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Abstract

The NF-κB family of transcription factors regulates numerous cellular processes, including cell 

proliferation and survival responses. The constitutive activation of NF-κB has also emerged as an 

important oncogenic driver in many malignancies, such as activated B-cell like diffuse large B cell 

lymphoma, among others. In this study, we investigated the impact and mechanisms of action of 

Withaferin A, a naturally produced steroidal lactone, against both signal-inducible as well as 

constitutive NF-κB activities. We found that Withaferin A is a robust inhibitor of canonical and 

constitutive NF-κB activities, leading to apoptosis of certain lymphoma lines. In the canonical 

pathway induced by TNF, Withaferin A did not disrupt RIP1 polyubiquitination or NEMO-IKKβ 

interaction and was a poor direct IKKβ inhibitor, but prevented the formation of TNF induced 

NEMO foci which colocalized with TNF ligand. While GFP-NEMO efficiently formed TNF-

induced foci, a GFP-NEMOY308S mutant that is defective in binding to polyubiquitin chains did 

not form foci. Our study reveals that Withaferin A is a novel type of IKK inhibitor which acts by 

disrupting NEMO reorganization into ubiquitin-based signaling structures in vivo.
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INTRODUCTION

Nuclear Factor kappa B (NF-κB) is a family of transcription factors responsible for 

regulating numerous cellular processes including immunity, inflammation, and is heavily 

implicated in numerous types of cancer [1–5]. In the canonical pathway, NF-κB is 

sequestered in the cytoplasm by the inhibitor of kappa B (IκB), preventing its translocation 

into the nucleus and subsequent target gene expression [6]. Following stimulation, a series 

of events are triggered to facilitate protein-protein interactions and perpetuate the signalling 

cascade. In tumor necrosis factor (TNF) induced NF-κB signalling, receptor-interacting 

protein 1 (RIP1) undergoes polyubiquitination, serving as a scaffold to recruit TGFβ-

activated kinase 1 (TAK1) via the adapter proteins TAB2/3 [7,8]. The polyubiquitin scaffold 

also allows for recruitment of the IκB kinase (IKK) complex with the main catalytic subunit 

being IKKβ by a process mediated by NEMO (NF-κB essential modulator), also known as 

IKKγ. After assembly of the signaling components to these polyubiquitin chains, TAK1 

activates IKKβ, resulting in the phosphorylation of the IκB proteins. Phosphorylation of IκB 

results in its polyubiquitination, marking the protein for degradation by the proteasome 

which results in the liberation of functionally active NF-κB [9–12].

In addition to the canonical pathway, an alternative or non-canonical pathway for NF-κB 

activation has also been described. In this pathway, stimuli such as CD40L, B-cell activating 

factor (BAFF), and Lymphotoxin β receptor (LTβR) activate the NF-κB inducing kinase 

(NIK), which in conjunction with an IKKα homodimer, induces processing of the NF-κB 

family member p100 to its functional form, p52 [13,14]. While both pathways play a 

significant role in normal cellular physiology, the non-canonical pathway is heavily 

implicated in B-cell maturation and lymphoid tissue development.

In addition to stimulus dependent NF-κB activation, constitutive NF-κB has been reported 

in certain cell types and cancer tissues [15–17]. Interest in NF-κB is particularly high in 

hematological malignancies, where the link between cell survival and constitutive NF-κB 

activity has been well established. This has been described in multiple myeloma, acute 

myeloid leukemia (AML), as well as activated B cell-like (ABC) diffuse large B cell 

lymphoma (DLBCL) [18–20]. Numerous mechanisms have been reported that result in 

constitutive NF-κB activation, including loss of function mutations in deubiquitination 

enzymes such as A20 or CYLD as well as gain of function mutations in adapter proteins 

such as MyD88 that results in constitutive organization of NF-κB upstream signaling 

complexes [21–23]. Inhibition of NF-κB in these cancer types, through pharmacological 

interventions or by over-expression of the IκBα super-repressor, a mutant form of IκBα 

incapable of being phosphorylated by IKK, results in cell death via apoptosis. Among 

individuals with DLBCL, those with the ABC subgroup have the worst clinical prognosis 

with a 5 year survival of 30%, compared with 59% and 64% amongst those in different 
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subgroups [24,25]. Therefore, targeting constitutive NF-κB activation remains an 

encouraging strategy in many hematological malignancies, especially in cancers like ABC-

DLBCL that have poor prognoses. While several groups have sought to develop an NF-κB 

inhibitor for use in cancer and other diseases, questions over adverse effects and specificity 

have prevented mainstream clinical use [26,27].

One approach that has shown promise in pre-clinical trials is the NBD (NEMO binding 

domain) peptide, a small cell-permeable peptide which mimics the NEMO binding domain 

of IKKβ, serving to disrupt the interaction between NEMO and IKKβ and thus preventing 

phosphorylation of IκB [28–31]. However, peptide inhibitors can be costly to manufacture, 

and require additional permeabilization sequences for intracellular targets, all of which limit 

the potential clinical utility of the NBD peptide. Chemical inhibitors that disrupt NEMO-

IKKβ interaction would be useful for such applications.

An in silico study identified a small molecule, Withaferin A (WA), which was proposed to 

function similarly to the NBD peptide [32]. WA, a steroidal lactone, is a metabolite from 

Withania somnifera (winter cherry) that has been reported to have a number of wide-ranging 

molecular effects [33,34]. In their in silico modeling study, Grover et. al hypothesized that 

Withaferin A was capable of interacting with NEMO at the site of interaction with IKKβ. 

Furthermore, WA has been described as an NF-κB inhibitor in several models [35,36]. WA 

has a number of advantages as a pharmacological inhibitor, mainly its high abundance from 

natural sources, high bioavailability, and favorable in vivo pharmacokinetics. In mouse 

studies, WA was observed to have an 82 minute plasma half-life, an advantage for 

controlling desirable plasma concentrations [37]. Although the above in silico modeling 

study suggested that disrupts the NEMO-IKKβ interface, this has yet to be experimentally 

confirmed. Furthermore, it was reported that WA induces hyperphosphorylation of IKKβ 

resulting in inactivation of its kinase activity [38].

There are several mechanisms by which Withaferin A is proposed to inhibit NF-κB 

signaling, therefore we first sought to evaluate the mechanisms that had been put forth by 

Grover et al. and Kaileh et al. We were able to verify robust inhibition of NF-κB by WA in 

a variety of cell systems and NF-κB stimuli, including genotoxic agents and those that are 

constitutively activated in ABC-DLBCL cell lines. Indeed, WA induced apoptotic cell death 

of ABC-DLBCL lines at concentrations that had limited impact on germinal center B-cell 

(GCB) like DLBCL cells that do not depend on constitutive NF-κB activity for survival. 

However, our mechanistic data were inconsistent with the concept that WA disrupts the 

NEMO-IKKβ interaction. Instead, we found that WA disrupts ubiquitin-dependent NEMO 

reorganization induced by TNF. WA disruption of NEMO reorganization was associated 

with the lack of IKKβ activation despite efficient activation of the upstream kinase, TAK1. 

Moreover, WA did not inhibit TNF-induced RIP1 polyubiquitination in vivo. Thus, our 

findings are consistent with the notion that WA disrupts NEMO’s ability to reorganize into 

ubiquitin-based signaling structures in vivo. This represents an unprecedented mechanism of 

NF-κB inhibition by a chemical inhibitor.
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METHODS

Reagents

Withaferin A and gram-negative bacterial lipopolysaccharide (LPS) were purchased from 

Calbiochem (Darmstadt, Germany). Recombinant human and mouse TNFα and recombinant 

human IL-1β was purchased from EMD Millipore (Darmstadt, Germany). Etoposide 

(VP-16) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies 

against NEMO (FL-419), Ubiquitin (P4D1), IκBα (C-21) and Actin (I-19) were purchased 

from Santa Cruz Biotechnology. Antibodies against RIP1 were purchased from BD 

Biosciences. Antibodies against γ-tubulin (GTU-88) were purchased from Sigma-Aldrich. 

Antibodies against p52/p100 (4882), Phospho-IκBα (9246), Phospho-IKK (2697), Phospho-

JNK (4671), JNK (9251), Phospho-ERK (4377), ERK (4695), Phospho-TAK1 (4536), 

TAK1 (4505), TNF (11948), and p65 (8242) were purchased from Cell Signaling 

Technology (Beverly, MA). Anti-rabbit Alexa Fluor 488 or 594 conjugate secondary 

antibodies (4412 or 8889) and anti-mouse Alexa Fluor 594 conjugate secondary antibody 

(8890) were from Cell Signaling Technology. OCT1 consensus oligonucleotide was 

purchased from Promega (Madison, WI).

Cell Culture and Generation of Stable Cell Lines

Cell culture and stable cell conditions were performed as described previously [39]. Briefly, 

mouse pre-B cell line 70Z/3 and its NEMO-deficient derivative,1.3E2 cells, were cultured in 

RPMI1640 medium (Thermo Scientific) supplemented with 10% fetal bovine serum (FBS) 

(HyClone, Thermo Fisher) and 0.05 mM β-mercaptoethanol, penicillin/streptomycin (100 

IU/ml and 100 µg/ml) per ml in a 5% CO2 humidified incubator (Forma). Human embryo 

kidney (HEK) 293 cells were cultured in DMEM medium (Corning Cellgro) supplemented 

with 10% fetal bovine serum, penicillin/streptomycin (100 IU/ml and 100 µg/ml) per ml in a 

10% CO2 humidified incubator (Forma). HEK293 cells were grown on tissue culture plates 

coated with 0.1% gelatin. Human retinal pigment epithelial (RPE) cells were cultured in 

DMEM:F12 supplemented with 10% FBS, penicillin/streptomycin (100 IU/ml and 100 

µg/ml) per ml in a 5% CO2 humidified incubator. NEMO- and IKKα/β-null MEF cell lines 

were cultured in DMEM supplemented with 10% FBS, penicillin/streptomycin (100 IU/ml 

and 100 µg/ml) per ml in a 5% CO2 humidified incubator. GFP-tagged NEMO MEF and 

RPE lines were generated via retroviral infection using the pBABE-Puro retroviral system. 

To produce virus, pBABE-Puro WT NEMO, GFP-NEMO, GFP-NEMOY308S, GFP-

NEMOΔZF, or GFP-only and p-VSV-G were transiently transfected into Phoenix 293 cells 

via calcium phosphate and incubated for 8 hours, then media was changed. Virus was 

harvested after 48 h and filtered through a 0.4 µm membrane. To infect cells, virus was 

incubated with culture media containing 6 µg/ml polybrene for 12 h. Selection was 

performed in 1.5 µg/ml and 3 µg/ml puromycin for MEF and RPE cells, respectively. ABC- 

and GCB-DLBCL cells were grown in RPMI media supplemented with 20% FBS in a 10% 

CO2 incubator. 1.3E2 stable pools and clones were generated via electroporation and 

selected with G418 (1 mg/ml) [40].
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Electrophoretic Mobility Shift Assay (EMSA)

The EMSA was performed as described previously [41,42]. Briefly, cell extracts were made 

using TOTEX buffer (20 mM HEPES [pH 7.9], 350 mM NaCl, 1 mM MgCl2, 0.5 mM 

EDTA, 0.1 mM EGTA, 0.5 mM DTT, 20% glycerol, and 1% NP-40) and 10 µg of extracts 

were incubated with in gel shift reaction buffer containing poly(dI-dC) in a total volume of 9 

µl for 20 minutes. One µl of radiolabeled κB or Oct oligonucleotide probe was added and 

further incubated for 20 minute at room temperature. For all EMSA reactions, the final NaCl 

concentration was calculated to be 200 mM or less and was consistent between samples in 

any one experiment. The samples were separated on a 4% native polyacrylamide gel, dried, 

and exposed to film and/or a storage phosphor screen.

Luciferase Reporter Assay

The luciferase assay was performed as described previously [43]. Briefly, HEK-293 cells 

were transfected by calcium phosphate with 25 ng of 3× κB-Luc and 50 ng pRSV-LacZ. 

The following day, cells were treated with 5 µM WA (co-treatment), 10 ng/ml TNF (8 

hours), or 10 µM VP-16 (10 hours). Cells were lysed in lysis buffer (Promega, Madison, WI) 

containing 1× Halt protease inhibitor cocktail (Thermo Fisher Scientific, Rockford, IL) for 

30 minutes while rocking. Cellular debris was pelleted in a microcentrifuge and lysate and 5 

µl of lysate was added to a luminometer cuvette for luciferase detection and 5 µl of lysate 

was added to 70 µl of appropriately diluted Galacton-Plus substrate (Life Technologies, 

Carlsbad, California). Samples were run with 3 biological replicates and 3 technical 

replicates on a Monolight 3100 (PharMingen, San Diego, CA).

Flow Cytometry and Cell Viability Assays

Apoptosis was detected by flow cytometry using the FITC Annexin V Apoptosis Detection 

Kit (BD Pharmigen, San Diego, CA). Cells were then processed on the BD Accuri C6 flow 

cytometer. Cell viability was measured by incubating cells with trypan blue to a final 

concentration of 0.04% and determining the ratio of unstained/stained cells.

Co-immunoprecipitation and IKK kinase assay

Co-immunoprecipitation, IKK kinase assay, and western blot analysis were performed as 

described previously [44].

Immunofluorescence

Cells were cultured on #1.5 coverslips, treated, then rinsed 1× with PBS, fixed in 4% 

paraformaldehyde for 10 minutes, and rinsed 2× with PBS and stored in PBS at 4°C. A 0.2% 

triton-X 100 solution was used to permeablize the cells for 5 minutes and a 10% goat 

serum/PBS solution was used to block for 20 minutes. Primary antibodies were diluted in 

1.5% goat serum/PBS and applied for 1 hour. Anti-rabbit Alexa Fluor 488 conjugate 

secondary antibody or anti-rabbit Alexa Fluor 594 conjugate secondary antibody was diluted 

1:1000 (Cell Signaling 4412 or 8889) with 1.5% goat serum/PBS. Slides were washed in 

PBS, twice rapidly, followed by three 5 minute washes (total of 5 PBS washes) after each 

antibody incubation. Hoechst (1:7,500) was used as a nuclear stain and coverslips were 

mounted with Vectashield mounting medium (Vector Labs) or ProLong Gold (Life 
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Technologies). Primary antibody dilutions were 1:50 for NEMO rabbit pAb and 1:200 for 

p65 rabbit mAb for γ-tubulin mouse mAb. Confocal videos were acquired on a swept-field 

confocal microscope (Nikon Ti-E) equipped with a Roper CoolSnap HQ2 CCD camera 

using a Nikon 60×, 1.4 NA plan apo oil objective lens. Widefield images were acquired on a 

Nikon Ti-Eu Epifluorescence with Nikon DS-Qi1 camera with CCTB 0.7× relay adaptor 

using either Nikon 40x/0.75 or 60x/0.50–1.25 oil PlanFluor objectives. Nikon Elements was 

used for image post-processing.

Quantification of NEMO foci

Images were randomly acquired for each condition. For each condition, ten 600× images 

(roughly 25 RPE nuclei per field) were acquired. For each image, the number of foci per 

field was measured using the “Find Maxima…” process on ImageJ (NIH). The noise 

tolerance was set to the nearest value that corresponded to approximately 5 NEMO foci per 

nuclei in the same field for unstimulated cells. This noise tolerance was then fixed for all 

subsequent analysis within an experiment (generally around 80). The number of nuclei was 

scored per field using the ImageJ plugin “Count Cells.” The average number of NEMO foci 

per nuclei in the same field and one standard deviation was calculated for each condition.

Statistical Analysis

Two-sided Wilcoxon Rank Sum (WRS) [45] was used to determine significant difference 

for all foci quantification. The Mstat software package (Dr. Norman Drinkwater, University 

of Wisconsin-Madison, WI, http://www.mcardle.wisc.edu/mstat/) was used for all statistical 

analysis.

RESULTS

Withaferin A inhibits canonical NF-κB activation and induces apoptotic cell death of ABC-
DLBCL cells

While WA has been reported to inhibit NF-κB through the canonical tumor necrosis factor 

(TNF) pathway [36], we sought to test whether WA could also effectively inhibit activation 

induced by other inducers as well as the constitutive activity present in certain cancer cell 

lines. Following WA pre-treatment, HEK293 cells stimulated with either TNF or a 

topoisomerase II poison, VP-16 (etoposide), exhibited diminished NF-κB activation in a 

dose-dependent manner as measured by EMSA (Fig. 1A). WA also effectively inhibited 

ionizing radiation-induced NF-κB activity in a head and neck squamous cell carcinoma cell 

line, SCC-1483 (Fig. 1B), and that induced by bacterial lipopolysaccharide (LPS) (Fig. 1C). 

Consistent with the EMSA data above, WA inhibited NF-κB dependent luciferase reporter 

activity induced by TNF or VP-16 in HEK293 cells (Fig. 1D) and nuclear translocation of 

p65 after TNF treatment in RPE cells (Fig. 1E). Thus, WA is an effective inhibitor of NF-κB 

activation induced by multiple canonical inducers in a variety of cell systems.

We next evaluated if WA could block constitutive NF-κB activity present in the ABC-

DLBCL cell lines, OCI-Ly10 and HBL1. Both of these lines contain a mutation in MyD88 

(L265P) that results in constitutive canonical NF-κB activation [21]. In addition, we tested a 

GCB-DLBCL cell line, HT, that does not harbor constitutive NF-κB activity as a control. 
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When the ABC-DLBCL cells were exposed to WA, we observed a decrease in the 

constitutive NF-κB activity as measured by EMSA (Fig. 2A). In addition, treatment with 

WA resulted in apoptosis-induced cell death in the ABC-DLBCL cells as measured by flow 

cytometry (Fig. 2B) and a decrease in cell viability and proliferation (Fig. 2C–D) when 

compared with the control HT cell line. Thus, WA inhibited constitutive NF-κB activity and 

induced apoptotic cell death in ABC-DLBCL cell lines at concentrations that had little 

impact on GCB-DLBCL cells.

Withaferin A disrupts canonical NF-κB signaling upstream of IKK activation

To dissect the step (or steps) that WA acts on the canonical NF-κB signaling pathway, we 

examined intermediate events induced by TNF leading to the release of NF-κB from IκBα 

by Western blot analysis. Interestingly, WA was able to increased phosphorylation of the 

major upstream IKKβ kinase TAK1, which indicates its activation (Fig. 3A). Despite an 

increase in the detection of phospho-TAK1, phosphorylation of IKKβ on S177/181 (IKKα 

on S176/180) as well as IκBα on S32/36 (Fig. 3A) were both reduced. A time course 

analysis further indicated that WA could induce phosphorylation of TAK1 and its 

downstream phosphorylation of two downstream substrates, JNK and ERK, without 

inducing phosphorylation of IKKβ (Fig. 3B). If WA was an IKKβ inhibitor as suggested by 

Kaileh et al., it could explain the above observations. Thus, to test whether WA is a direct 

inhibitor of IKK kinase activity or not, we performed an in vitro IKK kinase assay whereby 

endogenous IKK was immunoprecipitated with an anti-NEMO antibody and mixed with 

recombinant GST-IκBα (residues 1–56) in the absence and presence of WA. We observed a 

robust increase in TNF induced IKK kinase activity, which was inhibited by pre-treatment 

of cells with WA. However, immunoprecipitated IKK treated directly with WA in vitro still 

maintained kinase activity at concentrations that inhibited IKK kinase activity when cells 

were treated in culture (Fig. 3A and 3C). While we observed a small decrease in activity at 

the highest in vivo concentration tested, the same concentration of WA used during the 

treatment of cells resulted in total inhibition of IKK catalytic activity. Thus, inhibition of the 

IKK kinase activity observed in WA-treated cells is likely related to inhibition of a step (or 

steps) upstream of IKKβ activation as opposed to targeted direct inhibition of IKKβ.

Withaferin A does not disrupt NEMO-IKK interaction

A previous in silico modeling study has suggested that WA could be capable of interacting 

with NEMO at the IKKβ binding site, thus potentially disrupting the protein-protein 

interaction similar to NBD peptide [32]. If this were the case, active TAK1 would be unable 

to activate IKKβ because NEMO is required to recruit polyubiquitin chain scaffolds to 

mediate TAK1-dependent IKK activation [7]. We tested this model by co-

immunoprecipitation of NEMO-IKKβ complex with α-NEMO antibodies from WA-treated 

cells. We also added WA in all immunoprecipitation and wash buffers to maintain its 

effective concentration. However, we were unable to observe any disruption of the NEMO 

and IKKα/β interaction upon treatment of the cells or the lysate with WA (Fig. 4A). We 

repeated the experiment in 70Z/3 cells, a mouse pre-B cell line, which revealed an identical 

result (Fig. 4B).
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In the previous modeling study [32], several key amino acids were identified as being 

critical for NEMO to interact with WA. Among the most important were glutamic acid 

residues at position 89 and 99 of NEMO, which were thought to bind WA via ionic 

interactions. We theorized that mutating the residues thought to interact with WA would 

prevent WA from interacting with NEMO and thus create a WA ‘resistant’ version of 

NEMO. Using 1.3E2 cells, a NEMO-deficient derivative of 70Z/3, we created cell lines 

expressing wild-type NEMO or NEMO E89A and an E89A/E99A double mutant. When 

treated with WA and either LPS or VP-16, both cell lines were still equally inhibited by WA 

(Fig. 4C). Even when additional residues implicated in WA-NEMO interaction were 

mutated (5A mutant), we still observed inhibition of NF-κB activation by WA (Fig. 4C). 

Together with the co-immunoprecipitation experiments above, our results are inconsistent 

with the hypothesis that WA disrupts the protein-protein interaction between NEMO and 

IKKβ. Thus, WA must act on another mechanism to prevent TAK1-dependent IKKβ 

activation.

TNF-induced NEMO structures detected and quantified by widefield immunofluorescence

As TAK1 activation and subsequent phosphorylation of JNK and ERK were induced by WA 

but IKKβ activation was prevented (Fig. 3B), we hypothesized that WA could be effecting 

the polyubiquitin chain-related events that are known to mediate TAK1-dependent IKK 

activation [46–48]. In contrast, polyubiquitin chains are not implicated in TAK1-dependent 

phosphorylation of JNK and ERK. We next tested whether WA could prevent changes in 

NEMO localization induced by TNF stimulation by immunofluorescence analysis. Prior to 

testing the impacts of WA, we first characterized the induction of NEMO reorganization 

following TNF stimulation and the requirement of NEMO's ability to bind ubiquitin.

A TNF time course analysis using RPE cells demonstrated a time-dependent induction of 

NEMO foci (Fig. 5A). We employed RPE cells because of their flat morphology which 

aided the analysis of NEMO reorganization by immunofluorescence. TNF-induced NEMO 

foci were readily detected four minutes after TNF treatment and maximum foci formation 

was observed 8 minutes after TNF stimulation. The NEMO foci were generally uniform in 

size (roughly 250–500 nm) and foci size did not appear to change appreciably over time. 

NEMO foci were generally evenly distributed, but were localized near the cell surface, as 

observed in a video of a confocal Z-stack series (Fig. SV1A–B). Next, we treated RPE cells 

with increasing doses of TNF for 8 minutes, then examined their NEMO foci by NEMO 

immunofluorescence as above. We found that increasing the dose of TNF used for treatment 

did not affect the size of the NEMO foci induced at 8 minutes, but rather induced more 

NEMO foci (Fig. 5B). We used the ImageJ process “Find Maxima…” to quantify the 

number of NEMO foci per nuclei in the same field to estimate the number of NEMO foci 

per cell (Fig. 5C and 5D). The number of NEMO foci increased up to 8 minutes after TNF 

stimulation, and began to decrease by 10 minutes (Fig. 5C). We observed an increase in the 

number of NEMO foci from 10 to 20 ng/ml, with the number of foci reaching saturation 

around 20 ng/ml TNF (Fig. 5D). Every dose of TNF, from 10 to 80 ng/ml, had significantly 

more NEMO foci than untreated RPE cells (P < 0.0001). We confirmed the specificity of the 

anti-NEMO polyclonal rabbit antibody by evaluating NEMO-null mouse embryonic 

Jackson et al. Page 8

Exp Cell Res. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



fibroblasts (MEFs) which showed no signals whereas those reconstituted with wild-type 

NEMO exhibit robust NEMO immunofluorescence signal (Fig. S1).

TNF-induced NEMO foci colocalize with TNF ligand and require polyubiquitin binding, but 
not IKKα/β

To test whether the pattern of endogenous NEMO reorganization in response to TNF 

stimulation could be recapitulated with exogenous protein, we stably expressed GFP-fused 

NEMO in NEMO-null MEF cells and stimulated these cells with TNF. Consistent with the 

endogenous NEMO staining described above, GFP-NEMO also formed TNF-induced foci 

(Fig. 6A). Next, to test whether these NEMO foci are associated with TNF receptor 

complex, we subjected TNF-treated GFP-NEMO MEFs to TNF immunofluorescence. GFP-

NEMO MEFs were treated with 40 ng/ml mouse TNF for 8 minutes, fixed, then incubated 

with anti-TNF monoclonal antibody followed by incubation with anti-rabbit Alexa Fluor 

594-conjugated secondary antibody. Indeed, TNF immunofluorescence co-localized with 

GFP-NEMO foci (Fig. 6A). This result provides strong evidence that the TNF-induced 

NEMO foci are accumulations of NEMO at activated TNF receptor complex.

Biochemical and genetic reconstitution experiments support the hypothesis that NEMO’s 

ability to bind polyubiquitin chains is required for NEMO recruitment to TNF receptor 

complex and subsequent activation of IKK and NF-κB [49–54]. In particular, mutations 

within the NOA/UBAN/NUB domain (NEMO optineurin ABIN; ubiquitin binding in ABIN 

and NEMO; NEMO ubiquitin binding (NUB)) domain of NEMO, such as Y308S, disrupt 

NEMO-IKK recruitment and subsequent NF-κB activation [49,53]. Additionally, NEMO’s 

zinc finger has been shown to bind ubiquitin and functional data indicates its ubiquitin-

binding zinc finger is critical to NF-κB activation by TNF [54]. To test whether TNF-

induced NEMO foci formation also requires NEMO’s ubiquitin binding activity, we first 

stably expressed in RPE cells a GFP-fused polyubiquitin binding-defective NEMO mutant, 

GFP-NEMOY308S. Unlike GFP-NEMO wild-type protein, which formed foci in response to 

TNF stimulation, GFP-NEMOY308S did not (Fig. 6B). As with RPE cells, stable 

reconstitution of NEMO-null MEFs with GFP-NEMO resulted in TNF-induced foci, but 

stable reconstitution with GFP-Y308S did not (Fig. 6C). Similar to GFP-Y308S, stable 

reconstitution of NEMO-null MEFs with GFP-NEMO resulted in TNF-induced foci, but 

stable reconstitution with GFP-NEMOΔZF (NEMO AA 1–394) did not (Fig. 6D). In general, 

detection of TNF-induced NEMO foci in reconstituted MEF cells was not as robust as seen 

in RPE cells. The reason for this difference remains unclear. Nevertheless, these results are 

consistent with the established model in which NEMO is recruited to activated TNF receptor 

signaling complexes by binding to polyubiquitinated proteins, including RIP1 [49,55].

Biochemical studies indicate that NEMO at the activated TNF receptor is in complex with 

IKKα/β [56]. IKKβ is brought to activated receptor complex by NEMO’s polyubiquitin 

binding abilities, and NEMO-null cells fail to activate IKKβ after TNF stimulation 

[10,12,49,57–59]. To test whether IKKα/β is required for TNF-induced NEMO foci 

formation, we stimulated IKKα/β-null MEFs with TNF for 8 minutes and performed NEMO 

immunofluorescence as above. Surprisingly, IKKα/β-null MEFs formed TNF-induced 

NEMO foci (Fig. 6E). As mentioned, TNF-induced NEMO foci were generally more 
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difficult to observe in MEFs than in RPE cells. Further, NEMO immunofluorescence is 

generally grainier in appearance in IKKα/β-null MEFs than other cell types we examined, 

for unclear reasons. As with TNF, we observed robust induction of NEMO foci 8 minutes 

after IL-1 stimulation (Fig. 6E). Interestingly, IL-1-induced NEMO foci were easier to 

detect in IKKα/β-null MEFs than the foci induced by TNF. Therefore, we found induction 

of NEMO foci by cytokines TNF or IL-1 does not require IKKα/β, which is consistent with 

the biochemical evidence that NEMO does not depend on IKK to bind polyubiquitin chains 

in vitro.

Withaferin A blocks the formation of TNF- and IL-1-induced NEMO structures

Next, we tested the hypothesis that WA prevents recruitment of the NEMO to TNF-induced 

foci. RPE cells were stimulated with 10 ng/ml TNF for 8 minutes with or without pre-

treatment with WA. RPE cells pre-treated with WA had similar NEMO distribution as 

untreated cells, except for the induction of large perinuclear NEMO structure (Fig. 7A and 

7B). These structures colocalize with γ-tubulin at the centrosome, indicating WA causes 

NEMO accumulation at the centrosome (Fig. 7A). WA pre-treatment followed by TNF 

stimulation resulted in a marked reduction in the number of TNF-induced NEMO foci (Fig. 

7B and 7C). As with WA treatment alone, centrosomal NEMO localization was observed in 

cells treated with both WA and TNF. Quantification of NEMO foci demonstrated that while 

TNF stimulation induced roughly 9-fold more NEMO foci (P < 0.0001) in TNF treated cells 

than untreated controls, pre-treatment with 3 µM or 10 µM WA significantly reduced the 

number of TNF-induced NEMO foci by 2-fold (P < 0.01) and 11-fold (P < 0.0001), 

respectively (Fig.7C). If NEMO was not recruited to the TNF receptor complex due to WA 

treatment, the inability of TAK1 to activate the IKK complex observed above could be 

explained. However, WA did not prevent RIP1 ubiquitination (Fig. 7D). Thus, these results 

revealed that WA inhibits IKKβ and NF-κB signaling via a novel mechanism involving 

disruption of NEMO recruitment to ubiquitin-dependent signaling complexes without 

inhibiting RIP1 ubiquitination.

We then looked to see if WA could inhibit IL-1 and TNF-induced NEMO foci formation in 

the absence of IKKβ using IKKα/β-null MEFs. As with WT RPE cells, IKKα/β-null MEFs 

pre-treated with WA form significantly fewer NEMO foci in response to either with IL-1 or 

TNF stimulation (Fig. 7E and 7F). Quantification of NEMO foci demonstrated that while 

TNF stimulation induced roughly 50-fold more NEMO foci (P < 0.0001) in TNF treated 

cells than untreated controls, pre-treatment with 10 µM WA reduced the number of TNF-

induced NEMO foci by 20-fold (P < 0.0001) (Fig. 7F). Further, while IL-1 stimulation 

induced 70-fold more NEMO foci (P < 0.0001), pre-treatment with 10 µM WA reduced the 

number of IL-1-induced 50-fold fewer NEMO foci (P < 0.0001). Therefore, WA can inhibit 

stimulus-induced NEMO foci formation in a manner independent of the IKK/NEMO 

interaction.

DISCUSSION

NF-κB is a key regulator of cellular homeostasis, controlling the regulation of genes 

important in inflammations, immunity, development, and cell survival. As such, aberrant 
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regulation of NF-κB signaling is known to play a role in a variety of human pathologies, 

including several solid and hematological malignancies [2,60]. As a result, NF-κB is 

considered to be a highly desirable drug target. While many drugs are known to have an 

effect on NF-κB signaling [26], a safe, specific, and robust inhibitor has yet to make it to 

clinical use. In this context, we were initially interested in WA because (i) it is reported as a 

robust inhibitor of NF-κB activation [35,36]; (ii) it shows no overt toxicity in animal studies 

[37], (iii) it has not demonstrated side effects beyond placebo in two randomized-clinical 

trials [61,62] and (iv) it has been used in India for over 3000 years in Ayurvedic medicine 

[63]. Thus, WA demonstrates safety and favorable pharmacokinetic properties with potent 

NF-κB inhibitory activity. Indeed, we found that this chemical was a robust inhibitor of NF-

κB signaling induced by inflammatory stimuli (TNF and LPS) and anticancer genotoxic 

agents (etoposide and ionizing radiation) in multiple cell systems. Moreover, the constitutive 

activity present in ABC-DLBCL cells was also efficiency inhibited, correlating with 

induction of apoptotic death in this clinically unfavorable subtype of lymphoma cells. In 

contrast, GCB-DLBCL cells that do not harbor constitutive NF-κB activity were less 

sensitive to WA-induced death. Therefore, WA, its derivatives, or compounds that act via 

the same mechanism, could be useful as anticancer and/or anti-inflammatory agents, as 

previously proposed by other investigators [32,38].

Prior reports that pertain to NF-κB signaling proposed WA as an IKKβ inhibitor [38] or 

through the same mechanism as the NBD peptide: inhibition of the protein-protein 

interaction between NEMO and IKKβ [32]. Consistent with these published reports, we 

found that the step at which WA interferes with canonical NF-κB signaling is between the 

downstream of TAK1 activation. Indeed, Withania somnifera extract has been shown to 

induce phosphorylation of the TAK1-substrates, JNK and ERK, in previous studies [38]. We 

were able to further show that this is, at least in part, secondary to WA induced TAK1 

activation, allowing for further downstream application of TAK1 substrates. However, 

despite showing that WA disrupts NF-κB signaling between TAK1 and IKK, we were 

unable to generate data that supported the previously proposed model that WA is an IKKβ 

inhibitor. An in vitro IKK kinase assay in the presence of increasing doses of WA did not 

correspond to complete inhibition of IKKβ inhibition observed in vivo. Both co-

immunoprecipitation study and functional mutation analysis of the putative WA-NEMO 

interaction residues did not support the involvement of NEMO-IKKβ dissociation in the 

presence of this inhibitor. Instead, we found that WA prevents NEMO recruitment to TNF-

induced supramolecular foci in an ubiquitin binding domain-dependent manner. Further, we 

found that WA can prevent NEMO foci formation in the absence of IKKβ and IKKα, 

indicating this inhibition is independent of IKK/NEMO interaction.

Accumulated experimental evidence indicates that NEMO’s ability to bring IKK to the 

activated receptor complex is a critical step in canonical NF-κB activation. Current dogma 

postulates that TAK1 must be in close proximity to its kinase target IKKβ in order for IKKβ 

activation and subsequent NF-κB activation [48]. The IKK complex is directed to receptor 

complex containing activated TAK1 by NEMO’s strong affinity for specific polyubiquitin 

chains that are highly enriched at the receptor complex. This recruitment is thought to 

require NEMO binding to polyubiquitinated RIP1 and/or NEMO binding to other 
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polyubiquitinated NEMO molecules [49,53,57]. However, most of the work characterizing 

these interactions has been performed by biochemical analysis. How these events are 

organized in situ remains poorly understood. Here, we provided evidence that NEMO 

reorganizes into distinct, cell surface-associated TNF-bound receptor complexes. These foci 

are distributed roughly equally throughout the cell surface, are generally homogenous in 

size, and the number of NEMO foci increases in a TNF dose-dependent manner. TNF 

immunofluorescence revealed that TNF ligand also forms foci, and this signal was similar in 

size to NEMO foci. Together, these results suggest that activated TNF receptor clusters and 

forms a complex that is also associated with a cluster of NEMO molecules.

While we were in the process of characterizing TNF-induced NEMO foci, another group 

published a paper describing proinflammatory cytokine-induced NEMO-IKK activation 

structures (Tarantino et al. 2014). Their work demonstrated that NEMO forms TNF-induced 

NEMO structures, and that these structures colocalize with labeled TNF ligand and 

phospho-IKK. This finding indicates that the formation of TNF-induced NEMO structures is 

associated with IKK activation. In their report, detection of TNF-induced NEMO foci 

required saponin permeabilization to purge the cytoplasm of unanchored NEMO prior to 

fixation. Further, the development of custom image-processing algorithms in ImageJ to 

reduce background noise, calibrate detection filters, and segment foci and nuclei were 

implemented to quantify NEMO structures. In contrast, we were able to detect and quantify 

NEMO foci in situ without cell permeabilization by saponin prior to fixation, image 

processing to reduce noise, or custom ImageJ algorithms. Quantification of NEMO foci was 

accomplished using only the ImageJ process “Find Maxima….” Thus, our work provides a 

basic method for the detection and quantification of TNF-inducible NEMO foci that is 

accessible to any lab equipped only with a widefield epifluorescent microscope.

Despite these differences in TNF-induced foci visualization, the results of our 

characterization were strikingly similar to those of Tarantino et al. We observed rapid 

induction of NEMO structures in TNF-treated RPE cells by NEMO immunofluorescence, 

with NEMO foci easily detected four minutes after TNF treatment, with peak foci formation 

at 8 minutes, followed by a decline in foci number by 12 minutes. Similarly, Tarantino et al. 

also observed rapid induction of NEMO foci, with peak foci formation roughly 7 minutes 

after TNF-stimulation of WT U2-OS cells [64]. Using 10 ng/ml TNF, our peak NEMO foci 

value at 8 minutes was roughly 45 NEMO foci per RPE nuclei in the same field, similar to 

their peak value with the same TNF dose of approximately 45 NEMO foci per U2-OS cell. 

NEMO foci we observed in RPE cells were generally uniform in distribution and size 

(roughly 250–500 nm), also consistent with their report. We were both able to visualize 

TNF-induced endogenous NEMO foci by NEMO immunofluorescence and using exogenous 

GFP-fused NEMO, indicating these foci are not an antibody artifact, such as a TNF-induced 

change in NEMO epitope availability. Further, since we observed endogenous NEMO foci 

formation in different cell systems, these results are likely not a cell type artifact. Finally, 

GFP-NEMOY308S and GFP-NEMOΔZF mutants defective in polyubiquitin binding failed 

to form these TNF-induced NEMO foci. Thus, our results are consistent with the current 

ubiquitin-based NEMO recruitment model for explaining IKK activation in canonical NF-

κB signaling [49,53,57].
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WA induces a relatively small portion of NEMO to the centrosome (Figure 7A), as similar 

levels of cytoplasmic NEMO are observed in WA treated cells and untreated cells. 

Therefore, it is unlikely that NEMO foci formation is inhibited directly by the sequestration 

of NEMO to the centrosome. There are a few other reports of IKK/NEMO at the 

centrosome. IKKα, but not IKKβ, has been shown to regulate the cell cycle through 

association with Aurora A at the centrosome [65]. IKK/NEMO complex binds to 

polyubiquitinated human T cell leukemia virus type 1 (HTLV-1) Tax (Tax1) viral 

transactivator at the centrosome, driving constitutive NF-κB activation [66,67]. Presently, it 

is unclear why WA induces centrosomal NEMO, though we hypothesize that it might be 

related to a change in NEMO’s ability to bind ubiquitin.

While our data strongly suggests that WA disrupts NF-κB signaling through disruption of 

TNF- and IL-1-induced NEMO foci, the mechanism of disruption is not clearly defined. One 

likely mechanism involves polyubiquitin chains that serve as critical scaffolds during NF-κB 

signaling. One hypothesis is that WA could be disrupting the formation of such 

polyubiquitin chains while an alternative hypothesis is that WA is affecting the ability for 

NEMO to interact with signaling induced polyubiquitin chains. We did not find inhibition of 

TNF-induced RIP1 ubiquitination in WA treated cells. Thus, further study is required to 

define precise mechanism of inhibition of NEMO foci formation by WA treatment, and if 

this mechanism is relevant to other stimulators, such as genotoxic agents that do not 

generally rely on cell surface receptor-mediated IKK activation.

Although WA inhibits NEMO foci formation and downstream NF-κB inhibition, it is 

important to note that WA is not specific to NEMO. WA is also a reported inhibitor of the 

proteasome, so although it inhibits NEMO foci formation and thus IKK activation, it also 

likely inhibits NF-κB downstream from IKK activation, e.g., proteasome-mediated IκBα 

degradation, depending on the amount of drug used [68–71]. Further, WA has been shown 

to affect other factors unrelated to NF-κB signaling, such as inhibiting vascular endothelial 

growth factor (VEGF) and covalent binding to vimentin, and thus inhibiting angiogenesis 

and epithelial-mesenchymal transition, among its well-documented anti-cancer properties 

[72–77]. Though WA might not be suitable to selectively target cytokine-induced NEMO 

foci formation, it provides a proof-of-principle that a small cell-permeable molecule can be 

used to target NF-κB activation at the level of NEMO recruitment to receptor complex. 

Considering the central role of NF-κB in tumorigenesis, aging, cell survival, autoimmunity, 

inflammatory pathologies, and various other pathologies, these findings could lead to new 

tools to combat human disease.
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Highlights

- Withaferin A, a NF-κB inhibitor, disrupts signaling-induced NEMO 

localization, a novel point of NF-κB inhibition

- NEMO can be localized to distinct signaling foci after treatment with TNF

- ABC-type DLCBL cells can be sensitized to apoptosis after treatment with 

Withaferin A

Jackson et al. Page 19

Exp Cell Res. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1. Withaferin A inhibits canonical and DNA damage induced NF-κB signaling in a 
variety of cell types
(A) HEK293 cells were treated with etoposide (VP-16) at 10 µM for 120 minutes or TNF at 

10 ng/ml for 30 minutes. Cells were pre-treated with the indicated dose of WA for 30 

minutes prior to stimulation with TNF or VP-16. NF-κB activity was measured by EMSA

(B) NF-κB Luciferase assay performed in HEK293 cells, with and without 5 µM WA pre-

treatment. Luciferase readings were normalized to β-gal activity.

(C) SCC-1483 cells were irradiated with 20 Gy of ionizing radiation after 30 minutes of pre-

treatment with the indicated dose of WA.

(D) RPE cells were pre-treated with WA and treated with TNF. Cells were stained for p65 

(red).
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Figure 2. Withaferin A induces apoptosis of ABC-DLBCL cells
(A) NF-κB activity in the ABC DLBCL cell lines OCI-Ly10 and HBL1, both of which 

harbor the MYD88 L265P mutation, were treated with WA for 3 hours at the time indicated, 

as measured by EMSA.

(B) Flow cytometry analysis of WA-induced apoptosis by measuring Annexin V and 

propidium iodide were 2 days after treatment. The percentage of apoptotic cells is shown.

(C,D) Cell viability of ABC and GCL DLBCL cell lines as measured by trypan blue 

exclusion assay. Data of time and dose course experiments are shown. Bars represent mean 

± SD (N = 3).
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Figure 3. NF-κB inhibition by Withaferin A is upstream of IKK phosphorylation, but 
downstream of TAK1 activation
(A) HEK293 cells were treated with TNF at 10 ng/ml and pre-treated with WA at the dose 

indicated 30 minutes prior to TNF treatment. Cells were lysed and assayed by western blot.

(B) HEK293 cells were treated with 5 µM WA or 10 ng/ml TNF at the time course 

indicated. Cells were lysed and immunoblotted as indicated.

(C) IKK in vitro kinase assay. HEK293 cells were pre-treated with WA for 30 minutes and 

treated as indicated. Cells were lysed and the IKK complex was immunoprecipitated using 

an α-NEMO antibody. Kinase activity was measured using GST-IκBα substrate and 

quantified by phosphorimager.
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Figure 4. Withaferin A does not disrupt NEMO-IKK complex
(A/B) HEK293 cells (A) or 70Z/3 cells (B) were treated for 30 minutes with the indicated 

dose of WA. Cells were lysed in the continued presence of the indicated dose of WA and 

subjected to NEMO immunoprecipitation.

(C) NEMO deficient 1.3E2 cells were stably reconstituted with 6× Myc NEMO wild-type or 

6× Myc tagged NEMO. Cells were pre-treated with DMSO or WA for 30 minutes (dose 

indicated) and treated with LPS for 30 minutes (10 ng/µl). Cells were harvested and NF-κB 

activity was measured by EMSA.

(D) NEMO deficient 1.3E2 cells were stably reconstituted with untagged NEMO wild-type, 

NEMO E89/99A, or NEMO 5A (E89A, F92A, L93A, M94A, F97A) and treated with VP-16 

for 120 minutes (10 µM), LPS for 30 minutes (10 ng/µl), or LPS after 30 minute WA pre-tx 

(10 ng/µl and 3 µM, respectively) as indicated. NF-κB activity was measured via EMSA.
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Figure 5. In situ detection and quantification of TNF-induced NEMO structures
(A) NEMO immunofluorescence in WT RPE cells. Cells were either untreated (NT) or 

treated with 10 ng/ml TNF for 4, 8, 12, 16 or 20 minutes before fixation. Each image is a 

merge of NEMO immunofluorescence and Hoechst nuclear stain. Size bar represents 10 µm.

(B) NEMO immunofluorescence in WT RPE cells. Cells were either untreated (NT) or 

treated with 10, 20, 40, or 60 ng/ml TNF for 8 minutes before fixation. Each image is a 

merge of NEMO immunofluorescence and Hoechst nuclear stain. Size bar represents 10 µm.
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(C) The number of NEMO foci per nuclei in the same field were plotted for the TNF time 

course in (A) (mean + SD). N = 10 random 600× images for all time points.

(D) The number of NEMO foci per nuclei in the same field were plotted for the TNF dose 

course in (B) (mean + SD). N = 10 random 600× images for untreated and all TNF doses. * 

= P < 0.01 versus untreated.
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Figure 6. TNF-induced NEMO structures colocalize with TNF and require NEMO residue Y308, 
but not IKKα/β
(A) GFP-NEMO and TNF immunofluorescence in reconstituted NEMO-null MEFs. Stably 

reconstituted GFP-NEMO MEFs were either untreated (NT) or treated with 40 ng/ml TNF 

(TNF). From left to right, GFP-NEMO and Hoechst merge, TNF immunofluorescence with 

Hoechst merge, and a merge of GFP-NEMO, TNF, and Hoechst channels. Size bars 

represent 10 µm.
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(B) Fluorescent microscopy of stably expressed GFP-NEMO and GFP-NEMOY308S RPE 

cells. Cells were either untreated (NT) or treated with 20 ng/ml TNF. Each image is a merge 

of the GFP channel with the Hoechst channel. Size bar represents 10 µm.

(C) Fluorescent microscopy of NEMO-null MEFs reconstituted with GFP-NEMO or GFP-

NEMOY308S. Cells were either untreated (NT) or treated with 20 ng/ml TNF for 8 minutes. 

Each image is a merge of the GFP channel with the Hoechst channel. Size bar represents 10 

µm.

(D) Fluorescent microscopy of NEMO-null MEFs reconstituted with GFP-NEMO or GFP-

NEMOΔZF. Cells were either untreated (NT) or treated with 10 ng/ml TNF for 8 minutes. 

Each image is a merge of the GFP channel with the Hoechst channel. Size bar represents 10 

µm.

(E) NEMO immunofluorescence in IKKα/β-null MEFs. Cells were either untreated (NT) or 

treated with 10 ng/ml IL-1 (IL-1) or 40 ng/ml TNF (TNF). Each image is a merge of NEMO 

immunofluorescence with the Hoechst channel. Size bar represents 10 µm.
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Figure 7. Withaferin A blocks the formation of TNF-induced NEMO structures
(A) Immunofluorescence for NEMO and γ-tubulin in WT RPE cells. Cells were either 

untreated or treated with 10 µM WA for 30 minutes. From left to right, NEMO 

immunofluorescence and Hoechst merge, γ-tubulin immunofluorescence with Hoechst 

merge, and a merge of NEMO and γ-tubulin immunofluorescence with Hoechst. Size bars 

represent 10 µm.

(B) Immunofluorescence for NEMO in WT RPE cells following WA pre-treatment and 

subsequent TNF stimulation. Cells were either untreated (NT), treated with 10 µM WA for 
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38 minutes (WA), treated with 10 ng/ml TNF for 8 minutes (TNF), or pre-treated with 10 

µM WA for 30 minutes then treated with 10 ng/ml TNF for 8 minutes (WA + TNF). Each 

image is a merge of NEMO immunofluorescence with the Hoechst channel. Size bar 

represents 10 µm.

(C) The number of NEMO foci per nuclei in the same field was quantified and plotted for 

the NEMO immunofluorescence in (C) (mean + SD). N = 10 random 600× images per 

treatment.

(D) HEK293 cells were treated with 10ng/ml of TNF for 7.5 minutes and/or pre-treated with 

5 uM WA for 30 minutes. Cells were lysed and immunoblotted with anti-RIP1 antibody.

(E) Immunofluorescence for NEMO in IKKα/β-null MEFs following WA pre-treatment and 

subsequent IL-1 or TNF stimulation. Cells were either untreated (NT), treated with 10 µM 

WA for 38 minutes (WA), treated with 20 ng/ml IL-1 or 20 ng/ml TNF for 8 minutes (TNF), 

or pre-treated with 10 µM WA for 30 minutes then treated with 20 ng/ml IL-1 or 20 ng/ml 

TNF for 8 minutes (WA + TNF). Each image is a merge of NEMO immunofluorescence 

with the Hoechst channel. Size bar represents 10 µm.

(F) The number of NEMO foci per nuclei in the same field was quantified and plotted for 

the NEMO immunofluorescence in (C) (mean + SD). N = 10 random 600× images per 

treatment.
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