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ABSTRACT 
A great variety of signaling pathways regulating 
inflammation, cell development and cell survival require NF-
κB transcription factors, which are normally inactive due to 
binding to inhibitors, such as IκBα. The canonical activation 
pathway of NF-κB is initiated by phosphorylation of the 
inhibitor by an IκB kinase (IKK) complex triggering 
ubiquitination of IκB molecules by SCF-type E3-ligase 
complexes and rapid degradation by 26S-proteasomes. The 
ubiquitination machinery is regulated by the COP9 
signalosome (CSN). We show that IκB kinases interact with 
the CSN-complex, as well as the SCF-ubiquitination 
machinery, providing an explanation for the rapid signaling-
induced ubiquitination and degradation of IκBα. 
Furthermore, we reveal that IKK’s phosphorylate not only 
IκBα, but also the CSN-subunit Csn5/JAB1 and that IKK2 
influences ubiquitination of Csn5/JAB1. Our observations 
imply that the CSN complex acts as an inhibitor of 
constitutive NF-κB activity in non-activated cells. Knock-
down of Csn5/JAB1 clearly enhanced basal NF-κB activity 
and improved cell survival under stress. The inhibitory effect 
of Csn5/JAB1 requires a functional MPN+ metalloprotease 
domain, which is responsible for cleaving ubiquitin-like 
Nedd8-modifications. Upon activation of cells with TNFα, 
the CSN complex dissociates from IKK’s allowing full and 
rapid activation of the NF-κB pathway by the concerted 
action of interacting protein complexes.  
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INTRODUCTION 
NF-κB, a key transcription factor for many cellular processes, 
is activated by a wide variety of signaling pathways, which 
converge at the level of the IκB kinase (IKK) complex, a 700-
900 kD protein complex responsible for the phosphorylation 
of inhibitory IκB molecules on two nearby serine-residues 
[1]. This phosphorylation induces rapid and efficient poly-
ubiquitination of IκB by SCF-type E3 ligases and subsequent 
degradation by 26S proteasomes often within a few minutes 
[2-7]. It was our aim to identify molecular mechanisms 
explaining this rapid ubiquitination and degradation based on 
a search for interaction partners of the IKK-complex. The 
SCF-complex responsible for poly-ubiquitination of IκB after 
phosphorylation by IKK’s comprises Skp1, Cullin-1 and a β-
transducin repeat containing protein (βTrCP) as substrate-
specific F-box protein [8,9]. The ubiquitination activity of the 
SCFβTrCP complex was shown to be upregulated by covalent 
attachment of Nedd8, a ubiquitin-like molecule, to the Cullin-
moiety of SCF [10]. This so called neddylation apparently 
represents a general mechanism of SCF regulation [11] and is 
controlled by a protein complex designated as COP9-
signalosome (constitutive photomorphogenesis signalosome, 
CSN), which is highly conserved from plants to humans. The 
CSN complex consists of eight proteins with homologies to 
subunits of the 19S proteasome regulator and was reported to 
regulate the degradation of various signaling molecules [12-
16]. CSN mediates the cleavage of Nedd8-residues from SCF 
complexes [17,18] and leads to an inhibition of ubiquitination 
reactions in vitro as well as a destabilization of SCF, which is 
in line with the reported requirement of Nedd8-conjugation 
for the activity of SCF complexes. However, genetic studies 
revealed that CSN is actually required for sustained SCF 
activity in vivo (for review see [12]). This apparent 
inconsistency, which was termed the CSN paradox is 
currently explained by a working model postulating that 
subsequent cycles of neddylation and deneddylation, resulting 
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in assembly and disassembly of SCF complexes, are 
important for the overall functionality of the ubiquitination 
machinery and the “reloading” of SCF complexes with fresh, 
non-ubiquitinated components. Auto-ubiquitination represents 
a mechanism of SCF-self-inactivation and this process has to 
be counteracted by de-ubiquitination processes involving 
accessory proteins, as well as by deneddylation reactions 
controlling the disassembly and reloading of SCF [12,19,20]. 
The deneddylation activity of the CSN complex could be 
attributed to the subunit Csn5 [12,18], also named JAB1 (for 
c-Jun activation domain binding protein-1 [21]). It could be 
shown that the Nedd8-cleaving activity depends on a 
metalloprotease domain within JAB1/Csn5, which is also 
capable of driving de-ubiquitination reactions [22], therefore 
allowing two distinct pathways of interference with the SCF 
complex. Interestingly, JAB1 can also occur in a small 
complex different from CSN (JAB1 containing small 
complex, JACS [23,24]), which is involved in cell cycle 
regulation and anchorage-dependent signal transduction. 
Whether and how this complex is functionally related to the 
CSN complex is currently not clarified. 
It was reported that CSN can associate not only with SCF 
complexes but also with proteasomes [25,26] indicating that 
the functional correlation between ubiquitination and 
proteasomal degradation is also supported by direct molecular 
associations. These protein-super complexes might be 
regulated by mutual enzymatic activities. Interestingly, 
purified fractions of the CSN signalosome contain kinase 
activity, phosphorylating IκB molecules, c-Jun and p53 
[27,28]. It was reported that casein kinase II and protein 
kinase D are associated with the CSN complex [29], as well 
as inositol 1,3,4-trisphosphate 5/6-kinase [30]. Our search for 
interaction partners of IKK2 revealed that components of the 
CSN signalosome, as well as the SCF complex, interact with 
IKK2 – and thereby identify IKK2 as another CSN-associated 
kinase. Based on this observation, we show that mutual 
regulatory mechanisms exist between the NF-κB signaling 
pathway and the ubiquitination-proteasome system including 
the CSN complex. A similar, but distinct cross-talk between 
the NF-κB pathway and the CSN-signalosome was recently 
reported by Schweitzer et al. [31]. In this report, it was 
postulated that a CSN-associated deubiquitinylase (USP15) 
causes a deubiquitination of IκBα representing a negative 
feedback mechanism of IκBα degradation and NF-κB 
activation. Our results are in line with a negative regulatory 
role of the CSN complex in NF-κB activation and identify 
Csn5/JAB1 and its metalloprotease domain as important 
constituent of the negative regulatory mechanism. Taken 
together, these findings imply that the CSN complex 
interferes at least in two different ways with the 
ubiquitination and degradation of IκBα. Studies on the role of 
Csn5/JAB1 in Drosophila support a model, in which CSN5 
acts as a negative regulator of the constitutive NF-κB 

pathway, although it does not block signal induced activation 
[32]. 
   
MATERIALS AND METHODS 
Constructs and primers. The yeast 2-hybrid construct for 
IKK2 was cloned as described [33], as well as flag-tagged 
IKK2 [34]. Additional 2-hybrid vectors coding for all CSN 
subunits are described in [35] and the expression vector for 
His-ubiquitin (pMT107) was a gift of M. Treier [36]. PCR-
cloning of myc-tagged expression vectors was done with 5’-
EcoR I and 3’-Xho I sites and pcDNA3-myc (a gift from Jan 
Karlseder, generated by integrating a myc-tag into pcDNA3 
from Invitrogen). The following primers were used:  
Csn3: (CCG CGA ATT CTG ACA CAG CTT TGT GAA 
CTG ATC AAC AAG-forward; CGT GAC TCG AGC TCA 
AGA ATA ACT GGA TGG TTT GTTT CC -reverse); Csn4 
(GCT GGA ATT CGC AGC GGC TCT CAT AAA GAT 
CTG GCT GG- forward; GAT AAG CTC GAG GTC ACT 
GAG CCA TCT GGG CTT CCA TG -reverse);  
Csn5/JAB1 (TAA TGA ATT CTG GCG GCG TCC GGG 
AGC GGT ATG -forward; GGC GCT CGA GAT TAA GAG 
ATG TTA ATT TGA TTA AAC AGT TTA TCC TT-
reverse); the MPN-domain of JAB1 (TAA TGA ATT CTG 
GCG GCG TCC GGG AGC GGT ATG -forward; GAT GCT 
CGA GAT TAT GGG TAT GTC CTA AAG GCG CCA -
reverse) and Rpn5 (GTT AGA ATT CTG GCG GAC GGC 
GGC TCG GAG -forward; CAC CCT CGA GCT TAT TGT 
AGA TTA TGT ATC ATC TCC TC- reverse).  
JAB1-mutations in the MPN-domain were generated by a 2-
step PCR-strategy. 1st step: two overlapping JAB1 gene 
fragments were generated by two PCR reactions using a) 
JAB1-fw primer (TAA TGA ATT CTG GCG GCG TCC 
GGG AGC GGT ATG) and JAB1-HH-rev (CAT AGC CAG 
GGG CGC TAG CAT ACC ACC CGA TTG) and b) JAB1-
rw: GGC GCT CGA GAT TAA GAG ATG TTA ATT TGA 
TTA AAC AGT TTA TCC TT with JAB1-HH-fw: CAA 
TCG GGT GGT ATG CTA GCG CCC CTG GCT ATG. 
Fragments were separated by TAE-gel-electrophoresis and 
eluted from the gel. 2nd step: both fragments were mixed and 
single strands were filled up by Pfu-polymerase by seven 
cycles of PCR. Then JAB1-fw primer: TAA TGA ATT CTG 
GCG GCG TCC GGG AGC GGT ATG and JAB1-rw: GGC 
GCT CGA GAT TAA GAG ATG TTA ATT TGA TTA AAC 
AGT TTA TCC TT were added and full-length JAB1 
containing point mutation was amplified by further 25 PCR 
cycles. Mutated full-length JAB1 was separated by TAE-gel-
electrophoresis and eluted from the gel, digested by EcoR1 
and Xho1 and inserted into a pcDNA3-myc vector. By that 
means the MPN domain HSHPGYGCWLSGID (important 
amino acids in bold) has been mutated into 
ASAPGYGCWLSGID (mutated amino acids bold and 
underlined) resulting in the JAB1-HH/AA mutant. An 
additional JAB1 mutant was generated in the same way using 
appropriate mutation primers (fw: GGC TGC TGG CTT GCT 
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GGG ATT GCT GTT AGT; rev: GAG TAC TAA CAG CAA 
TCC CAG CAA GCC AGC) to mutate the other two amino 
acids (S and D) into alanine (A), resulting in the mutated 
sequence ASAPGYGCWLAGIA (JAB1-MPN mutant). The 
gene suppression construct for JAB1 was generated by 
inserting TCG AGG CAG GAA GCT CAG AGT ATC GTT 
CAA GAG ACG ATA CTC TGA GCT TCC TGC TTT TT-
fw and CTA GAA AAA GCA GGA AGC TCA GAG TAT 
CGT CTC TTG AAC GAT ACT CTG AGC TTC CTG CC-
rev into IMG-700 (Imgenex). The gene suppression construct 
for IKK2 (si-IKK2) was generated by inserting the sequence 
AAGCTCTTTACCCTACCCCAA and the reverse 
complementary sequence, linked by a spacer 
(TTCAAGAGA) into the pSUPERretro vector (Oligoengine 
Inc., Seattle, USA). A dominant negative, kinase deficient 
IKK2 mutant (IKK2mut) was created by site-specific 
mutagenesis changing lysine K44 into methionine. A 
constitutive active IKK2 mutant (IKK2ca) was generated by 
mutating serines S177 and S181 of the activation loop to 
glutamic acid, which by its negative charge mimics a 
phosphorylation and thus activation. 
Cell culture and transfections. 293 cells were cultured as 
described [37] and transfected with Lipofectamine-Plus™ 
(Invitrogen) [38] or with calcium/DNA-precipitates [39]. 
Analysis of transiently transfected cells was generally done 1 
d after transfection. TNFα was added to cells at a 
concentration of 50 ng/ml to activate IKK2 and the NF-κB 
pathway. MG132 was added to some samples at a 
concentration of 50 µmol/L to block proteasome activity. 
Stable myc-JAB1 cells were generated by selection with 
G418 (500 µg/ml). JAB1-knockdown cells were selected by 
co-transfection of the suppression construct with a Neomycin-
resistance containing plasmid and selection with G418.  
Yeast 2-hybrid assays. Yeast 2-hybrid screening was 
performed as described [33] except that mating of yeast was 
used to combine the bait with a pretransformed library from 
human liver (3 x 106 independent clones, BD Clontech). 5.9 
million transformants were obtained and plated on SD-Leu-
Trp-Ade selection plates followed by transfer of positive 
clones to high stringency selection plates (SD-Leu-Trp-Ade-
His + 25 mmol/L 3-aminotriazole). Library inserts were 
amplified by PCR from yeast colonies and sequenced. 
Unspecific binding of preys to the Gal4BD of the bait vector 
was excluded by retransformation of yeast with the library 
insert and either empty or IKK2-containing pAS2-1 vector. 
Subsequently all eight CSN subunits as described in [35] 
were tested for interaction with the IKK2 bait.  
Co-immunoprecipitations and immune-blots. Protein 
interactions were verified for mammalian cells (293 cells) by 
co-immunoprecipitation studies either after transient 
transfection with tagged constructs or after precipitation of 
endogenous proteins with appropriate antibodies. In the first 
case, flag-tagged IKK2 was transfected either alone or in 
combination with myc-tagged interaction candidates (Csn3 – 

Csn5) followed by precipitation with flag-M2-affinity matrix 
(Sigma) and immunoblotting with anti-myc antibodies (clone 
9E10, Oncogene Science) and anti-flag (Sigma). Verification 
of the interaction between the endogenous IKK-complex and 
the CSN signalosome was achieved by immunoprecipitation 
of the IKK-complex with anti-IKK2 beads (as described in 
[33]) followed by Western blot with anti-JAB1-antibodies 
(Santa Cruz, sc-9074) – or by precipitation of the CSN 
complex with anti-Csn7 obtained from W. Dubiel 
(precipitating the whole complex – W. Dubiel, personal 
communication) followed by immunodetection of JAB1 and 
IKK2 (with anti-IKK2, IMG-129 from Imgenex). The 
interaction between IKK- and SCF-complexes was shown by 
immunoprecipitation of IKK-complexes with anti-IKK2 and 
anti-NEMO antibodies (from Santa Cruz) and 
immunodetection of endogenous Cul-1 and βTrCP2 (HOS) 
antibodies (from Labvision-Neomarker and Santa Cruz, 
respectively). Ubiquitination of JAB1 was assessed by co-
transfection of His-tagged ubiquitin and flag-JAB1, 
immunoprecipitation of JAB1 and detection of ubiquitin-
chains with anti-His antibodies (Sigma, H-1029). The 
turnover of endogenous JAB1 and IKK2 was measured in the 
presence and absence of TNFα (50 ng/ml) after timed 
addition of cycloheximide (50 µg/ml) to HUVEC cells, 
immunoblot analysis of JAB1 or IKK2 levels and 
quantification of the specific chemiluminescence with 
LumiImager equipment (Roche). Loading controls for 
immunoblots were performed with anti-actin-antibodies 
(Santa Cruz, sc-1616). 
FRET microscopy was done with the 3-Filter method [40] 
on a Zeiss Axiovert135 microscope equipped with filter sets 
for ECFP, EYFP and the raw FRET signal (CFP excitation 
and YFP emission) using a 63x oil immersion objective. 
Images were taken with a cooled CCD camera (Coolsnap, 
Photometrics, USA) and processed with the ImageJ plug-in 
PixFRET as described in [41]. 
Kinase assays were done essentially as in [2] using either 
wildtype or K44M-mutant IKK2 with recombinant GST-
IκBα (described in [33], c-Jun, p53 (Biomol, Hamburg, 
Germany) or co-expressed/co-precipitated flag-JAB1 as 
substrates.  
Reporter gene assays were done by transfection of a firefly 
luciferase reporter construct with five NF-κB binding sites 
(Stratagene) and a normalization construct for constitutive 
expression of β-Galacotosidase (pUB6/V5-His/lacZ, 
Invitrogen). The reporter enzyme activities were measured 
with a luciferase reporter substrate (Promega, Mannheim, 
Germany) on a 96-well luminometer in triplicates.  
Apoptosis Assays. Apoptotic cells were stained with Annexin 
V-FITC and propidium iodide (BD Pharmingen) and 
determined by flow analysis. 
Ubiquitination assays were performed according to [42] 
with slight modifications. Briefly, 293 cells were transfected 
with pMT107 his-ubiquitin expression vector (from Dirk 
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Bohman) in presence of the appropriate expression plasmids. 
Cells were left untreated or treated with 50µM MG132 for 4 
hours as indicated in the figure legends. Cells were scraped 
off the dish and resuspended in 1ml ice cold PBS. 50µl of the 
cell suspension were separated for later whole cell protein 
control. The remaining cells were lysed in 1ml Buffer A (6 M 
guanidine-HCl, 0.1 M Na2HPO4/NaH2PO4,10 mM imidazole,  
pH 8.0). Subsequently, the lysed cells were sonicated using 
small tip sonicator (maximum microtip limit; 4 pulses of 3 
second each). After addition of 50µl equilibrated (50%) Ni-
NTA-agarose, samples were incubated at room temperature 
for 3 hours. The resin was rinsed twice in Buffer A and twice 
in Buffer A/TI (1 volume Buffer A, 3 volumes TI Buffer [25 
mM Tris.Cl, pH 6.8; 20 mM imidazole, adjust pH to 6.8.]). 
Finally, the resin was washed with TI Buffer, dissolved in 
50µl 2xSDS-loading dye/ 10mM imidazole and boiled for 
10min. Ni-NTA purified proteins and whole cell extracts 
were analyzed by Western blotting for the respective tags 
(myc or flag). 
Electrophoretic mobility shift assays (EMSA’s) were 
performed as described in [33]. 
Sequence alignments of Csn subunits to determine amino 
acid similarities and consensus positions were done with 
VectorNTI (Invitrogen) using the default settings.  
Statistics: All data presented in the manuscript are 
representative of several independent experiments.  

RESULTS 
IKK complexes interact with CSN- and SCF-complexes. 
Searching for proteins interacting with IKK2 using a yeast 
two-hybrid screen (as described in [33]) and a human liver 
library, we identified the CSN subunits Csn5 and Csn7 as 
potential interaction partners of IKK2. Further testing of all 
CSN-subunits (described in [35]), revealed that Csn3, Csn4, 
Csn5/JAB1 and Csn7 interact with IKK2 in the yeast system 
indicating that IKK2 might associate not only with a single 
component of the CSN signalosome but with the complex in 
its functional entity (Fig. 1A). Sequence alignment of the 
subunits Csn3, Csn4, Csn5 and Csn7 shows 61% consensus 
positions, whereas a comparison of all eight subunits reveals a 
value of just 19% indicating distinct amino acid similarities 
between the CSN subunits that interact with IKK2. Three of 
these molecular interactions could be verified in mammalian 
cells by ectopic expression of flag-tagged IKK2 together with 
myc-tagged Csn3, Csn4 or Csn5/JAB1, followed by 
immunoprecipitation with anti-flag beads and 
immunoblotting against the myc-tag (Fig. 1B, C and D).  
 
 
 
 
 
 

 
 
Figure 1: IKK complexes interact with CSN- and SCF-complexes. A, Interaction of IKK2 with CSN subunits in the yeast two-hybrid system. The 
original yeast 2-hybrid screen identified Csn5 and Csn7 from a human liver library as interaction partners of the IKK2-bait. Testing all CSN subunits 
revealed interaction of IKK2 with Csn3, Csn4, Csn5 and Csn7. Shown is the growth of yeast colonies on quadruple-selection medium (minus Leu, Trp, 
Ade, His). B, C, D, Co-immunoprecipitation of flag-tagged IKK2 with myc-tagged JAB1/Csn5 (B), Csn4 (C) and Csn3 (D) after transient transfections of 
expression constructs in 293 cells as indicated in the headers. Anti-myc (upper panels) and anti-flag (lower panels) Western Blots of anti-flag 
immunoprecipitates (IP) and extracts are shown.  
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Next, we aimed at identifying the localization of the 
interaction between IKK2 and Csn5/JAB1 by means of 
fluorescence resonance energy transfer (FRET) microscopy. 
CFP-tagged IKK2 was co-expressed with YFP-tagged JAB1 
and compared to negative and positive FRET controls.  
Furthermore, this approach was also applied to test, whether 
just part of JAB1 is capable of interacting with IKK2. The 
results clearly showed that IKK2 interacts with JAB1 in the 
cytosol and that the N-terminal half of JAB1 is sufficient for 
the interaction (Fig. 2).  
 
 

 
 
We also tested whether other components of the IKK 
complex interact with JAB1 or other proteins of the CSN 
complex. We found that IKK1 interacts with JAB1/Csn5 and 
that NEMO/IKKγ - the third molecular component of the IKK 
complex, associates with Csn3 (Suppl. Fig. 1). The later 
observation is in line with a previous report showing an 
interaction between ectopically expressed IKKγ and Csn3 
[43], an interaction which has not been studied functionally in 
more detail. The multitude of interactions that we identified in 
the various co-immunoprecipitation experiments obviously 
indicates a functional link between the IKK-complex and the 
CSN signalosome. Most importantly, we could confirm the 
interaction between these two protein-complexes for 
physiological protein levels in non-transfected cells. 
Immunoprecipitation of the whole IKK-complex from 
untreated 293 cells clearly co-precipitated endogenous 
Csn5/JAB1 (Fig. 3A). However, as this cannot rule out an 
interaction of IKK-molecules with monomeric JAB1 or with 
the small JAB1-containing complex JACS [23,24], we also 
checked whether IKK2 can be co-precipitated with the CSN-
signalosome under conditions that pull down the entire CSN-

complex. This could be achieved by CSN-immuno-
precipitation with anti-Csn7 antibodies that precipitate the 
whole complex (W. Dubiel, personal communication) and 
detection of IKK2, as well as JAB1/Csn5 in the 
immunoprecipitate (Fig. 3B). As Csn7 is not present in the 
smaller JAB1 containing complex (termed JACS), these data 
clearly indicate that IKK molecules interact with CSN. It has 
been reported that the CSN complex can form a super-
complex with SCF-type E3-ligases and proteasomes [26]. 
This report and our observation that IKK-complexes are 
associated with CSN – the regulator of SCF-type E3-ligases, 
prompted us to test, whether the SCFβTrCP-ubiquitination 
machinery for IκBα has also the capability of interacting with 
IKK molecules. For answering this question, we performed 
immunoprecipitation of endogenous IKK-complexes using 
antibodies against IKK2 and NEMO followed by Western 
blot analysis of SCF-components. Cullin-1 could be clearly 
detected in the immunoprecipitate. Furthermore, also βTrCP 
– the substrate specific F-box protein of the SCF complex 
binding phosphorylated IκBα was found (Fig. 3C).  
 
 

 
As expected, we could also detect an interaction between 
JAB1/Csn5 and the SCF-component Cul-1 in co-
immunoprecipitation experiments (Suppl. Fig. 2).  
Taken together, our observations indicate the occurrence of 
multiple protein interactions between IKK-complexes, SCF-
type E3-ligases and CSN signalosomes. While just part of the 
complexes might be associated with each other under the in 
vitro conditions of co-immunoprecipitations, the observed 
mutual interactions suggest the possibility of a concerted 
process of inducible phosphorylation and ubiquitination of 
IκB molecules, with the latter reaction being regulated by the 

 
 
Figure 2: FRET microscopy reveals interaction between IKK2 and 
JAB1/Csn5 in the cytosol. 293 cells were transfected with CFP and YFP 
separately (neg. control, CFP / YFP), a fusion protein of CFP and YFP (pos. 
control, CFP-YFP fusion), CFP-IKK2 in combination with either YFP-
tagged full-length JAB1 (CFP-IKK2, YFP-JAB1) or YFP-tagged JAB1 N-
terminal domain comprising the first 166 amino acids (CFP-IKK2, YFP-
JAB1NT). Images were acquired with CFP-, YFP and raw-FRET filter sets 
and a pseudo-colored corrected FRET image (FRETc) was calculated using 
ImageJ with the plug-in PixFRET [41]. 
 
 

 
Figure 3: Interaction of endogenous JAB1/Csn5 with IKK2 in 293 cells. A, 
Immunoprecipitation of the IKK-complex was carried out with anti-IKK2 
antibodies (IKK) or an unrelated control antibody (con) as indicated in the 
header followed by immunoblot detection of IKK2 (upper panel) and JAB1 
(lower panel) in immunoprecipitates (IP) and extracts as indicated. B, 
Immunoprecipitation of the endogenous CSN complex with anti-Csn7 
antibodies (Csn7) or unrelated control antibodies (con) followed by 
immunoblot detection of IKK2 (upper panel) and JAB1/Csn5 (lower panel). C, 
Interaction of endogenous IKK-complexes with SCF-complexes. Cell extracts 
were subject to immunoprecipitation (IP) with anti-IKK2 and anti-NEMO 
antibodies (+) or unrelated control antibodies (-) followed by immunoblotting 
(IB) with anti-IKK2, Cullin-1 and βTrCP antibodies as indicated. 
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CSN complex. It is evident that not all of these interactions 
have to occur simultaneously for a functional cooperativity , 
or in other words that the various interaction partners do not 
necessarily form a stable entity – but that the multiple mutual 
affinities provide a basis for rapid and collaborative 
enzymatic reactions. Furthermore, the affinities between the 
signaling molecules and protein complexes generate a 
signaling network with a high potential of mutual regulatory 
processes.  
 
 
JAB1/Csn5 acts as negative regulator of NF-κB signaling.  
After identifying the interactions between the IKK complex, 
the SCFβTrCP-ubiquitination machinery and the CSN complex, 
we raised the question, whether they have a role in regulating 
NF-κB activity. Based on a report indicating that full 
ubiquitination activity of SCFβTrCP complexes requires a 
Nedd8-modification of Cullin-1 [10] and reports that CSN 
acts as a deneddylase of SCF-complexes with JAB1/Csn5 as 
the active component, we assumed that CSN might represent 
a negative regulator of IκBα ubiquitination in the context of 
the IKK/SCF-complex. This notion was supported by reporter 
gene assays for NF-κB activity, which revealed that ectopic 
expression of JAB1 significantly reduces basal NF-κB 
activity, while suppression of endogenous JAB1 by RNA 
interference leads to a prominent upregulation (Fig. 4A). 
Control experiments with a non-targeting siRNA sequence 
verified the specificity of the gene suppression effect and 
proved that the vector backbone of the ectopic expression 
vector did not have any unspecific effect (Suppl. Fig. 3). The 
influence of JAB1 on NF-κB activity was furthermore shown 
by electrophoretic mobility shift assays (Suppl. Fig. 4) and by 
monitoring IκBα degradation in stable transfectants after 
addition of TNFα (Suppl. Fig. 5). Inhibition of basal NF-κB 
activity by overexpression of JAB1 was dependent on a 
functional proteolytic motif within JAB1 (the MPN+ 
domain), since point mutations in this region essential for 
deneddylase activity, eliminated the inhibitory effect (Fig. 
4A, 4th column). The important role of the proteolytic MPN+ 
domain of JAB1 was further strengthened by the observation 
that the JAB1 variant with the mutated MPN-domain could 
not interact with Cullin-1 (Fig. 4B). Testing the impact of 
ectopic expression of JAB1 on p53 activity revealed the 
opposite effect as compared to NF-κB activity in line with a 
counteractive role of these two transcription factors [44] (data 
not shown).  
  

 
 
Figure 4: Effect of JAB1/Csn5 on NF-κB signaling. A, NF-κB reporter gene 
assays after knock-down of JAB1 by RNA-interference (siJAB1) or after 
ectopic expression of wildtype JAB1 or mutant JAB1 (JAB1-MPN mutant). 
Basal NF-κB activity is shown as mean values ± SD from triplicates. The right 
panel shows the efficacy of the siRNA construct for knock-down of the 
endogenous, as well as ectopically expressed JAB1 as compared to a 
scrambled control-siRNA (si-con.). B, Cullin-1 does not interact with a JAB1-
variant comprising a mutation in the proteolytic MPN+ domain responsible for 
deneddylation and de-ubiquitination activity. Flag-tagged Cullin-1 (Flag-Cul1) 
was coexpressed with myc-JAB1, or mutant myc-JAB1 (JAB1-MPN mutant) 
in 293 cells followed by anti-flag immunoprecipitation and immunoblot (IB) 
analysis of the myc-tag and Cullin-1 in immunoprecipitates (IP). The asterisk 
represents an unspecific band. C, Reporter gene assay as in (A) including 
transfection with flag-IKK2 in the absence or presence of TNFα (50 ng/ml) 
for 6 hours.  
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Interestingly, inhibition of constitutive NF-κB activity by 
ectopic expression of JAB1 did not block a subsequent partial 
NF-κB-activation by TNFα (Fig. 4C). The effects observed 
after ectopic expression or gene suppression of JAB1 on NF-
κB activity in reporter gene assays implies a potential role of 
JAB1/CSN in regulating biological processes downstream of 
NF-κB such as cell survival under stress. We tested this 
possibility by measuring the degree of apoptosis in stable 
transfectants after serum withdrawal or treatment with TNFα. 
Stable JAB1 knock-down cells were protected from apoptosis 
induced by these treatments suggesting that the higher 
constitutive NF-κB activity that is observed after gene 
suppression of JAB1 improves cell survival under stress (Fig. 
5A).  
 

 

 
In transient transfection experiments, co-expression of IKK2 
with JAB1 had a similar apoptosis-protecting effect as gene 
suppression of JAB1 (Fig. 5B). This indicates that an excess 
of IKK2 blocks the NF-κB inhibiting and pro-apoptotic effect 
of Csn5/JAB1 presumably via self-activation of IKK2 due to 
enforced expression. Another possible explanation is that 
IKK2 leads to enhanced degradation of JAB1 (as shown in 
Fig. 9E and Suppl. Fig 7), which would then reduce its pro-
apoptotic effect. Interestingly, ectopic expression of JAB1 did 
not significantly increase apoptosis after addition of TNFα, 
presumably because it cannot fully block TNFα-mediated 
NF-κB activation (see also Fig. 4C). Although apoptosis 
might be regulated by other factors than NF-κB, it is well 
known that this transcription factor has a crucial role for cell 
survival by upregulating anti-apoptotic genes and by 
counteracting p53 via induction of the p53-destabilizing 
molecule Mdm2 or competition for transcriptional cofactors 
[44].  
Taken together, these observations suggest an important role 
of the IKK/SCF/CSN-axis for the regulation of apoptosis via 
NF-κB – and they indicate a biological role of JAB1/CSN as 
negative regulator of constitutive NF-κB activity and cell 
survival under stress.  
 
The IKK/CSN interaction affects phosphorylation and 
ubiquitination processes.  
The observed interaction between IKK2 and JAB1/Csn5 
prompted us to test whether JAB1 can serve as substrate of 
IKK2. To this end, we performed in vitro kinase assays after 
co-immunoprecipitation of IKK2 and JAB1, which clearly 
demonstrated phosphorylation of JAB1 by IKK2 (Fig. 6A). 
Immunoprecipitated IKK2 was also capable of 
phosphorylating c-Jun, a known substrate of the originally 
postulated CSN-associated kinase [27], while we could not 
detect significant phosphorylation of p53 (Fig. 6B) - another 
substrate of a CSN-associated kinase. This supports the 
notion that different kinases can associate with the CSN 
complex. Interestingly, JAB1 could be phosphorylated not 
only by IKK2, but also by IKK1 as kinase (Fig. 6C). In vivo, 
the interaction between JAB1 and IKK2 or IKK1 caused a 
strikingly increased autophosphorylation of the respective 
IKK molecule (Fig. 6D and 6E) pointing at a bidirectional 
regulation. These data suggested that IKK-dependent 
phosphorylation of JAB1 might represent a regulatory 
mechanism for the association of IKK-molecules, the CSN 
complex and the ubiquitination machinery. This view was 
supported by the observation that JAB1/CSN dissociates from 
IKK2 rapidly after activation of the IKK-complex by TNFα 
(Fig. 7).  

 
Figure 5: Effect of JAB1/Csn5 on apoptosis. A, Stable JAB1 
knock-down cells (siJAB1) are protected from apoptosis induced 
by serum-withdrawal (24 h) or TNFα (50 ng/ml). The percentage of 
apoptotic cells was determined by flow cytometry staining with 
FITC-Annexin V. Data are mean values of triplicates; error bars 
reflect SD. B, Apoptosis assay as in (A) after ectopic expression of 
the constructs indicated.  
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Figure 6: Phosphorylation events in the IKK-CSN-complex. A, Phosphorylation of Csn5/JAB1 by IKK2. Wildtype or mutant flag-IKK2 and flag-
JAB1 were co-expressed in 293 cells, followed by immunoprecipitation with anti-flag beads and kinase assays as well as immunoblot analysis (IB: 
anti-flag) of IKK2 and JAB1 expression. B, Phosphorylation of c-Jun and IκBα by IKK2. Flag-tagged wildtype (wt) or mutant (mut) IKK2 was 
expressed in 293 cells, immunoprecipitated by anti-flag beads and kinase assays were performed as described in the Methods section using 
recombinant c-Jun, p53 (both from Biomol International Inc.) or GST-IκBα as substrates. A distinct phosphorylated band is visible for IκBα and a 
weaker band for c-Jun. C, Phosphorylation of Csn5/JAB1 by IKK1. 293 cells were transiently transfected with flag-tagged IKK1 and JAB1. MG132 
was added to some samples to prevent proteasomal degradation. Anti-flag immunoprecipitates of cell extracts were subject to kinase assays and 
immunoblots (IB) against the flag-tag. JAB1-phosphorylation is most prominently visible in presence of MG132. D, Auto-phosphorylation of IKK2 is 
enhanced by ectopically expressed JAB1. Flag-tagged wildtype or mutant IKK2 was coexpressed with flag-JAB1. Extracts were prepared 1 d after 
transfection and immunoblots were done for phospho-IKK2 (P-IKK2), flag and JAB1 as indicated. E, Auto-phosphorylation of IKK1 is enhanced by 
ectopically expressed JAB1. Flag-tagged IKK1 and JAB1 were coexpressed and analyzed as in (D). MG132 was added in one sample to block 
proteasomal degradation.  
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Figure 7: Dissociation of the IKK/CSN complex after TNFα administration. A, Activation of the NF-κB pathway with TNFα leads to rapid 
dissociation of JAB1 from IKK2. 293 cells were transfected with flag-IKK2 and myc-JAB1 as indicated. 1 d after transfection TNFα was 
added for different periods of time, followed by rapid cold extraction and immunoprecipitation with anti-flag-beads and Western Blot analysis 
of myc-JAB1 and flag-IKK2 as indicated.  B, JAB1 does not dissociate from a kinase-inactive IKK2 mutant (flag-IKK2-mut). The experiment 
was performed as in (A). C, Quantification of the specific JAB1 immunoblot bands shown in A (JAB1/IKK2wt) and B (JAB1/IKK2mut). D, 
Dissociation of endogenous JAB1 and thus the CSN complex from the IKK-complex after addition of TNFα. Non-transfected 293 cells were 
treated with TNFα followed by rapid extraction at the indicated time points. Endogenous IKK-complexes were immunoprecipitated with anti- 
IKK2 antibodies and immunoprecipitates (IP) as well as extracts were analyzed by Western Blot for endogenous JAB1.. E, Quantification of 
the JAB1 band visible in (D).  
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Addition of TNFα to cells transfected with flag-tagged IKK2 
and myc-tagged JAB1 followed by immunoprecipitation of 
the IKK2/JAB1 complex after different time points revealed a 
distinct dissociation of the complex within 10 to 20 min, 
when maximal activity of IKK2 is reached [3] (as also shown 
by kinetics of IκBα degradation in Suppl. Fig. 6). The amount 
of JAB1 co-precipitated with IKK2 decreased significantly, 
while precipitated IKK2, as well as total JAB1 in the extracts 
remained constant (Fig. 7A and C). When JAB1 was co-
transfected with a mutant IKK2 lacking kinase activity, 
addition of TNFα did not result in a decrease of JAB1 co-
precipitated with IKK2 indicating that TNF-mediated 
dissociation of JAB1 and IKK2 requires the kinase activity of 
IKK2 (Fig. 7B and 7C). As with ectopically expressed 
wildtype IKK2 and JAB1, a clear dissociation was also 
observed for endogenous protein levels of non-transfected 
cells (Fig. 7D and E). These results are in line with our 
observation that ectopically expressed JAB1 cannot block 
TNFα-induced NF-κB activity in reporter gene assays (Fig. 
4C) and they substantiate a model in which JAB1/CSN is a 
negative regulator of the SCF-ubiquitination activity that has 
to be released from the IKK/SCF-complex to achieve 
maximal ubiquitination and degradation of IκBα. This release 
might be triggered by the observed phosphorylation of 
Csn5/JAB1 by IKK2. Since phosphorylation of IκBα by 
IKK2 after TNFα-induced IKK2-activation initiates 
subsequent ubiquitination, we tested whether JAB1 is 
ubiquitinated as well in a TNFα-dependent manner. Using co-
expression of His-tagged ubiquitin with flag-tagged JAB1 or 
IKK2, followed by anti-flag immunoprecipitation and 
Western blot detection of ubiquitin, we could clearly 
demonstrate ubiquitination of JAB1, which was enhanced by 
TNFα (Fig. 8A). In the presence of the proteasome inhibitor 
MG132 we observed an accumulation of ubiquitinated JAB1 
indicating that ubiquitinated JAB1 is degraded by 
proteasomes. Using flag-tagged IKK2 instead of JAB1 in 
combination with His-tagged ubiquitin revealed poly-
ubiquitination of IKK2, which was just visible in the presence 
of the proteasome inhibitor MG132. However, this poly-
ubiquitination was not enhanced by TNFα (Fig. 8A). Since 
TNFα triggers IKK2 activity, we next asked, whether 
ubiquitination of JAB1 depends on IKK2. To that end, we co-
transfected JAB1 with wildtype IKK2 and His-tagged 
ubiquitin in absence or presence of MG132, followed by 
precipitation of His-tagged ubiquitin with NiNTA-resin and 
detection of JAB1 by Western Blotting. NiNTA-precipitation 
was performed in presence of the chaotropic agent guanidine 
hydrochloride, which prevents co-precipitation of non-
covalently linked proteins. The subsequent immunoblot 
clearly revealed poly-ubiquitinated JAB1 (Fig. 8B). 
Moreover, poly-ubiquitination was enhanced in presence of 
IKK2, which was most clearly visible when proteasomal 
degradation was blocked by MG132. This finding was further 
strengthened by an additional experiment including mutant 
IKK2 lacking kinase activity (K44M mutant) and constitutive 
active IKK2 (S177E, S181E mutant). The constitutive active 
IKK2 strongly enhanced poly-ubiquitination of JAB1, 
whereas the kinase deficient IKK2 mutant clearly reduced 
JAB1 ubiquitination (Fig. 8C). 

  
 
Figure 8: Ubiquitination of JAB1. A, His-tagged ubiquitin was co-transfected 
with flag-JAB1 or flag-IKK2 as indicated followed by immunoprecipitation 
with anti-flag-beads and immunoblotting with anti-His- or anti-flag tag 
antibodies. A higher amount of ubiquitinated JAB1 or IKK2 was detected when 
the proteasome inhibitor MG132 was added. TNFα treatment (30 min, 50 
ng/ml) resulted in increased ubiquitination.  B, ubiquitination of JAB1 was 
assessed after transfection with His-tagged ubiquitin and flag-tagged JAB1 in 
presence or absence of myc-tagged IKK2 and MG132. His-Ubiquitinated 
proteins were purified by NiNTA-resin under chaotropic conditions (including 
guanidine-HCl as described in the Methods section), preventing co-
precipitation of non-covalently linked proteins. Bound His-ubiquitinated 
proteins were washed, followed by SDS-PAGE and Western blotting with anti-
flag antibodies. C, ubiquitination of JAB1 was analyzed as in (A) with either 
wildtype IKK2 (flag-IKK2wt), kinase-deficient IKK2 mutant (flag-IKK2mut) 
or constitutive active IKK2 (HA-IKK2ca). Western blotting was carried out 
against the myc-tag of JAB1 
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Figure 9: Degradation of JAB1. A, Degradation of endogenous JAB1 is accelerated after treatment with TNFα as assessed by immunoblotting of 293 cell 
extracts prepared after timed addition of cycloheximide. B, Quantification of the JAB1 band shown in (A). C, Enhanced degradation of ectopically expressed JAB1 
but not IKK2 after addition of TNFα. Myc-tagged JAB1 was expressed in 293 cells and protein neo-synthesis was blocked for different time periods by addition 
of cycloheximide. TNFα (50 ng/ml) was added to one part of the samples. Cell extracts were analyzed by immunoblotting for IKK2 and myc-JAB1. D, 
Quantification of the Western Blot bands shown in (C). E, degradation of myc-JAB1 in presence of either wildtype IKK2 (flag-IKK2wt) or kinase-deficient 
mutant IKK2 (flag-IKK2mut) after blocking protein synthesis for different time periods with cycloheximide (CHX).  F, quantification of the myc-JAB1 bands 
shown in (E).  
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The role of IKK2 for ubiquitination of JAB1 was furthermore 
supported by experiments using siRNA to suppress 
endogenous IKK2 (Suppl. Fig. 7). We conclude that the poly-
ubiquitination of JAB1 is triggered by IKK2 presumably via 
IKK2-mediated phosphorylation, as this process requires an 
active kinase domain of IKK2. 
In order to study whether the TNFα-induced and IKK2-
dependent poly-ubiquitination of JAB1 results in a reduced 
halflife of the protein, we performed experiments in the 
presence of cycloheximide to block protein synthesis and to 
monitor protein turnover. This indicated that TNFα enhanced 
the degradation of endogenous JAB1 (Fig. 9A and B). 
Performing the experiment with ectopically expressed JAB1 
revealed a similar result of enhanced degradation of JAB1 but 
not IKK2 after addition of TNFα (Fig. 9C and D). Next we 
wanted to answer the question, whether the regulation of the 
half-life of JAB1 involves IKK2 as TNFα-activated kinase.  
To answer this question, we transfected 293 cells with myc-
tagged JAB1 in combination with either wildtype or kinase-
deficient mutant IKK2 followed by addition of cycloheximide 
to block protein synthesis. Cell extracts were prepared after 
different time points and the level of JAB1 quantified by 
immunoblotting. While JAB1 decreased readily in presence 
of wildtype IKK2, it remained stable in presence of the 
kinase-deficient mutant IKK2 (Fig. 9E and F).  
 
 
DISCUSSION 
 
The first characterization of the CSN complex in human cells 
showed that it is associated with a kinase activity 
phosphorylating IκBα and p105-NF-κB molecules, as well as 
c-Jun [27]. However, a direct association of IKK2 with the 
CSN complex has not been shown so far, and other kinases, 
such as casein kinase II, protein kinase D and inositol 1,3,4-
trisphosphate 5/6-kinase have been postulated to be 
associated with the CSN complex [29,30]. We have evidence 
that IKK2 represents another CSN associated kinase, which is 
furthermore associating with the SCFβTrCP E3 ligase 
ubiquitinating IκB molecules. An earlier hint for a potential 
physiological interaction between the IKK- and the CSN-
complex was provided by a report showing that 
NEMO/IKKγ interacts with the CSN subunit Csn3 [43]. 
However, this interaction, which was identified in the yeast 
two-hybrid system, was not verified for endogenous, 
physiological protein levels and thus not for entire IKK- and 
CSN protein-complexes. Our findings that IKK2 interacts 
with at least three of the eight CSN components, Csn3, Csn4, 
and Csn5, leads us to the assumption that IKK2 associates 
with the whole CSN complex. This is further substantiated by 
immunoprecipitation experiments of endogenous IKK-
signalosomes or CSN-complexes, which clearly show co-
precipitation of components of the other complex. The CSN-
complex is an important regulator of SCF-type E3-ligases and 

thus interacts with SCF-complexes. However, this regulation 
is intricate and still not completely understood. CSN inhibits 
SCF-ubiquitination activity in vitro by deneddylating and de-
stabilizing SCF, while it is required for sustained activity of 
SCF-complexes in vivo. This is currently explained by a 
model, in which CSN mediates disassembly of SCF 
complexes containing inactive, auto-ubiquitinated 
components, such as F-box proteins, thereby allowing re-
assembly and loading with new, active subunits [12,20,45]. 
The results of our experiments suggest the CSN complex as a 
negative regulator of NF-κB activation.  Gene suppression of 
the CSN subunit JAB1/Csn5 augmented constitutive NF-κB 
activity, while ectopic expression of JAB1 reduced it. This is 
in line with a study of Csn5 function in Drosophila [32], 
where the authors showed that Csn5 null mutants had a 
constitutive nuclear localization of the NF-κB orthologue 
Dorsal although its activity was repressed by accumulated 
Cactus (the Drosophila IκB orthologue). The authors also 
showed an elevated basal NF-κB activity in human 293T cells 
after shRNA-mediated suppression of Csn5, while TNF-
mediated activation was not significantly influenced, which is 
in line with our observations. It has to be noted though that 
the effect of Csn5/JAB1 on NF-κB seems to depend on the 
cell type and cellular context, as loss of JAB1 was also 
reported to reduce NF-κB activity, e.g. in thymocytes [46] or 
synovial fibroblasts of rheumatoid arthritis patients [47]. In 
our hands, mutation of the proteolytic MPN+ domain, which 
is capable of cleaving Nedd8 and perhaps also other 
ubiquitin- or ubiquitin-like moieties [22], prevented the NF-
κB suppressive effect of JAB1, indicating that it acts either 
via deneddylation of the SCF-complex or via de-
ubiquitination e.g. of IκBα or other molecules involved in the 
regulation of NF-κB. A similar but  apparently different 
mechanism of a CSN-controlled deubiquitination of IκBα 
was recently postulated to be mediated by the CSN-associated 
deubiquitinase USP15 [31]. However, since knock down of 
endogenous JAB1/Csn5 increased basal activity of NF-κB in 
our experiments, and since mutation of the MPN+ domain of 
JAB1 prevented its inhibitory effect, we assume an important 
role of JAB1 itself in this regulatory process.  
Taken together, our observations point at functionally 
important interactions between IKK-, SCF- and CSN-
complexes. The tendency of the complexes involved in 
phosphorylation, ubiquitination and degradation of IκBα to 
interact with each other would explain the fast and efficient 
degradation of IκBα within a few minutes after activation of 
cells by TNFα. In this model, CSN acts as negative regulator 
of constitutive NF-κB activity, inhibiting constitutive SCF-
mediated degradation of IκBα that might be triggered by a 
low basal activity of IKK2. Upon activation of the TNFα-
signaling pathway, IKK2 is fully activated, phosphorylating 
not only IκB molecules but also JAB1/Csn5 and probably 
other components of the protein complexes involved. As a 
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result, CSN dissociates from the super-complex, allowing 
rapid ubiquitination and degradation of IκBα and release of 
NF-κB. In addition to IκBα also JAB1 is poly-ubiquitinated 
dependent on IKK2 and degraded by proteasomes although 
with slower kinetics. Signal-induced association processes are 
certainly important for several steps of the NF-κB activation 
pathway such as recruitment of adapter proteins to cell 
surface receptors or activation of signaling kinases due to 
association with adapter proteins [44]. Our observations 
indicate that also dissociation events comprising negative 
regulators might have an important role in fine tuning basal 
and induced NF-κB activity. Our data of molecular 
interactions between the IKK-complex, the SCF-
ubiquitination machinery and CSN as a negative regulator 
provide a plausible explanation for the rapid and efficient 
degradation of IκBα in the course of TNFα-mediated NF-κB 
activation. Furthermore our concept of a functional super-
complex between IKK’s and the ubiquitination system would 
also account for the multifaceted mutual regulation that is 
found between the molecular machines that are responsible 
for phosphorylation, ubiquitination and degradation. It is 
evident that such a functional super-complex should not be 
seen as a rigid entity with a permanent association of the sub-
components, but rather as a dynamic molecular machine 
subject to dissociation and re-assembly events and complex 
regulatory processes. The complexity of this system is also 
reflected by the diversity of roles that JAB1 or the CSN 
signalosome seem to have in a variety of diseases such as 

rheumatoid arthritis [47], inflammatory disorders in general 
[48] atherosclerosis [49] or neurodegenerative diseases [50]. 
Moreover, JAB1 alone or in combination with the CSN 
complex have been reported to exert diverse functions in 
various forms of cancer, where they are involved in the 
degradation or stabilization of effector molecules such as 
oncogenes, tumor suppressor genes or cell cycle regulators 
[51]. The crosstalk of the JAB1/CSN-system with the 
IKK/NF-κB pathway that we describe in this study adds 
another level of complexity and brings in additional aspects 
of mutual regulation. 
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SUPPLEMENTARY FIGURES 
 

 
 
Supplementary Figure 1: 
Interaction of IKK1 with JAB1/Csn5 and of NEMO with Csn3. 
293 cells were transfected with expression constructs as indicated in 
the header followed by immunoprecipitation (IP: anti-flag) and 
immunoblots (IB) analysis of flag- and myc-tags in 
immunoprecipitates and extracts. 
 
 
 
 
 
 
 
 
Supplementary Figure 2:  
Interaction between JAB1/Csn5 and Cullin-1: flag-tagged JAB1 
and/or myc-tagged Cul-1 were transiently transfected in 293 cells 
followed by anti-flag immunoprecipitation and immunoblot (IB) 
analysis of flag- and myc-tagged proteins in immunoprecipitates 
(IP) and extracts.  
 
 
 
 
 
 
 

 
Supplementary Figure 3:  
control experiments for vector backbones and specificity of the siRNA. A, 
293 cells were transfected with myc-JAB1 in combination with the siRNA 
construct against JAB1 (si-JAB1), a control siRNA construct with non-targeting 
sequence (si-scrambled), the empty expression vector construct (pcDNA3.1) or 
the empty siRNA vector (si-vector). Myc-JAB1 expression was assessed by 
immunoblotting. B, the effect of the JAB1-targeting siRNA construct (si-JAB1) 
on expression of endogenous JAB1 was compared to that of a non-targeting 
siRNA control (si-scrambled) and control extracts.  
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Supplementary Figure 4: electrophoretic mobility shift assay (EMSA) showing the effect of JAB1 on NF-κB binding activity. 293 cells 
were transfected with JAB1 expression or suppression constructs as indicated and compared to cells transfected with p65 NF-κB. EMSA was 
performed as described in [33]. One lane was loaded with p65-transfected extracts containing a 50-fold molar excess of the non-labeled NF-κB 
binding oligo-nucleotide as competitor (p65 + comp.). B, Quantification of the specific NF-κB bands shown in (A). 
 

 
 
 
 
 
Supplementary Figure 5:  
IκBα degradation in stable myc-JAB1 and siJAB1 transfectants. Stable 293 
transfectants of myc-JAB1 and siJAB1 were generated by G418 selection of clones as 
described in the Methods section. TNFα (50 ng/ml) was added and cells were extracted 
after different time points, followed by immunoblot analysis of IκBα degradation. The film 
is overexposed with respect to lanes 1 and 2 (0 and 10 min TNFα) so to monitor the 
difference in IκBα degradation between 20 and 40 min after TNF addition.  
 
 
 
 

 
Supplementary Figure 6:  
Kinetics of IκBα degradation as readout for the fast activation of IKK2 
following TNFα treatment. 293 cells were treated for different periods of time 
with TNFα, followed by rapid cell extraction and Western blot analysis of IκBα. 
Degradation is already clearly visible at 10 min, indicating fast activation of the 
upstream kinase IKK2 by TNFα.  
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Supplementary Figure 7:  
JAB1 protein levels and ubiquitination are affected by IKK2.  
A, 293 cells were transfected with flag- JAB1 and HA-tagged ubiquitin in 
combination with flag-IKK2 or gene suppression of IKK2 (si-IKK2). 
Extracts were subjected to immunoprecipitation with anti-flag beads, 
followed by SDS-PAGE and immunoblotting against flag and HA-tags. B, 
quantification of flag-JAB1 levels (control refers to lane 2 of A). C, poly-
ubiquitination of JAB1 was quantified by analyzing the HA-Ubi bands 
shown in (A) and normalization to total flag-JAB1.   
 


