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Abstract 

Withaferin A (WA), a natural steroid lactone from the plant Withania Somnifera, is often studied 

because of its antitumor properties. Although many in vitro and in vivo studies have been performed, 

the identification of Withaferin A protein targets and its mechanism of antitumor action remains 

incomplete. We used quantitative chemoproteomics and differential protein expression analysis to 

characterize the WA antitumor effects on a multiple myeloma cell model. Identified relevant targets 

were further validated by Ingenuity Pathway Analysis and Western blot and indicate that WA targets 

protein networks that are specific for monoclonal gammopathy of undetermined significance 

(MGUS) and other closely related disorders, such as multiple myeloma (MM) and Waldenström 

macroglobulinemia (WM). By blocking the PSMB10 proteasome subunit, downregulation of ANXA4, 

potential association with HDAC6 and upregulation of HMOX1, WA puts a massive blockage on both 

proteotoxic and oxidative stress responses pathways, leaving cancer cells defenseless against WA 

induced stresses. These results indicate that WA mediated apoptosis is preceded by simultaneous 

targeting of cellular stress response pathways like proteasome degradation, autophagy and unfolded 

protein stress response and thus suggests that WA can be used as an effective treatment for MGUS 

and other closely related disorders.  
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Introduction 

Despite progress and success in chemotherapy, many types of cancer remain largely incurable. One 

of the reasons for this lack of success is the development of (multi)drug resistance, characterized by 

cancer cells that manage to withstand the most powerful chemotherapies available [1,2]. It has been 

shown that tumors have developed a dynamic survival strategy by consisting of a very 

heterogeneous population of cancer cells [3,4] from which some can become resistant cells. In this 

respect, interest has recently focused on multifunctional chemotherapeutic compounds that 

simultaneously target a series of signaling networks that are necessary for cancer to develop [5–7]. 

Withaferin A (WA), a natural steroid lactone, is such a multifunctional compound with not only 

promising antitumor activity [8] but also anti-angiogenesis activity [9,10], anti-inflammatory activity 

[11,12], anti-metastatic activity [13] and re-sensitizing responses [14]. Remarkably, the steroid 

lactone Withanone (WN) has little or no proven antitumor effects [15], although it has the same 

chemical brute formula (C28H38O6) and the same functional groups as WA (figure 1). 

Currently, the in vitro antitumor mechanisms of WA include (I) changing the cytoskeleton 

architecture by binding vimentin [9,16], annexin A2 [17,18] and β-tubulin [19]; (II) inducing apoptosis 

by generating ROS [20–22]; (III) activating the pro-apoptotic protein Par-4 [23,24] and 

downregulating the anti-apoptotic protein Bcl-2 [25]; (IV) inhibiting proteasomes [26,27]; (V) 

suppressing NF-kB [12,28] and STAT3 [29]; (VI) downregulating ER-α [30]; and (VII) G2-M cell cycle 

arrest [13]. Additionally, antitumor activities of WA have been confirmed in several in vivo studies of 

different tumor models [31]. 

Although the above studies have help establish that WA has great promise as a novel 

chemotherapeutic, concerns have been raised about potential non-specific toxic side effects 

associated with WA, which hampers its further clinical development. For instance, WA binds with 

different filament systems, such as the intermediate filament protein vimentin and the microtubules 

protein β-tubulin. These cytoskeleton proteins are ubiquitously expressed and could hamper the 
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specificity of WA in clinical use. Therefore, it is of utmost importance to characterize the antitumor 

effects of WA on a proteome-wide scale to identify the most selective cancer targets for further 

preclinical drug optimization, with reduced side effects and limited multidrug resistance 

development. 

For a global understanding of the antitumor effects of WA, we applied proteome-wide approaches to 

characterize direct and indirect antitumor effects of WA using quantitative chemoproteomics and 

quantitative shotgun strategy, respectively. For this analysis, we used an in vitro multiple myeloma 

(MM) model system consisting of MM1R and MM1S cells, which can be distinguished based on their 

sensitivity to steroid hormones such as glucocorticoids (GCs). MM is a clonal B-cell malignancy 

characterized by the accumulation of malignant plasma cells within the bone marrow [32]. MM is an 

incurable disease, and patients afflicted by this disease undergo subsequent phases of remission and 

relapse. Eventually this disease leads to multidrug resistance against all available drugs, such as 

glucocorticoids [33] and bortezomib [34],[35], and finally, death. Interestingly, WA has profound in 

vitro antitumor activity against multiple myeloma cells [29,36]. Therefore, elucidating this antitumor 

mechanism could provide us with valuable information regarding which crucial pathways must be 

targeted to efficiently inhibit multiple myeloma growth. This knowledge may pave the way towards 

new WA analogs and/or drugs that mimic (part of) the antitumor activity of WA.  

Using MM1R cells, we identified 208 specific WA target proteins and 143 differentially expressed 

proteins. The integration of both datasets using Ingenuity Pathway Analysis (IPA) has resulted in the 

first global overview of WA and its molecular antitumor mechanism in multiple myeloma cells.  

Materials and methods 

Cell culture & reagents  

All materials were purchased from Life Technologies unless stated otherwise. MM1R cells (CRL-

2975), purchased from ATCC® (www.atcc.org), were cultured in RPMI-1640 complete medium (5% 
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penicillin/streptomycin, 10% fetal calf serum, 100X non-essential amino acids and 100X sodium 

pyruvate) at 37°C and 5% CO2. For SILAC (stable isotope-labeled amino acid) experiments, an 

arginine- and lysine-depleted complete RPMI-1640 medium was used. SILAC stock solutions were 

prepared by dissolving 13C6 L-Lysine-2HCl and 13C6 L-Arginine-HCl in PBS, sterile filtering this solution 

through a 0.22 µm syringe filter and adding 13C6 Lys and 13C6 Arg to final concentrations of 23.2 mg/ml 

and 49.6 mg/ml, respectively, in the RPMI-1640 SILAC medium. Light stock solutions were prepared 

the same way, while extrapolating to maintain equimolar amounts of amino acids. Mass 

spectrometry validated that 5 cell doublings resulted in > 98% incorporation of these labels. Testing 

for mycoplasma was accomplished using a MycoAlert™ mycoplasma detection kit (LT07-418 Lonza). 

Incubation and cell lysis  

For quantitative chemoproteomic analysis, 8x107 MM1R cells were treated for 3 h with 1 µM 

Withaferin A (WA) (AltaVista Phytochemicals, Telangana, India) or 1 µM biotinylated Withaferin A 

(WABI, figure 2, synthesized by Dr. Vander Veken, Universiteit Antwerpen). Next, 4x107 cells of both 

WA- and WABI-stimulated MM1R cells were lysed (1 ml PBS + complete protease cocktail inhibitor 

(Roche)) by 3 freeze-thaw cycles. An overnight acetone precipitation (6X volume, -20°C) was 

performed to extract proteins. For further simultaneous analysis, 1 mg of total protein from each 

starting condition was pooled together. For the quantitative shotgun analysis, 8x107 MM1R cells 

were treated with 1 µM WA or 1 µM Withanone (WN) (AltaVista Phytochemicals, Telangana, India) 

for 3 h and processed as described above. Accurate protein concentrations were determined using 

RP C4 HPLC. Our experience is that this method is more reproducible compared to Bradford or BCA 

probably because most impurities do not bind C4 and are washed from the column before elution of 

proteins and measurement of the area under the curve (AUC) value at 214 nm. 

Streptavidin-biotin pull down  

Enrichment of WABI-bound proteins was performed using Streptavidin Ultralink Resin (Thermo 

Fisher). First, 50µl of beads was washed 3 times with incubation buffer (5 mM Tris (pH 7.5), 50 mM 
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NaF, 5 mM EDTA and 1% Triton X-100) and incubated with 2 mg of the re suspended aceton-

precipitated pellet in incubation buffer for 45 min on a turning wheel at room temperature. The 

beads were washed 2 times with incubation buffer and 3 times with PBS.  

Western Blot  

Briefly, SDS-PAGE was run, and proteins were transferred to a nitrocellulose membrane. Blocking was 

performed with 2% bovine serum albumin (BSA) for 1 h, and primary antibodies were incubated 

overnight. The primary antibodies used were as follows: anti-streptavidin-HRP ( N100, Invitrogen), 

anti-ubiquitin (sc-8017, Santa Cruz), anti-annexin A4 (CSB-PA001845ESR2HU, CusaBio), anti-heme 

oxygenase 1 (P249, Cell Signaling), anti-caspase-3 (9662, Cell Signaling), anti-GAPDH (CSB-

MA000071M0), anti-PSMB10 (sc-133236, Santa Cruz) and anti-PARP (H-250 sc-7150, Santa Cruz). The 

secondary antibodies used were as follows: goat anti-rabbit (D0487, Dako) and goat anti-mouse 

(Z0420, Dako). 

On-bead trypsin digest  

The washed beads were incubated for 1 h at 65°C (25 µl/100 µg protein) with a solution of 50 mM 

Tris (pH 8.7), 6 M urea, 5 mM DTT and 10% beta-mercaptoethanol. The samples were then diluted by 

adding 50 mM Tris (pH 8.7) and 1 mM CaCl2 (75 µl/100 µg). Next, the proteins were alkylated by 

adding 200 mM iodoacetamide (10 µl/100 µg) and then stored in the dark for 1 h at 21°C. Finally, 13 

µg of trypsin (proteomics grade, Roche) was added at a 30:1 protein-enzyme ratio and the mixture 

was incubated for 18 h at 37°C. Digestion was stopped by freezing (-20°C).  

In-solution digest 

In-solution digests were performed using the same protocol used for the on-bead digests starting 

with 2 mg of total protein content. 

2D Liquid Chromatography 
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Peptides resulting from the on-bead and in-solution digests were separated in 2 dimensions. All 

solvents were LC-MS grade (Biosolve, Valkenswaard, Netherlands). 

First dimension 

In the first dimension, peptides were separated using a Reverse Phase C18 high pH ((X!Select CSH, 

RP-C18, 2.1 x 150 mm, 3.5 μm, Waters) column with an Alliance e2692 system (Waters Corporation, 

Milford, MA, USA). Solvent A (200 mM ammonium formate (pH 10)), Solvent B (100% water) and 

Solvent C (100% ACN) were applied in the following ACN gradient with a constant flow rate of 200 

µl/min and continuously pumping 10% solvent A to have an overall pH of 10 during the entire run: 

5% to 15% C in the first 5 min, 15% to 40% C in 80 min, 40% to 90% C in 8 min, 5 min at 90% C and 

90% to 5% C in 2 min. Briefly, 30 fractions were collected from minute 10 till 100 with a 3 minute 

interval and all fractions were lyophilized to dryness and suspended in 97% H20/3% ACN + 0.1% FA. 

Peptide concentrations were determined via the AUC values at 214 nm. 

Second dimension for MALDI TOF/TOF  

Briefly, 10 µg of each fraction was separated by reversed-phase chromatography in a second 

dimension on an Agilent 1100 micro-capillary HPLC system (Agilent Technologies, Waldbronn, 

Germany) as described previously [37]. 

Second dimension for Orbitrap Velos LTQ 

For the LTQ Orbitrap Velos (Thermo Scientific, San Jose, CA, USA) analysis, the 30 peptide fractions 

from the first dimension were combined in a concatenated manner (e.g., fractions 1, 11 and 21) 

resulting in 10 fractions of which 1µg peptide mixture was separated in the second dimension by 

nano-reverse phase chromatography using an Acclaim C18 PepMap100 nano-Trap column (200 μm x 

20 mm, 5 μm particle size) connected to an Acclaim C18 analytical column (75 μm x 150 mm, 3 μm 

particle size) (Thermo Scientific, San Jose, CA) on a Waters Nano ACQUITY UPLC system (Waters 

Corporation, Milford, MA, USA). The following gradient was used with solvent A (0.1%FA in 98% 
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H20/2% ACN) and B (0.1% FA in 2% H20/98% ACN) and a constant flow rate of 400 nl/min: 1%-5%B in 

4 min, 5% - 20%B in 31 min, 20% - 40%B in 60 min, 40% -70%B in 7 min, 70% - 95%B in 3 min, 95% - 

99%B in 3 min and back to equilibrating conditions of 1%B for 10 minutes. The nano-LC system was 

coupled online with the LTQ Orbitrap Velos using a PicoTip Emitter (New Objective, Woburn, MA) 

coupled to a nanospray ion source. 

Mass Spectrometry 

MALDI-TOF-TOF MS/MS analysis 

Measurements were performed on an AB 4800 Plus MALDI-TOF/TOF analyzer (ABSciex, Nieuwerkerk 

aan den Ijssel, Netherlands) as described previously [37]. 

Orbitrap Velos LTQ analysis 

The Orbitrap Velos LTQ (Thermo Scientific, San Jose, California) was used in the data-dependent 

mode. First, an MS precursor scan was performed in the mass range of 350 – 5000 m/z with a 

resolution of 60000. For each MS scan, the twenty most intense precursor peptide ions were 

selected for collision induced dissociation (CID). The CID scans were acquired in the LTQ ion trap of 

the mass spectrometer. 

Data analysis 

MALDI – TOF/TOF 

Screening of the raw MS/MS data was performed with the Mascot search engine (Matrix Science, 

version 2.1.03) against the Homo sapiens database (UniProt ID proteome ID UP000005640). 

Database searches were performed using the digestion enzyme trypsin and a maximum of 2 missed 

trypsin cleavages was allowed. Carbamidomethylated cysteines were denoted as fixed modifications 

and oxidized methionine’s as well as R6 and K6 heavy isotopes were denoted as variable 

modifications. Mass tolerances were set to 200 ppm and 0.2 Da for precursor and fragment ions, 

respectively. False discovery rate (FDR) was determined by Mascot according to [38]. A protein FDR < 
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5% was considered relevant. Additionally, peptide and protein identifications were further validated 

for their probability rates at ≥ 95% protein – and peptide confidence using Scaffold Q+ (Scaffold 

4.0.5, Proteome Software Inc., Portland, Oregon) with the stringent protein prophet algorithm. After 

lowering the peptide threshold to 50%, WA target identifications that were based on 1 peptide 

underwent further quality control. They were tolerated when no counterpart light or heavy peptides 

(see figure 4C) were assigned at the lower (50%) peptide confidence. SILAC differential expression 

ratios were calculated with ProteinPilot (ProteinPilot Software 4.0, Applied Biosystems, Nieuwerkerk 

aan den Ijssel, Netherlands) according to the Paragon Algorithm with an additional FDR calculated via 

a nonlinear fitting method [39]. A global FDR of 1% and a local FDR of 5% was used. Only proteins 

with a ≥ 2-fold threshold change ratio were considered differentially regulated. Because of Scaffold 

stringency, only proteins that were identified in Scaffold were subsequently quantified in ProteinPilot 

and proteins that were quantified based on 1 peptide were manually excluded. 

Orbitrap Velos LTQ 

Raw data were converted by the Proteome Discoverer software (Thermo Scientific, San Jose, 

California) and screened against the Homo sapiens database (UniProt ID proteome ID UP000005640) 

using the Mascot search engine (Matrix Science, version 2.1.03). Database searches were performed 

similarly to the MALDI analysis, except mass tolerances were set to 10 ppm and 0.5 Da for precursor 

and fragment ions, respectively. SILAC differential expression ratios were calculated with PEAKS 7 

software (Bioinformatics Solutions Inc, Waterloo, Ontario, Canada) and proteins were only accepted 

if the fold change ratio was ≥ 2 and the standard deviation (SD), related to the abundance ratio of 

protein expression, ≠ 0. This way, we automatically selected for proteins that were quantified on the 

basis of more than one peptide. An additional FDR curve was estimated with the decoy fusion 

method. All ≥ 2 fold differential expressed proteins have a -10lgP value > 40, corresponding with a 

protein false discovery rate (FDR) < 2.5%. Because of Scaffold stringency, only proteins that were 

identified in Scaffold were subsequently quantified in PEAKS DB.  
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All the Orbitrap LTQ and MALDI-TOF/TOF mass spectrometry proteomics data have been deposited 

to the ProteomeXchange Consortium via the PRIDE[40] partner repository with the dataset identifier 

PXD006528 and 10.6019/PXD006528. 

Ingenuity Pathway Analysis (IPA) 

For pathway enrichment analysis of targeted and differentially regulated proteins, we used ingenuity 

software (http://www.ingenuity.com/). Chemoproteomic and differential expression data were 

imported with their UniProtKB accession numbers and log (fold change) values were imported. The 

IPA core analysis settings are shown in supplementary data IPA summary S-1. 

Results 

WA, but not WN, triggers apoptotic cell death in GC-resistant MM1R cells 

WA-induced cell death has already been reported in many cancer cell types. Here, we further 

characterized WA-induced cell death in a glucocorticoid (GC)-resistant multiple myeloma (MM) cell 

model. Caspase-3 and PARP cleavage, two well-known markers of apoptotic cell death, were 

demonstrated by Western blot (figure 2). By varying the concentration and incubation times, we 

optimized treatment conditions for further proteomic experiments performed during the early stages 

of apoptosis. After 3 h of treatment with 1 µM WA, we could observe the events leading to cell 

death, which begins after 3 h (figure 2). Previous work by our research group on WA and MM1R cells 

determined an IC50 value of 1.5 µM WA. 

Interestingly, the WA analog WN fails to trigger cell death, even at elevated concentrations (8 h 

treatment with 2 µM WN). Interestingly, dexamethasone also fails to induce cell death in MM1R 

cells, which consistent with the proposed model of GC therapy resistance in MM1R cells. The 

intriguing observation that WA, but not its analog WN, can overcome GC therapy resistance in MM1R 

cells prompted us to elucidate the molecular mechanism(s) leading towards WA-selective cell death. 

To this end, we applied a combination of quantitative shotgun proteomics, quantitative 
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chemoproteomics and subsequent protein expression data analysis using the strongly curated 

pathway analysis tool IPA (Ingenuity Pathway Analysis). 

Differential proteomics-based identification of WA-regulated protein expression 

Differential expression (shotgun) proteomic analysis was performed since multiple WA-dependent 

transcriptional changes may affect the expression levels of multiple WA-regulated proteins [8]. We 

selected WN treatment to be a negative control treatment since this compound has no tumor 

cytotoxic activity (figure 2), despite its structural similarity to WA (figure 1). In a competition 

experiment, we pretreated MM1R cells with various concentrations of WN for 30 min, followed by 

treatment with 0.5 µM WABI for 1 h 30 min and visualized target proteins using streptavidin HRP 

Western blot analysis (figure 3). Since the same bands where observed when cells were either 

pretreated or not pretreated with WN, we assume that no competition occurs between WN and 

WABI.  

To characterize the effects of WA treatment on the dynamic changes in expression of the MM1R 

proteome, we differentially labeled MM1R cells with light and heavy lysine and arginine isotopes, 

and treated them for 3 h with WN and WA, respectively. Previous experiments revealed significant 

WA-specific protein expression changes as early as 3 h after treatment and at the onset of the tumor 

cytotoxic response, and it had minimal secondary effects [41]. After treatment and pooling of both 

proteomes, a 2D LC-MS/MS procedure was performed resulting in three possible SILAC ratio 

combinations (figure 4A). MALDI and ESI (Orbitrap) measurement data were combined to achieve the 

most sensitive analysis of WA-specific protein expression changes in the MM1R proteome. 

MALDI TOF/TOF analysis resulted in 1015 unique proteins, of which 906 could be quantified (table S-

1). Figure 5A shows the complete distribution, in which there were 42 WA-upregulated and 19 WA-

downregulated proteins (all with ≥ 2-fold change). The same strategy was used with an Orbitrap mass 

spectrometer, resulting in 2512 proteins identified, of which 2005 could be quantified (table S-2). 

Again, plotting the complete proteome (figure 5B) demonstrated that WA differentially influences a 
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rather small set of proteins, as 121 upregulated and 79 downregulated proteins were identified and 

quantified (all with ≥ 2-fold change). Variations in absolute ratios are probably due to the use of 

different MS devices (MALDI vs. Orbitrap) and quantification software packages (ProteinPilot versus 

Peaks).Hence, when the quantification of proteins results in contradictory results between MALDI 

and Orbitrap, these proteins were excluded from the final list of denoted differentially expressed 

proteins upon WA treatment.  

Upon the combination of the proteins identified using MALDI and Orbitrap mass spectrometry, we 

identified 90 upregulated and 53 downregulated proteins (table 1), with limited overlap between 

both methods, emphasizing the importance of using different ionization strategies.  

WA-biotin-induced MM1R cell death depends on covalently bound cysteine-reactive target 

proteins 

Next, we aimed at identifying the direct protein binding partners of WA via a biotin-labeled WA 

analog (WABI; figure 6A). Consistent with the structure-function studies of WA analogs, WABI 

showed no loss in antitumor activity, as observed by caspase-3 cleavage in MM1R cells (figure 6B) 

and as previously shown [12]. In a pilot experiment, we checked whether WABI treatment of MM1R 

cells resulted in specific WA-protein covalent binding. MM1R cells were treated with 1 µM WABI for 

3 h, after which the WABI-bound proteins were enriched via streptavidin-biotin pull down. Eluting 

these target proteins with SDS-containing loading buffer and subsequent visualization by Western 

blot with streptavidin-HRP showed multiple WABI-targeted proteins in the MM1R proteome (figure 

6C). The constitutive band corresponding to being approximately 95 kDa that was observed in both 

the input and the immunoprecipitated samples is probably an excessive endogenous biotinylated 

protein. In addition, since WA-protein binding most likely occurs via a Michael addition [42], the 

potential inhibitory effect of excessive amounts of the competitive nucleophilic thiol donor 

compound DTT was also tested. Results presented in figure 6C clearly show that when comparing the 

lysates from WABI - and WABI + DTT-treated cells, excess amounts of DTT (100 mM) react with the 
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electrophilic WABI molecule, leaving no functional groups that could additionally bind to the 

nucleophilic amino acids (e.g., cysteine) of target proteins present in the cell lysate. 

Chemoproteomic characterization of WA-bound target proteins in MM1R cells 

Since a large amount of WABI target proteins could be visualized after streptavidin-WABI pull down, 

we aimed to identify these proteins via 2D LC-MS/MS. The proteomes of WA- and WABI-treated 

MM1R cells were differentially labeled by growing the cells in media containing light (12C6) or heavy 

(13C6) isotope-labeled arginine and lysine (figure 4C). This labeling not only enabled us to discriminate 

between treatment conditions by means of the observed mass difference but also allowed for the 

detection of non-specific binding proteins, which did not have different abundances in the two 

conditions. Beads resulting from the streptavidin-WABI pulldown were directly digested with trypsin 

since elution of target proteins from the beads using different biochemical approaches proved 

unsatisfactory, which is a previously described phenomenon [43]. 

With this setup, any of three types of interactions were expected to occur, as shown in figure 4B. 

First, non-specific binding of proteins with the affinity matrix, denoted as NS in figure 4B. Since these 

identifications are not a result of the WABI treatment conditions, the intensities of the m/z peaks will 

be equal, as determined by the SILAC ratio (heavy/light SILAC ratio ≈ 1). Second, a specific interaction 

results in single peaks from heavy-or light-labeled peptides, denoted as S in figure 4B. A third type of 

identification differentiates between non-specific and specific interactions of WA-and WABI-treated 

MM1R cells (denoted as NS + S in figure 4B). These proteins non-specifically bind to the beads to 

some extent, yet they are also targeted by WABI, thereby increasing their abundance in the 

streptavidin pull down. Trinkle-Mulcahy et al. [44] were the first to combine SILAC ratios with pull-

down experiments in this way, enabling researchers to account for these previously ignored potential 

targets. 

A forward and reverse SILAC labeling strategy (figure 4C) was combined with MALDI-TOF/TOF mass 

spectrometry, which resulted in 809 and 842 protein identifications, respectively, and a total of 1041 
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unique proteins were identified. Of these uniquely identified proteins, 84 proteins were identified as 

being WA targets by the presence of exclusive single heavy (forward SILAC) or light (reverse SILAC) 

peptides in both measurements. Additionally, we quantified our chemoproteomic data to determine 

specific WA-protein interactions that are also non-specific (see above possibility 3). This experiment 

resulted in 9 additional WA protein targets (≥ 2 fold change, table S-4). A third chemoproteomics 

experiment was performed using an Orbitrap Velos LTQ mass spectrometer with WABI-and WA-

treated MM1R cells labeled with heavy and light SILAC amino acids, respectively. This experiment 

resulted in 2426 unique protein identifications, of which 189 proteins were identified as being 

potential WABI targets based on single peak identifications. Additionally, we quantified the 

chemoproteomic data (table S-4), resulting in 83 proteins that had a heavy/light ratio of ≥ 2, 

suggesting that these proteins were also WABI targets. 

Combining MALDI and Orbitrap chemoproteomic MS experiments resulted in 2581 unique protein 

identifications, including 208 potential WA target proteins (table S-4). An overview of the identified 

WA protein targets identified by both methods is shown in table 2. 

Pathway analysis of WA-regulated proteins identifies selective cancer targets for treatment of 

monoclonal gammopathies, such as multiple myeloma and Waldenström macroglobulinemia 

The above proteomics experiments underline the polypharmaceutical nature of WA, which may form 

the basis of its efficient antitumor effects. Unfortunately, from a pharmacotherapeutic point of view, 

multifunctionality is frequently associated with adverse side effects, making the current version of 

the WA molecule less attractive for further preclinical development. However, considering the 

various antitumor effects of WA, it might be possible to select the most effective pathways for more 

selective tumor targeting and drug optimization. Therefore, we introduced the 208 target proteins 

and the 143 differentially regulated proteins (table S-7) to the highly curated web-based IPA software 

(IPA summary S-1) and looked for enrichments in diseases and pathways. 
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By screening against “disease and function”, we further investigated the term ‘cancer’ (enrichment 

with a p-value between 1.11E-04-4.43E-02, figure 7A) since cancer has frequently shown to be 

disturbed by WA. From the 31 types of cancer described in IPA, enrichment was most prominent for 

Waldenström macroglobulinemia (WM, p-value = 3.00E-05) and plasma cell dyscrasia (p-value = 

5.78E-04) (full list table S-5). Interestingly, plasma cell dyscrasia (p-value = 5.78E-04 and 20 unique 

proteins, figure 7B) is a collection of disorders related to the abnormal proliferation of monoclonal 

populations of plasma cells, denoted as monoclonal myeloma gammopathies. In addition to 

Waldenström macroglobulinemia and multiple myeloma, monoclonal gammopathy of undetermined 

significance (MGUS) are included. This finding indicates that many proteins identified in our 

proteomics studies are correlated with the biological cell model used (MM1R). Intriguingly, of the 20 

unique cancer prone proteins assigned to plasma cell dyscrasia, WA reverses 16 tumor-promoting 

targets (table 3). For instance, heme oxygenase 1 (HMOX1), which is correlated with cellular stress 

[45], was shown to be strongly upregulated after WA treatment in both the 2D-LC-MALDI and 2D-LC-

Orbitrap experiments (average 11.7-fold) and this result was confirmed by Western blot (figure 7C). 

Interestingly, HMOX1 is strongly downregulated in WM cells, as is shown by Hatjiharissi et al. [46], 

whereas our results show that WA reverses this process. Another protein we validated by Western 

blot was annexin A4 (ANXA4) (figure 7C), which is downregulated upon WA treatment according to 

the 2D-LC-Orbitrap experiment results (4.2-fold). In contrast, patients afflicted with WM and patients 

afflicted with MM typically promote upregulation of ANXA4, a protein important for exocytosis 

(secretion of antibodies) and motility (migrating cancer cells), by mending the plasma membrane 

after rupture [47]. Downregulation of this protein by WA may slow down this process, making the 

cancer cells more prone to lysis. We validated the upregulation of PSMB1. According to the 2D-LC-

Orbitrap experiments, a two-fold upregulation was observed for this proteasome subunit in response 

to WA treatment compared to WN treatment in MM1R cells. Although semi-quantitative, Western 

blot likely confirms this result (figure 7C). Interestingly, a 2-4-fold upregulation of PSMB1 and PSMA2 

expression has also been reported for treatment with bortezomib [48], a proteasome inhibitor used 
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as a clinical first-line therapy to treat both MM and WM, and this still resulted in cell death. Finally, 

streptavidin-biotin pull down and subsequent Western blot analysis showed binding of WA to the 

PSMB10 proteasome subunit, although this binding was limited (figure 7D). Thus, despite the 

described association of WA with the chymotrypsin-like catalytic proteasome subunit [49], our 

chemoproteomic approach and anti-PSMB10 Western blot validation suggest WA binding would 

impair the trypsin-like activity of the 20S proteasome.  

WA influences the canonical pathways associated with protein ubiquitination 

Next, we searched for matching biological pathways linked to the antitumor activity of WA (figure 

8A). The protein ubiquitination pathway (-Log(p-value) = 3.13E00, figure S-1) was further 

investigated, as it is currently the main strategy for therapy against multiple myeloma in the clinic, 

with bortezomib (Velcade®) being the most representative compound. Of special note, WA has been 

shown to function as a proteasome inhibitor by inhibiting the chymotrypsin-like activity of 

proteasomes [26,27], and Western blot analysis with an anti-ubiquitin antibody confirmed a time- 

and concentration-dependent accumulation of ubiquitinated proteins (figure 8B). In addition, the 

WA-regulated proteins HLA-B, PSMB1, PSMA2 and PSMB10 that are associated with the 

ubiquitination pathway are also associated the plasma cell dyscrasia network (figure 7B), 

emphasizing the strong impact of WA on monoclonal myeloma gammopathies through inhibition of 

the ubiquitin-proteasome pathway. 

Discussion 

Tumors typically harbor cancer cells that have significant (epi)genetic heterogeneity, causing therapy 

relapse and the development of treatment resistance. Because of this, chemotherapy resistance is 

shifting the drug discovery paradigm from single-target to multi-target approaches. The steroidal 

lactone Withaferin A (WA) is such a promising antitumor drug, because it has multiple targets and 

potent antitumor properties. Despite these promising antitumor properties of WA, only fragmented 
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information about the underlying molecular mechanisms is available. Here, we provide the first 

global proteome-wide view of the WA antitumor effects on a GC-resistant multiple myeloma (MM1R) 

cell model. We SILAC labeled this MM1R cell line and characterized the direct and indirect antitumor 

effects of WA by using a quantitative shotgun strategy and a quantitative chemoproteomics 

approach. 

 

For our differential expression analysis, we compared MM1R treatment of WA with its inactive 

analog WN. Based on two complementary measurements, we identified 143 differentially WA 

regulated proteins (all ≥ 2-fold change) of which 90 were upregulated and 53 were downregulated. 

Up until now, there has been only one differential proteomics study on WA action, performed by 

Narayan et al. [50] which identified 28 upregulated and 4 downregulated proteins in mouse N9 

microglial cells after treatment with 2 µM WA for 24 h. An explanation for this lower number of WA-

regulated proteins could be that Narayan et al. only used heavy-labeled lysine residues in their 

approach. Because of this, peptides cleaved at arginine residues were not included in the SILAC 

analysis, which subsequently lowered the score and number of identified and quantified proteins. 

Moreover, a different cell line and a different experimental workflow was used, which could also 

explain the different outcome. Nevertheless, some proteins showed similar trends in differential 

expression after WA treatment in both studies. For instance, both aldose reductase (ALDR), a 

cytosolic NADPH-dependent oxidoreductase that catalyzes the reduction of a variety of aldehydes 

and carbonyls (2.91-fold change in our study versus a 2.1-fold change by Narayan et al.) and heme 

oxygenase 1 (HMOX1, 11.7 versus 4.7) of which the expression is induced by oxidative stress, were 

upregulated in both studies. Additionally, both hematopoietic cell specific protein 1 (HCLS1, 2.23 

versus 1.6), a prominent substrate of intracellular protein tyrosine kinases in hematopoietic cells, and 

peroxiredoxin-6 (PRDX6, 1.86 versus 1.8), a protein involved in the redox regulation of the cell, were 

upregulated. In contrast, annexin A4 (ANXA4), a calcium/phospholipid-binding protein that promotes 

membrane fusion and is involved in exocytosis, was found to be clearly downregulated in our 
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experiments according to MS (0.238-fold change) and Western blot analysis, while it was slightly 

upregulated (1.6-fold change) in the study by Narayan et al.. ANXA4 is upregulated in many different 

cancer models, including Waldenström macroglobulinemia, and consequently, a downregulation of 

this protein after treatment could be potentially therapeutic, which has already been described for 

flavonoids phytochemicals [51]. Once again, this finding notes that despite cell type-specific actions, 

a proteome-wide comparison of WA antitumor effects in various tumor cell types may be useful to 

identify a conserved antitumor mechanism across cell types. Of special note, GR-deficient MM1R 

cells are resistant to glucocorticoid (e.g., dexamethasone) treatment, and from our data it appears 

that WA elicits GC-like effects on these cancer cells (Chirumamilla et al., submitted). For instance, 3 

of the top 15 upregulated proteins identified with the Orbitrap MS analysis (table 1) are also 

responsive to GC treatment: sepiapterin reductase (SPR), transcription elongation factor SPT6 

(SUPT6H) and UTP-glucose-1-phosphate uridylyltransferase (UGP2). One interesting hypothesis that 

deserves further investigation is that WA might indirectly trigger GC-like effects, for example, by 

modulating the function of hsp90 function, which is a master regulator of hormone-receptor 

functions. Moreover, hsp90 inhibitors have been reported to restore GR function [52].  

 

Our chemoproteomic approach required a biotin-labeled variant of WA (WABI), which showed no 

loss in antitumor activity (figure 2), to selectively enrich the direct WA-targeted proteins via 

streptavidin pull down. An on-bead digest with trypsin proved to be the best way to identify these 

enriched proteins. However, this approach can result in non-specific (false positive) protein 

identifications since a selection step is omitted [44]. Therefore, a SILAC labeling strategy was used to 

discriminate between specific and non-specific interactions, as previously reported [53]. This strategy 

resulted in the identification of 208 potential protein targets of WA based on 3 measurements. 

Up until now, 15 WA target proteins have been described in the literature, with vimentin being the 

most well-known [9,16]. Unfortunately, in our study, vimentin displayed a high non-specific 

interaction, as determined by streptavidin pull down, and as already described for other types of 
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enrichment [53]. Nevertheless, when the chemoproteomic data were quantified, no differential ratio 

was observed for vimentin (ratio H/L = 0.99), indicating that this protein only binds non-specifically. 

The same is true for other described WA targets such as annexin A2 (ratio H/L = 1.02) [17,18] and β-

tubulin (ratio H/L = 1.16) [19]. However, the binding of WA to β-tubulin is also accompanied by the 

downregulation of β-tubulin [19], as confirmed by our differential expression analysis. One possible 

explanation for this phenomenon is that the length of the spacer arm between WA and the biotin 

moiety could influence the chemoproteomics pull down. Additionally, WA targets may be cell type-

specific. Cell culture systems like ours look at WA targets in living cells that have many different 

background molecules and structures. In vitro systems using only recombinant forms of the target 

proteins omit these problems, but move away from the actual biological mechanisms. Nonetheless, 

since deficiency models of vimentin, annexin A2 and β-tubulin do not completely abrogate the 

antitumor activity of WA, other relevant targets may contribute as well. We validated the binding of 

WA to PSMB10 via streptavidin pull down and Western blot with anti-PSMB10 antibody. So far the 

binding of WA to the chymotrypsin-like catalytic subunit of the proteasome has been described [54]. 

With PSMB10, a trypsin-like catalytic subunit, we propose another proteasome subunit is targeted by 

WA and results in the accumulation of ubiquitinated proteins. 

Combining both proteomics experiments with Ingenuity Pathway Analysis (IPA) resulted in the 

identification of WA-selective protein networks that are highly involved in plasma cell dyscrasia (PCD) 

diseases, such as multiple myeloma and Waldenström macroglobulinemia. Assuming that binding of 

WA impairs protein function, WA reverses the effect 16 of the 20 PCD-associated proteins assigned 

by IPA, suggesting WA could counteract the disease progression of PCD.  

The plasma cells associated with the PCD diseases have the distinct ability to secrete antibodies and 

therefore are committed to massive Ig synthesis, assembly and secretion. Due to this, plasma cells 

undergo substantial endoplasmic and oxidative stresses [55]. Moreover, the oncogenic 

transformation of plasma cells results in even higher protein synthesis rates ultimately leading to 

exacerbation of the ER stress and oxidative stress [56]. These stresses indicate a crucial role for the 
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proteasome, since this protein complex ensures degradation of wrongly translated or misfolded 

proteins as a consequence of the higher protein synthesis rate during oncogenic transformation. 

Interestingly, the PCD-associated network contains three proteasome subunits: PSMB10, PSMB1 and 

PSMA2 and additional pathway analysis showed that WA has a major impact on the protein 

ubiquitination pathway (figure 8). Our chemoproteomic studies reveal that WA is a proteasome 

inhibitor [27,49] through its binding with the PSMB10 proteasome subunit as suggested by the 

accumulation of ubiquitinated proteins (figure 8). The upregulation of both the PSMB1 and PSMA2 

subunit is probably a consequence of the proteasome homeostasis mechanism, trying to restore 

proteasomal function [57,58]. Indeed, proteasome inhibition results in upregulation of nearly every 

proteasome subunit, leading to the de novo assembly of complete new proteasomes [59]. This is 

observed after short term treatment with proteasome inhibitors and it looks like WA induces the 

same effect after 3 hours of treatment. Two NF-E2-related transcription factors (Nrf1 and Nrf2) play 

a central role in the regulation of the proteasome genes and the type of stress will determine which 

pathway will be used. Proteotoxic stress as a result of proteasome inhibition will result in 

proteasome gene upregulation via the Nrf1 transcription factor [60] (figure 9). On the other hand, 

the Nrf2 transcription factor induces proteasome gene transcription during oxidative stress [59], 

which is also induced by WA (see below). Thus from our PCD network we hypothesize that WA can 

act on both pathways, thereby underlining its multifunctional antitumor nature.  

Besides ubiquitin-proteasome mediated protein degradation, the lysosomal macro-autophagy 

pathway is also involved in the constitutive turnover of proteins, cytoplasm and whole organelles, 

thereby serving as a protective cellular response [61] (figure 9). Diverse cellular stresses like protein 

aggregation can increase its activity rapidly. The autophagosomes from cells under different 

conditions, for instance starvation, revealed two classes of proteins: those that always appear to 

associate with autophagosomes and those that appear to associate with autophagosomes in a cell 

condition-dependent manner [62]. Interestingly, different research groups have already described 

the WA impaired autophagy in different cancer cell types [63–65], but the underlying molecular 
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interactors remain unknown. From our PCD network, we identified HDAC6 and ANXA4 as autophagy 

associated proteins targeted by WA [62,66]. As a result of the WA induced downregulation of ANXA4, 

the membrane formation, essential for autophagosome vesicle docking and fusion with the 

lysosome, is probably impaired [62]. Due to the binding of WA with HDAC6, autophagosome 

formation may also be impaired since HDAC6 controls the fusion of autophagosomes to lysosomes 

[67]. Combination therapies with HDAC6 inhibitors, bortezomib and dexamethasone are nowadays 

used against MM [68] and since WA has been shown to partially mimic glucocorticoid receptor 

activation (Chirumamilla et al., submitted, see above) this one molecule seems to combine the 

strengths of each therapy. The above described WA targets are therefore of great promise for further 

research and further studies are needed to understand WA dependent cargo recruitment to 

autophagosomes.  

Although not associated with the PCD network, it is noteworthy to further validate the binding of WA 

with the heat shock factor 1 (HSF1). HSF1 responds to proteotoxic stress, e.g. after proteasome 

inhibition by bortezomib [69,70], by upregulation of the heat shock proteins. Interestingly, HSF1 is 

highly upregulated in MM where it is considered as a potential new therapeutic antitumor target 

[71]. Moreover, the HSF1 stress response pathway also regulates autophagy [72], suggesting a 

central role for HSF1 in cellular stress response (figure 9). Interestingly, it has been described that 

simultaneous inhibition of the ubiquitin-proteasome system and autophagy by WA enhances 

apoptosis in human pancreatic cancer cells [65]. Our data confirm these results in MM cells and 

provide further molecular evidence for this hypothesis. 

Our differential expression analysis showed an upregulation of the heme oxygenase 1 (HMOX1) 

protein which is downstream in the Nrf2 pathway. This suggests WA induces oxidative stress upon 

which MM cells compensate by upregulation of the proteasome genes via the Nrf2 transcription 

factor [41] (figure 9). Indeed, oxidative stress has already been associated with WA treatment 

[20,22], possibly because of its electrophilic characteristics which enables the molecule to bind 

covalently to cysteine-containing redox-sensing proteins like KEAP1 [41].  Nowadays, electrophilic 
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compounds, like WA, are extensively studied for their redox regulation of antioxidants, autophagy, 

and the response to stress for their application in so-called electrophile therapeutics [73]. Although 

presented as two independent pathways, both proteotoxic and oxidative stress have been described 

intertwined. For instance, proteasome inhibition results in accumulation of unfolded proteins and 

triggers endoplasmic reticulum (ER) stress [74]. If unresolved, this ER stress has been shown to cause 

cell death via multiple pathways in MM, including overproduction of reactive oxygen species (ROS) 

[74]. Interestingly, ROS generation has been shown to precede the initiation of bortezomib induced 

apoptosis [75] and co-treatment with the antioxidant tiron could largely undo this bortezomib-

induced ROS generation and cell death [76]. The same was observed for WA treated HCT 116 cells 

that where pretreated with ROS scavenger N-acetyl-L-cysteine (NAC) which ablated the antitumor 

effect of WA [77]. This means that WA-induced oxidative stress could be the result of both its 

electrophilic and its proteasome-inhibitory activity. While WA may also exert other antitumor 

mechanisms like kinase inhibition [78] or NF-kB inhibition [12], our data show that WA puts a massive 

pressure on several arms of the protein degradation pathways while at the same time increases 

oxidative stress. Therefore, by firmly closing the proteotoxic and oxidative stress pathways that 

enable cancer cells to cope with high amounts of stress, the rapid and strong antitumor effect of WA 

towards MM cells and PCD could be explained. 

In conclusion, we believe that by combining differential proteomic expression analysis of WA-treated 

MM1R cells and chemoproteomic identification of WA-interacting proteins, it becomes possible to 

resolve cancer-specific (chemosensitization) pathways influenced by WA. Dissection of the molecular 

mechanism of a strong antitumor compound like WA may pave the way towards the development of 

new drugs or more specific WA analogs with improved druggability, efficacy and selectivity, to be 

used in preclinical research. 
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Tables 

Table 1: Top 15 differentially upregulated (≥ 2-fold) and downregulated (≥ 2-fold) proteins identified by MALDI TOF/TOF and Orbitrap MS/MS analysis. A 

complete list of all differentially regulated proteins (≥ 2-fold change) can be found in the supplementary table S-3. 

Protein Name UniProtKB Entry  
UniProtKB Entry 
Name 

Fold 
change 

Standard 
Deviation 

    

 

Upregulated ≥2 fold 
   

 

Sepiapterin reductase   P35270 SPRE_HUMAN 52.827  

RNA 3'-terminal phosphate cyclase-like protein Q9Y2P8 RCL1_HUMAN 25.86  

Cation-independent mannose-6-phosphate receptor            P11717 MPRI_HUMAN 24.01  

Transmembrane emp24 domain-containing protein 2     Q15363 TMED2_HUMAN 22.674  

Retinoid-inducible serine carboxypeptidase   Q9HB40 RISC_HUMAN 19.087  

Transcription elongation factor SPT6     Q7KZ85 SPT6H_HUMAN 18.87  

Golgi reassembly-stacking protein 2       Q9H8Y8 GORS2_HUMAN 18.15  

General transcription factor IIH subunit 1     P32780 TF2H1_HUMAN 16.915  

Disintegrin and metalloproteinase domain-containing protein 10       O14672 ADA10_HUMAN 13.324  

Heme oxygenase 1   P09601 HMOX1_HUMAN 11.431  

Nck-associated protein 1-like   P55160 NCKPL_HUMAN 10.686  

Protein phosphatase 1 regulatory inhibitor subunit 16B     Q96T49 PP16B_HUMAN 10.009  

Biotinidase   P43251 BTD_HUMAN 8.577  

UTP--glucose-1-phosphate uridylyltransferase     Q16851 UGPA_HUMAN 8.14  

Fermitin family homolog 3 Q86UX7 URP2_HUMAN 7.582  

    

 

Downregulated ≥2 fold 
   

 

Glutathione peroxidase 1     P07203 GPX1_HUMAN 0.111  

Protein diaphanous homolog 1   O60610 DIAP1_HUMAN 0.121  

Apolipoprotein E  P02649 APOE_HUMAN 0.174  
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Mitochondrial intermediate peptidase   Q99797 MIPEP_HUMAN 0.186  

Inorganic pyrophosphatase 2, mitochondrial     Q9H2U2 IPYR2_HUMAN 0.187  

Catechol O-methyltransferase domain-containing protein 1  Q86VU5 CMTD1_HUMAN 0.206  

Dystonin        Q03001 DYST_HUMAN 0.211  

TATA element modulatory factor    P82094 TMF1_HUMAN 0.213  

ATP-binding cassette sub-family B member 8, mitochondrial   Q9NUT2 ABCB8_HUMAN 0.217  

Ribosome biogenesis protein BOP1  Q14137 BOP1_HUMAN 0.236  

Annexin A4             P09525 ANXA4_HUMAN 0.238  

Cohesin subunit SA-1   Q8WVM7 STAG1_HUMAN 0.25  

Beta-mannosidase     O00462 MANBA_HUMAN 0.252  

Cytoskeleton-associated protein 5   Q14008 CKAP5_HUMAN 0.26  

Tubulin beta-1 chain Q9H4B7 TBB1_HUMAN 0.286  

 

Table 2: Combined MALDI and Orbitrap chemoproteomic MS/MS identifications. The protein Erbin is identified as a WA target based on a single SILAC 

peak (MALDI) and based on quantification of the Orbitrap chemoproteomic data. No fold change value indicates identification according to S in figure 4B. 

Protein Name UniProtKB Entry  
UniProtKB Entry 
Name Fold Change 

MALDI TOF/TOF and Orbitrap 
   

    

Erbin  Q96RT1 ERBIN_HUMAN 
Target/ 

2.472 

Proline-, glutamic acid- and leucine-rich protein 1   Q8IZL8 PELP1_HUMAN 
 Calcium load-activated calcium channel     Q9UM00 TMCO1_HUMAN 
 Dimethyladenosine transferase 2, mitochondrial Q9H5Q4 TFB2M_HUMAN 2.283 

Heterogeneous nuclear ribonucleoprotein D-like      O14979 HNRDL_HUMAN 2.44 

ATP-dependent RNA helicase DDX1     Q92499 DDX1_HUMAN 2.751 
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MALDI TOF/TOF 
   28S ribosomal protein S18c, mitochondrial      Q9Y3D5 RT18C_HUMAN 

 Eukaryotic translation initiation factor 5A-1       P63241 IF5A1_HUMAN 
 Nucleolar complex protein 2 homolog    Q9Y3T9 NOC2L_HUMAN 
 Serrate RNA effector molecule homolog  Q9BXP5 SRRT_HUMAN 0.261 

    Orbitrap 
   Casein kinase I isoform gamma-2   P78368 KC1G2_HUMAN 

 Histone deacetylase 6   Q9UBN7 HDAC6_HUMAN 
 S-methyl-5'-thioadenosine phosphorylase      Q13126 MTAP_HUMAN 
 Ubiquitin carboxyl-terminal hydrolase isozyme L5     Q9Y5K5 UCHL5_HUMAN 4.74 

Pre-mRNA cleavage complex 2 protein Pcf11  O94913 PCF11_HUMAN 2.021 
Serine/threonine-protein phosphatase 2A 55 kDa regulatory subunit B alpha 
isoform     P63151 2ABA_HUMAN 2.18 

Nuclear cap-binding protein subunit 3  Q53F19 NCBP3_HUMAN 4.112 
 

Table 3: Nineteen proteins were influenced by WA, of which 15 potentially counteract plasma cell dyscrasia (PCD), based on the functions described in 

table S-6. The binding of WA is assumed to inhibit the protein function. + denotes upregulation, - denotes downregulation.  

Protein Name UniProtKB Entry Regulation PCD/Regulation WA Function 

Heme oxygenase 1 P09601 -/+ Stress response 

Ras-related protein Rab-24 Q969Q5 -/+  Autophagy related processes 

Protein kinase C alpha type P17252 -/+ Serine/threonine-protein kinase 

Protein FAM46C Q5VWP2 -/+ Suggested tumor suppressor 

Ras-related protein Rab-4A P20338 +/- Vesicular traffic 

Signal recognition particle 54kDa protein P61011 +/- Transfer presecretory proteins 

Annexin A4 P09525 +/- Exocytosis 

Tubulin beta-1 chain Q9H4B7 +/- Constituent of microtubules 
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HLA class I histocompatibility antigen Q31610 +/WA target Antigen presentation to the immune system 

Histon deacetylase 6 Q9UBN7 No change/WA target Deacetylates core histones H2A, H2B, H3 and H4 

Proteasome subunit beta type-10 P20618 No change/WA target 20S proteasome subunit 

Calcium signal-modulating cyclophilin ligand P49069 No change/WA target Mobilization of calcium 

Proteasome subunit beta type-1 P20618 No change/+ 20S proteasome subunit 

Proteasome subunit alpha type-2 P25787 +/+ 20S proteasome subunit 

Exosome complex exonuclease RRP44 Q9Y2L1 Mutation/WA target Catalytic component RNA exosome complex 

C-terminal binding protein 1 Q13363 -/WA target and upregulated Corepressor of diverse transcription regulators 

Protein diaphanous homolog 1 O60610 -/- Cell morphology and cytoskeletal organization 

Rho GTPase-activing protein 1 Q07960 +/+ GTPase activator 

Transcription initiation factor IIB Q00403 -/WA target General transcription factor 
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Figures 

 

Figure 1: Molecular structure of Withaferin A (WA) and Withanone (WN). Both molecules have the same chemical brute formula (C28H38O6), but differ in 

their spatial orientation the hydroxyl and epoxide groups. 

Figure 2: WA, but not WN, triggers apoptotic cell death in GC-resistant MM1R cells. A) MM1R cells were treated with 1 µM WN or 1 µM WA at different 

time points (h), as indicated. Total cell lysates were analyzed by Western blot for assesment of PARP cleavage and GAPDH expression levels. B) MM1R 

cells were treated with 1 µM dexamethasone and 2 µM WN or 2 µM WA at different time points (h), as indicated. Total cell lysates were analyzed by 

Western blot for assesment of caspase 3 cleavage and GAPDH expression levels.  

Figure 3: MM1R cells were pretreated with WN for 30 minutes at the concentrations indicated. Immediately afterwards, the cells were treated with 0,5 

µM WABI for 1 h 30 min and WABI-bound proteins were visualized by Western blot using HRP-conjugated streptavidin.  

Figure 4: A) Outline of the SILAC differential expression workflow for identification and quantification of WA-regulated proteins. MM1R cells were grown 

in light (12C6) – or heavy (13C6) Lys and Arg media, respectively, and either treated with WN (control) or WA. After 2D LC analysis, proteins were identified 

and quantified by MALDI-TOF-TOF and Orbitrap mass spectrometry. Three possible SILAC ratio combinations were possible in the m/Z spectrum: 1) both 

peaks have the same intensity, which indicates proteins that do not differentially change their expression. 2) peaks with different intensities due to the 

protein downregulation after the WA treatment. A fold change ≥ 2 was considered relevant. 3) peaks with different intensities due to the protein 

upregulation after the WA treatment. A fold change ≥ 2 was considered relevant. B) Outline of the quantitative chemoproteomics workflow with a 
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forward SILAC labeling strategy. MM1R cells were grown in light (12C6) – or heavy (13C6) Lys- and Arg- containing media and treated as indicated. WA was 

used as the control treatment, while a biotinylated form of WA (WABI) was used to selectively enrich WA target proteins via a streptavidin pull down. 

After 2D LC/MS analysis, three types of identifications could be discriminated based on the following: non-specific (NS) identifications are protein 

interactions with carrier beads and are not related to the initial treatment conditions. Therefore, the MS peaks with the same intensity will be observed. 

Specific (S) identifications are interactions of WABI-bound target proteins selectively enriched by streptavidin pull down, resulting in single peaks. 

Additionally, single peaks from light proteins occur, but these are likely due to environmental contaminates (e.g., keratins). Lastly, a combination of 

specific and non-specific (S + NS) identifications is also possible by quantification of the chemoproteomic data. 

Figure 5: Differential plots of all quantified proteins with MALDI (A) and Orbitrap (B) mass spectrometry. Left Y axis = log (fold change) and right Y axis = 

fold change. The area above the dashed line indicates upregulated proteins (≥ 2-fold) and the area below the solid line indicates downregulated proteins 

(≥ 2-fold). 

Figure 6: A) C38H52N2O8S structure of biotinylated WA (WABI). The primary alcohol group at carbon 27 (C27) was replaced by a chain linker and a biotin 

moiety, and no loss in antitumor activity of WA was observed. B) Western blot detection of caspase-3 cleavage in MM1R cells treated with 1 µM WABI or 

1 µM WN. C) Western blot detection of WABI-bound proteins with streptavidin-HRP. MM1R cells were treated with 1 µM WABI for 3 h alone or in 

combination with an excess DTT (100 mM). Total protein lysates from each condition were analyzed without streptavidin pull down (“INPUT”) or 

submitted to streptavidin pull down (“ELUTION”). 
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Figure 7: A) Top 5 ranked disease and function resulting from the IPA core analysis, with the indication of threshold line corresponding to p < 0,05 (=-

log(p-value)). B) Filtering on the 31 types of cancer assigned in the function ‘cancer’ shows that plasma cell dyscrasia was significantly enriched (p-value = 

1.39E-03), with 19 unique molecules. Green = downregulated by WA; red = upregulated by WA; gray =WA target. * denotes a protein that is differentially 

expressed and targeted by WA. Numbers indicate the log(fold change). C) WB validation of plasma cell dyscrasia-related proteins regulated by WA. For 

all Western blots, MM1R cells were treated with 1 µM WN or 1 µM WA for 3 h. D) Streptavidin pull down (ELUTION) and WB validation of the WA-

PSMB10 association. 

Figure 8: A) Top 5 canonical pathways influenced by WA, with the yellow threshold line corresponding to p < 0,05 (= -log(p-value)). Squares indicate the 

number of proteins within our dataset compared to the total number of proteins for that pathway using the IPA knowledge database. B) WB of anti-

ubiquitin shows time- and concentration-dependent accumulation of ubiquitinated proteins after WA treatment. 

Figure 9: Withaferin A antitumor effects could be explained by the simultaneous inhibition of proteotoxic and oxidative stress pathways leading to 

apoptosis. Orange = WA target proteins, green = downregulation, red = upregulation. Proteasome inhibition by WA binding to the PSMB10 subunits 

results in accumulation of ubiquitinated proteins. A rescue pathway via Nrf1 will result in upregulation of proteasome subunits (PSMB1 and PSMA2). If 

unresolved, ubiquitinated proteins will aggregate in large complexes (aggresomes) which are degraded by lysosome via autophagy. Simultaneous with 

proteasome inhibition, the autophagy pathway is impaired by targeting HDAC6 and downregulation of ANXA4. A third proteotoxic antitumor mechanism 

of WA is proposed by the binding of WA to HSF-1 which impairs heat shock protein synthesis and subsequent protein folding control. This results in 

aggregation of misfolded proteins which must be degraded by the autophagy pathway. Besides proteotoxic stress, WA is able to induce oxidative stress 
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via Nrf2 and the upregulation of HMOX1. Eventually, the combined action of blocking all cellular stress rescue pathways will result in apoptotic cell death 

of the cancer cells. 
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Significance 

Multifunctional antitumor compounds are of great potential since they reduce the risk of multidrug resistance in chemotherapy. Unfortunately, 

characterization of all protein targets of a multifunctional compound is lacking. Therefore, we optimized an SILAC quantitative chemoproteomics workflow 

to identify the potential protein targets of Withaferin A (WA), a natural multifunctional compound with promising antitumor properties. To further 

understand the antitumor mechanisms of WA, we performed a differential protein expression analysis and combined the altered expression data with 

chemoproteome WA target data in the highly curated Ingenuity Pathway database. We provide a first global overview on how WA kills multiple myeloma 

cancer cells and serve as a starting point for further in depth experiments. Furthermore, the combined approach can be used for other types of cancer 

and/or other promising multifunctional compounds, thereby increasing the potential development of new antitumor therapies. 
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Highlights 

 Quantitative chemoproteomics identifies 208 Withaferin A targets 

 143 proteins were altered in response to Withaferin A treatment 

 Withaferin A targets specific myeloma gammopathy protein networks 

 Withaferin A inhibits proteasome, autophagy and unfolded protein stress response 

ACCEPTED MANUSCRIPT



Graphics Abstract



Figure 1



Figure 2



Figure 3



Figure 4



Figure 5



Figure 6



Figure 7



Figure 8



Figure 9



Figure 10


