1 is an important regulator of protection of cells against cytotoxicity or oxidative stress 

[40]. HO-1 catalyzes the first enzymatic step in the metabolism of free heme into ferrous iron, 

carbon monoxide (CO), and biliverdin, upon which biliverdin is subsequently converted to 

bilirubin by biliverdin reductase. Due to this decrease in heme levels and increase in 

biliverdin and bilirubin, HO-1 contributes to the repression of inflammation, including reduced 

polymorphonuclear leucocyte recruitment [41-45]. As a consequence regulation of HO-1 

expression might have therapeutic implications, for instance, for treatment of vascular 

inflammatory diseases such as atherosclerosis. Indeed, some natural compounds have 

already been demonstrated to inhibit vascular inflammation by upregulation of HO-1 [46-48]. 

However by using knockdown of WA-induced HO-1 expression, we could not demonstrate 

an additive contribution of HO-1 regulation to the anti-inflammatory effects of WA (data not 

shown). Since the anti-inflammatory effect of HO-1 on endothelial cells was demonstrated to 

be mediated by downregulation of inflammation-induced expression of adhesion molecules 

[49], this result is not very surprising when we take into account the potent, direct inhibitory 

effects of WA on the pro-inflammatory NF-κB activation pathway [4].  

HO-1 exhibits low basal expression levels in most cell types and becomes upregulated by a 

plethora of physiological and pathological stimuli including oxidative stress, cytokines, 

bacterial and electrophilic compounds. Several signal transduction pathways have been 

demonstrated to be involved in this process. These include activation of the mitogen 

activated protein kinases (MAPKs), activation of the phosphatidylinositol-3 kinase (PI3K)/Akt 
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pathway, activation of the JAK-STAT pathway [50-52]. Since JAK-STAT and Akt pathways 

are negatively affected by WA treatment either by inhibition of activation or by decreased 

protein stability [6, 53-55], rather opposing effects of WA on HO-1 expression could be 

expected. Effect of WA on MAPK activation has been mostly studied for p38. These studies 

demonstrated differential effects ranging from inhibitory to stimulatory effects, possibly cell 

type-dependent, but so far, to the best of our knowledge, endothelial cells have not been 

involved in these studies [8, 53, 56-58]. Instead, one of the most important master regulators 

in the transcriptional regulation of HO-1 expression is the transcription factor Nrf2, which 

binds as a dimer with small Maf proteins to antioxidant responsive elements (ARE) in the 

promoter region of HO-1 and many other stress-inducible antioxidant and phase II 

detoxifying genes [34, 50]. Recently, Vaishnavi and colleagues used molecular docking 

studies to demonstrate an interaction of WA and its related withanolide compound WN with 

the active site region of Nrf2. WA was suggested to bind to Nrf2 with higher affinity than WN 

[13]. However, using a biotinylated form of WA for in vitro detection of WA interaction 

partners, we were unable to demonstrate a direct interaction of WA with Nrf2. On the other 

hand, Vaishnavi and colleagues were unable to demonstrate an effect of WA on the Nrf2 

activation pathway, as evaluated by analysis of Nrf2 expression levels and nuclear 

translocation in the human osteosarcoma cell line U2OS. In contrast, treatment of EA.hy926 

cells with WA resulted in a time-dependent upregulation followed by increased nuclear 

translocation of Nrf2. These discrepancies might be the result of cell type-dependent activity 

of WA towards the Nrf2 activation pathway.  

Under homeostatic conditions Nrf2 is kept inactive in the cytoplasm via its interaction with the 

inhibitor Keap1, which functions as an adaptor between Nrf2 and the ubiquitin ligase Cul3. 

The latter constitutively ubiquitinates Nrf2 leading to its proteasomal degradation [16, 59]. In 

the presence of electrophilic agents or oxidative stress, Nrf2 escapes from this control 

mechanism, becomes stabilized, accumulates and translocates to the nucleus. Based on the 

crucial role of Keap1 in this pathway as well as the knowledge that several natural 

compounds can activate the Nrf2 pathway by chemically reacting with Keap1, we evaluated 

this hypothesis for WA. Using the biotinylated form of WA, which exerts similar biological 

activities towards the regulation of HO-1 expression, we could confirm an interaction 

between WA and Keap1. This interaction is mediated by the WA moiety and probably 

involves thiol groups since it is hampered by pretreatment with WA or co-treatment with DTT, 

respectively. Unexpectedly, high molecular weight bands containing Keap1 could be 

observed upon treatment with biotinylated WA. Similar observations have previously been 

obtained by using other small electrophilic compounds [60, 61]. The composition of these 

bands remains however elusive and requires further investigation. 
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In human Keap1 27 Cys residues are present among which some have been identified to act 

as sensors of electrophilic and oxidative conditions. Several electrophilic compounds have 

been described to activate the Nrf2 pathway by exploiting these distinct reactive Keap1 

cysteine residues [60, 62, 63]. For instance, Cys273 and Cys288 in the linker region showed 

an indispensable role in the suppression of Nrf2 by Keap1. Cys151 in the BTB domain 

(broad-complex, tramtrack and bric-a-brac domain) was described to be important in 

responsiveness to several Nrf2 inducers by its involvement in the interaction between Keap1 

and the ubiquitin ligase Cul3 [21, 64]. As observed for most Keap1 targeting agents [65], also 

in case of WA different Cys target sides could be identified by proteomic mass spec analysis, 

in line with in silico predicted data. Thereby WA seem to evenly react through the total length 

of Keap1 attacking Cys151 in the BTB domain and 4 other sites located in the C-terminal 

Kelch domain, as previously described for the class of pure Michael acceptors [65]. This led 

us assume that the Nrf2 regulating activity of WA is probably mediated by multiple 

mechanisms on the Keap1-complex stability. Although no effect of WA on the Keap1-Cul3-

NRF2 complex could be observed, a marked decrease of Keap1-mediated ubiquitination of 

NRF2 was observed. On the other hand, Keap1 has been demonstrated to act as an adaptor 

protein for the recruitment of additional target proteins to Cul3, besides Nrf2. These include 

the NF-κB activating kinase, IKKβ [66], as well as the anti-apoptotic protein, Bcl-2 [67], two 

proteins involved in key signal transduction pathways, which are strongly affected by WA [4, 

68]. However, the observation that IKKβ and Bcl-2 protein expression levels were 

respectively unaltered or even reduced instead of increased by WA treatment (in analogy to 

Keap1 upregulation), suggests that WA targets more specifically the Keap1-Nrf2 pathway 

(unpublished results; [53, 56]). 

Since oxidative stress is involved in various diseases involving immune and inflammatory 

responses, neurodegeneration, cardiovascular system, carcinogenesis and metastasis, 

increased antioxidant protection would be a strategy to prevent or treat the initiation or 

development of these disorders. One way to restore the oxidative imbalance is via activation 

of Nrf2. Several naturally occurring plant-derived compounds, such as curcumin from 

Curcuma and sulforaphane from Broccoli, have been demonstrated to activate Nrf2 [69, 70]. 

Some Nrf2 activating compounds have already been tested in animal models or even human 

clinical trials and were demonstrated to protect against moderate pulmonary hypertension, 

chronic kidney disease and multiple sclerosis [71-73]. Probably one of the best known Nrf2 

activators is the dietary supplement Protandim®, also termed the Nrf2 synergizer, which by 

different laboratories was validated to activate Nrf2 and to reduce oxidative stress [71, 74, 

75]. Interestingly, Ashwaganda extract is one of its ingredients suggesting that Nrf2 activation 

by Protandim® might be dependent on the presence of WA. To confirm the potential 
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therapeutic value of Nrf2 activation by WA additional studies are required to obtain better 

insight in the Nrf2 activating potential of WA in different physiological and pathological in vitro 

and in vivo conditions.   
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FIGURE LEGENDS 

Figure 1. Pathway analysis of genes differentially regulated by WA in HUVEC cells.  

(A) Top IPA pathways enriched with differentially expressed genes by WA. Top 17 most 

significantly affected pathways are presented. Fisher’s exact test was used to calculate the 

p-value determining the probability that the associations between the genes in the data set 

and the canonical pathway is explained by chance. (B) Top IPA canonical pathways enriched 

with WA-regulated, differentially expressed genes. For each pathway percentage (upper 

panel) and number of genes being differentially up- or downregulated (lower panel) are 

presented. (C) qPCR analysis of the genes HMOX1, HSPB8, DNAJB9, HERPUD1, GCLM, 

SQSTM1 and ENC1, genes influenced by WA and regulated by the Nrf2 pathway in HUVEC 

cells. Lower panel represents identical results without analysis of HMOX1. Values are 

normalized using PPIA reference gene. Statistical analysis was performed using Student’s t-

test (** p<0.05; *** p<0.001). 

Figure 2. WA-mediated regulation of HO-1 expression in endothelial cells.  

HUVEC (A-D) and EA.hy926 cells (E-H) were treated with 0.1µM, 0.5µM or 1µM WA, 1µM 

WN or DMSO as solvent control for 6h (A, C, E, G). Alternatively, the cells were treated with 

1µM WA for 2h, 3h, 4h, 5h or 6h (B, D, F, H). HMOX1 mRNA expression was analyzed by 

real-time quantitative PCR and normalized mRNA values relative to GAPDH levels were 

plotted (A, B, E, F). Effect of WA on HO-1 protein levels was evaluated by western blot with 

analysis of tubulin expression as loading control (C, D, G, H). 

Figure 3. WA induces HO-1 expression via the transcription factor Nrf2.  

(A) EA.hy926 cells were transiently transfected with non-targeting siRNA (control) or siRNA 

targeting specifically Nrf2. 24 hours after transfection cells were treated with 1µM WA for 6h 

upon which expression levels of Nrf2 and HO-1 were evaluated by western blot. Expression 

of tubulin was evaluated as a loading control. (B) HEK293T cells were transiently transfected 

with the ARE dependent luciferase reporter plasmid (pGL4.22-NQOI ARE-luc) and the β-

galactosidase expression plasmid pUT651 for 24 h. The cells were treated with different 

concentrations of WA, 1µM WN or DMSO (concentration corresponding to highest 

concentration of WA) for 6 hours. Cells extracts were analyzed for luciferase activity and 

normalized for β-galactosidase activity. All values are expressed as mean values of six 

replicates.  

Figure 4. Molecular mechanism of WA mediated NRF2 stabilisation 

(A) EA.hy926 cells were treated with 1µM WA for different time points as indicated. MG132 

and DMSO treatments function respectively as positive and negative control. Effect of WA on 
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Nrf2 expression level was then evaluated by western blot using anti-Nrf2 antibody. 

Expression of tubulin was evaluated as a loading control. (B) Cytoplasmic and nuclear 

proteins were isolated from EA.hy926 cells treated with 1µM WA for different time points. 

Expression levels of Nrf2 in these fractions were evaluated by western blot analysis using 

anti-Nrf2 antibody. To confirm correct cell fractionation presence of the cytoplasmic marker 

tubulin and the nuclear marker PARP in these fractions were analyzed by developing these 

blots with anti-tubulin and anti-PARP antibodies. (C) HUVEC cells were treated with 1µM WA 

or DMSO as solvent control for 6h. Nrf2 mRNA expression was analyzed by real-time 

quantitative PCR and normalized mRNA values relative to cyclophilin levels were plotted. (D) 

EA.hy926 cells were left untreated or were pretreated with 10µM MG132 for 2 hours after 

which cells were washed and treated with 10µg/ml CHX either in presence or absence of 

1µM WA. At different incubation times, cells were lysed and protein levels were evaluated by 

western blot using Nrf2 specific antibody. Expression of tubulin was evaluated as a loading 

control. (E) WA affects Keap1-mediated ubiquitination of NRF2. HEK293T cells were 

transiently transfected with expression vectors encoding HA-tagged NRF2, FLAG-tagged 

ubiquitin and Keap1. 24 hours after transfection cells were stimulated with 1 or 2µM WA or 

left untreated for 2h. 1,5 hour before lysis all setups were treated with 10µM MG132 to 

equalize NRF2 expression levels in all setups. Anti-NRF2 immunoprecipitates (IP) were 

analyzed by immunoblotting with anti-FLAG antibody for detection of ubiquitinated NRF2. 

Total lysates (input) were evaluated for overexpression of NRF2 and Keap1 by western 

blotting using anti-NRF2 and anti-Keap1 antibodies. 

Figure 5. WA binds to Keap1 independent of Nrf2.  

(A) Structure of WA and biotinylated WA (WA-BIOT). (B) EA.hy926 cells were treated for 2 

hours with 1µM biotinylated WA or 1µM biotin (-). When indicated 1 hour pretreatment with 

WA (2µM) or DTT (1µM) as controls was performed. After lysis of the cells interacting 

proteins were affinity purified using neutravidin beads. Western blot analysis on total lysate 

(input) and affinity purified proteins were performed using anti-Keap1 polyclonal antibodies. 

(C) EA.hy926 cells were transfected with Nrf2 specific siRNA or non-targeting siRNA. 24h 

after transfection cells were treated with 1µM WA-BIOT or 1µM biotin for 2 hours. Cells were 

lysed and WA-BIOT interacting proteins were purified using neutravidin beads. Expression 

levels of endogenous Nrf2 and Keap1 in total cell lysates and pull down lysates were 

evaluated by western blot analysis using specific anti-Nrf2 (upper panel) and Keap1 (lower 

panel) antibodies (HMW: high molecular weight bands).  

Figure 6. Structural analysis of interaction of WA with Keap1 

(A) MALDI-TOF analysis of isolated Keap1 (0.1 mg/ml) incubated with 50 µM WA or 50 µM 
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WN, as negative control, incubated for 30 min at 37˚C. After digestion with trypsin the mass 

spectrum of Keap1 was measured. The spectrum of Keap1 incubated with control solvent 

displayed no peak at m/z 2604.7 (upper panel). The incubation with WA showed a peak with 

m/z 2604.7, which corresponds to the mass of the adduct of WA (470.6 dalton) on the 

peptide with mass m/z 2134.1 (middle panel). The amino acid sequence of the peptide is 

CVLHVMNGAVMYQIDSVVR, which contains Cys151. The spectrum of Keap1 incubated 

with WN did not show a peak at m/z 2604.7 (lower panel). (B) The incubation with WA 

(middle panel of each peptide spectrum) also showed extra peaks with m/z 2512.7, 3254.2, 

1815.2, 1904.3 which correspond to the masses of the adducts of WA on the peptides 

IFEELTLHKPTQVMPCR (m/z 2042.1), IGVGVIDGHIYAVGGSHGCIHHNSVER m/z 2783.6), 

LNSAECYYPER 1344.5 (m/z), SGVGVAVTMEPCRK 1433.7 (m/z), which contain Cys 319, 

434, 489, 613, respectively (spectra from left to right). (C) HEK293T cells were transiently 

transfected with different Keap1 full length or deletion mutants encoding plasmids, as 

indicated. 24 hours after transfection cells were treated with biotin or WA-BIOT for 2h. After 

lysis of the cells interacting proteins were affinity purified using neutravidin beads. Western 

blot analysis on total lysate (input) and affinity purified proteins were performed using anti-

Keap1 N-terminus polyclonal antibodies. (D) Linear representation of human Keap1 

sequence with indication of 27 Cys residues and the principal BTB and Kelch domains. The 5 

Cys residues identified as WA target sites are indicated in boxes. 

Figure 7. In silico modeling of interaction of WA with Keap1 

(A) For the 5 Cys WA target residues the binding energy and distance of the covalent bond 

with WA as predicted by covalent docking method based on the indicated crystal structures 

are indicated (NA: crystal structure not available) (B) Docking analysis of WA on Cys151 

located in the BTB domain as determined by the crystal structure 4CXI. (C) Docking analysis 

of WA on Cys 489 located in the Kelch domain as determined by the crystal structure 4IFL. 
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Table 1: List of significantly, differentially expressed genes, with at least 2-fold change down- 
or upregulation by WA-treatment of HUVEC cells. (FC: fold change; IF: induction factor). 
NRF2-regulated genes are indicated in bold. 

genes Log2FC IF p-value 
HSPA1A 4.5 22.24 2.9E-05 
HMOX1 4.4 20.94 4.3E-07 
HSPA1B 3.6 12.12 2.7E-05 
OSGIN1 2.9 7.52 1.2E-05 
DNAJB1 2.4 5.38 4.9E-04 
ZFAND2A 2.3 5.04 6.1E-04 
MIR22HG 2.0 4.01 4.0E-06 
OSGIN1 1.9 3.72 4.9E-05 
KLF2 1.8 3.58 4.9E-04 
ZFP36 1.8 3.50 1.0E-03 
SLC2A3 1.6 3.03 1.0E-04 
BAG3 1.6 3.03 2.9E-03 
DEDD2 1.6 2.98 3.2E-03 
HSPB8 1.5 2.87 1.1E-03 
HSPH1 1.5 2.84 3.2E-03 
DUSP1 1.5 2.74 3.6E-03 
DNAJB9 1.4 2.70 1.7E-03 
IL8 1.4 2.69 3.0E-02 
HERPUD1 1.4 2.63 1.0E-02 
DDIT3 1.4 2.63 2.8E-02 
GCLM 1.3 2.53 5.3E-05 
SRXN1 1.3 2.50 5.9E-04 
SLC3A2 1.3 2.41 1.2E-02 
CHORDC1 1.2 2.35 1.6E-02 
INSIG1 1.2 2.33 1.3E-03 
SLC7A5 1.2 2.27 2.3E-02 
CD55 1.2 2.26 1.1E-03 
BANP 1.2 2.25 1.2E-03 
ULBP2 1.2 2.24 1.3E-04 
PPP1R15A 1.2 2.22 4.0E-03 
IL8 1.1 2.21 6.8E-02 
AGPAT9 1.1 2.20 6.3E-04 
UGDH 1.1 2.20 3.5E-05 
HERPUD1 1.1 2.17 2.0E-02 
DUSP5 1.1 2.16 5.6E-02 
CDC42EP2 1.1 2.15 1.5E-02 
LDLR 1.1 2.14 3.9E-03 
SERTAD1 1.1 2.12 1.5E-03 
SAT1 1.1 2.12 7.4E-02 
RIT1 1.1 2.12 8.3E-03 
SQSTM1 1.1 2.08 9.6E-04 
MEG3 1.0 2.06 5.2E-02 
HSPA8 1.0 2.05 6.7E-04 
P4HA2 1.0 2.02 8.0E-02 
NPC1 1.0 2.01 3.5E-02 
MYCT1 1.0 2.00 2.5E-03 
FJX1 -1.0 0.48 1.7E-03 
THBS1 -1.0 0.49 3.1E-02 
SERTAD4 -1.0 0.49 4.7E-04 
ENC1 -1.0 0.49 1.1E-03 
MTUS1 -1.0 0.49 1.1E-02 
IMP3 -1.0 0.49 5.6E-06 
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EDN1  -2.4 0.50 1.1E-02 
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A 
Keap1 PBD Estimated G Bond length

 interaction site  crystal structure  (Kcal/mole)  (Angstrom Units)

Cys 151 4CXI BTB domain -10.16 1.85

Cys 319 NA -11.05 1.86

Cys 434 4IFL Kelch domain -9.40 1.89

Cys 489 4IFL Kelch domain -9.54 1.90 

Cys 613 NA -9.36 1.86 
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