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the inflammation regulating transcription factor NFκB and the tumor-suppressing transcription factor p53 can act as 
functional antagonists. Chronic inflammation (NFκB activity) may contribute to the development of cancer through the 
inhibition of p53 function, while, conversely, p53 activity may dampen inflammation. Here we report that the e3 ubiquitin 
ligase MDM2, whose gene is transcriptionally activated by both NFκB and p53, can bind and inhibit the p65rela subunit 
of NFκB. the interaction is mediated through the N-terminal and the acidic/zinc finger domains of MDM2 on the one 
hand and through the N-terminal rel homology domain of p65rela on the other hand. Co-expression of MDM2 and 
p65rela caused ubiquitination of the latter in the nucleus, and this modification was dependent of a functional MDM2 
rING domain. Conversely, inhibition of endogenous MDM2 by small-molecule inhibitors or sirNa significantly reduced 
the ubiquitination of ectopic and endogenous p65rela. MDM2 was able to equip p65rela with mutated ubiquitin moi-
eties capable of multiple monoubiquitination but incapable of polyubiquitination; moreover, MDM2 failed to destabilize 
p65rela detectably, suggesting that the ubiquitin modification of p65rela by MDM2 was mostly regulatory rather than 
stability-determining. MDM2 inhibited the NFκB-mediated transactivation of a reporter gene and the binding of NFκB to 
its DNa binding motif in vitro. Finally, knockdown of endogenous MDM2 increased the activity of endogenous NFκB as a 

transactivator. thus, MDM2 can act as a direct negative regulator of NFκB by binding and inhibiting p65rela.
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Introduction

The dimeric transcription factor nuclear factor kappa B (NFκB) 
is activated by various danger signals to orchestrate the immune 
response and to control the survival, proliferation, and differen-
tiation of cells.1 In the canonical NFκB pathway in resting cells, 
stress receptors stimulate NFκB kinase (IKK) to phosphorylate 
the inhibitors of NFκB (IkBs), typically IkBα, which is then 
ubiquitinated and degraded through the proteasome to liberate 
NFκB from cytoplasmic sequestration.1,2 Nuclear NFκB regu-
lates a plethora of genes until newly translated IkBα shuttles 
NFκB back to the cytoplasm or until NFκB is ubiquitinated and 
degraded.3,4 The canonical transactivating NFκB is a heterodi-
mer consisting of p65RelA and p50. p65RelA is regulated by 
posttranslational modifications, including ubiquitination which 
may reduce its DNA binding capacity and stability.5,6 The E3 

ubiquitin ligases PDLIM2 and SOCS1/COMMD1 are known 
as p65RelA-modifying enzymes.7-9

In contrast to NFκB, the homotetrameric transcription fac-
tor and tumor suppressor p53 is activated mostly by endogenous 
stresses such as DNA damage and the inappropriate activity 
of oncogenes, usually resulting in cell senescence or apoptosis 
through the stimulation of genes, including the p21Waf/Cip1 
cell cycle arrest gene and the pro-apoptotic PUMA gene.10 p53’s 
activity in cells is limited by the multifunctional, mono- or 
oligomeric, nuclear and partly cytoplasmic E3 ubiquitin ligase 
MDM2.11-13 MDM2, whose gene is transactivated by p53, acts 
as a central negative regulator of p53 at basically three levels: the 
ubiquitin-marking for degradation of p53, the export of p53 from 
the nucleus, and the direct transcriptional repression of promot-
ers recognized by p53.14-19
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Recent intriguing discoveries document functional antago-
nism of NFκB and p53 in at least some settings.20,21 For example, 
while NFκB typically transactivates pro-proliferative and anti-
apoptotic genes, p53 often transactivates anti-proliferative and 
pro-apoptotic genes.22 Moreover, NFκB and p53 engage in recip-
rocal negative regulation, i.e., NFκB activity can suppress p53 
response and vice versa.23-26 The underlying mechanisms include 
competition for limiting cofactors, such as p300,27-29 IKK-
mediated degradation of p53,30 and the functional antagonism 
of products of NFκB- and p53-responsive genes.31 First hints 
that MDM2 may also have a role in this reciprocal interaction 
included the observation that both NFκB and p53 transactivate 
the MDM2 gene,32-34 and that MDM2, in turn, stimulates the 
p65RelA promoter and increases p53 expression by interacting 
with p53’s mRNA.35,36 Altogether, in contrast to the inhibition 
of p53 by NFκB, the mechanisms underlying the inhibition of 
NFκB by p53 are less well defined. Here we show that MDM2 
can bind to p65RelA and inhibit its function.

Results

MDM2 binds NFκB subunit p65RelA
A previous search for proteins that associate with the RING-
type E3 ubiquitin ligase MDM2 had indicated subunit p65RelA 
of the heterodimeric transcription factor NFκB as a potential 
binding partner. To confirm the interaction, initially GST pull-
down assays were performed with full-length MDM2 fused 
N-terminally to GST as the bait, and with in vitro-translated 
35S-labeled full-length p65RelA as the prey. While GST alone 
failed to retain p65RelA, GST-MDM2 bound and coprecipitated 

it (Fig. 1A). Next we studied the interaction of the two proteins in 
vivo. For this purpose, human H1299 lung adenocarcinoma cells 
deficient for p53 were transfected to express combinations of plas-
mids producing p65RelA and MDM2. p53-deficient cells were 
chosen because p53 can transactivate the endogenous MDM2 
gene and can bind to both MDM2 and p65RelA.11-13,28,37 At 24 
h after transfection, cell lysates were incubated with monoclonal 
anti-p65RelA, anti-MDM2, or irrelevant antibody and standard 
immunoprecipitates were analyzed by western blotting. As sum-
marized in Figure 1B (left panel), anti-p65RelA antibody pre-
cipitated p65RelA and coprecipitated ectopic MDM2, whereas 
irrelevant antibody did not. Conversely, precipitation of ectopic 
MDM2 coprecipitated p65RelA (Fig. 1B, right panel). Moreover, 
a fraction of the endogenous MDM2 present in human p53-defi-
cient HCT116 colon adenocarcinoma cells coprecipitated with 
endogenous p65RelA (Fig. 1C). Finally, to obtain information 
on the interaction domains, full-length p65RelA or N-terminal 
and C-terminal fragments of p65RelA, each with a Flag-tag, 
were cotransfected with full-length MDM2, and coprecipitation 
of MDM2 with Flag-p65RelA was studied. Figure 2A shows 
that the N-terminal 310 aa residues of Flag-p65RelA containing 
the Rel homology domain (RHD) bound strongly to MDM2, 
whereas the C-terminal half of the protein (aa 311–550) contain-
ing the two transactivation domains failed to bind. In accord 
with previous observations,38 the C terminus of p65RelA was 
less well expressed than the N terminus in vivo. To identify the 
MDM2 domain that contacts p65RelA, full-length MDM2 or 
fragments of MDM2 were coexpressed with p65RelA, and copre-
cipitations were again analyzed by western blotting. p65RelA 
efficiently coprecipitated full-length MDM2 protein as well as 

Figure 1. MDM2 binds p65rela in vitro and in vivo. (A) GSt pulldown assay. In vitro -translated, 35S-labeled p65rela is retained by bacterially expressed 
GSt-MDM2 but not GSt alone. the lower panel shows the expression of the GSt proteins in bacteria. one-tenth of the labeled p65rela was used as input 
control. (B) Coimmunoprecipitation of transfected proteins. Human H1299 cell cultures were transfected with expression plasmids producing p65rela 
(p65; 4 μg) and/or MDM2 (4 μg). at 24 h after transfection, cells were permeabilized and the extracts were incubated with the indicated polyclonal (p65) 
or monoclonal (MDM2) antibodies to immunoprecipitate p65 (left panel) or MDM2 (right panel). Immunoprecipitation (IP) samples, co-immunoprecip-
itation (Co-IP) samples, and total cell lysates (tCL) were probed by western immunoblotting with antibodies directed against p65, MDM2, and β-actin. 
IgG was an irrelevant control antibody. (C) Co-immunoprecipitation of endogenous proteins. Human HCt116 p53−/− cell cultures were treated with tNFα 
(20 ng/ml) for 2 h prior to permeabilization. endogenous p65rela (p65) was precipitated with anti-p65 polyclonal antibody. Immunoprecipitation (IP) 
samples, co-immunoprecipitation (Co-IP) samples, and total cell lysates (tCL) were probed by western immunoblotting with the indicated antibodies. 
IgG was an irrelevant control antibody.
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MDM2 fragment 6–339 containing the 
N-terminal p53-binding domain and 
the central acidic and zinc finger (A/Z) 
domains. In contrast, p65RelA copre-
cipitated MDM2 delta222–325 lacking 
the A/Z domains much weaker than 
full-length MDM2 or MDM2 6–339 
(Fig. 2B). The C terminus, including 
the RING domain of MDM2, was dis-
pensable for the binding of p65RelA. 
Thus, p65RelA associates with the A/Z 
domains and the N terminus of MDM2. 
MDM2 mutant D68A that is defective 
for the efficient binding of p53 readily 
bound p65RelA (not shown). Combined, 
these data indicate that the N-terminal 
Rel homology domain of NFκB subunit 
p65RelA binds to the central acidic and 
zinc finger domains, and to the N termi-
nus, of MDM2.

MDM2 ubiquitinates p65RelA
MDM2 functions as a RING-type 
ubiquitin ligase to a large number of 
cellular proteins, among them p53. 
Immunofluorescence microscopy of cell 
cultures transfected with Flag-p65RelA 
and HA-MDM2 showed that ectopic 
Flag-p65RelA is localized in the cyto-
plasm as well as in the cell nucleus, 
whereas ectopic HA-MDM2 is pre-
dominantly nuclear (Fig. 3A). To begin 
to investigate if MDM2 can ubiqui-
tinate p65RelA, plasmids expressing 
Flag-p65RelA, MDM2, and HA-tagged 
ubiquitin were cotransfected. Flag-p65RelA was immunoprecipi-
tated from cell extracts prepared under denaturing conditions, as 
reported previously,39 in order to avoid detecting ubiquitinated 
coprecipitating proteins instead of ubiquitinated Flag-p65RelA. 
HA-ubiquitinated Flag-p65RelA was detected by western immu-
noblotting. The results document that a fraction of Flag-p65RelA 
was ubiquitinated in the presence of ectopic MDM2, and that this 
ubiquitination was dependent of the level of transfected MDM2 
(Fig. 3B, lanes 2–5). RING domain mutant G448S/C449A of 
MDM2 known to be defective for ubiquitination bound to Flag-
p65RelA as efficiently as wild-type MDM2 (Fig. 3C) but failed 
to ubiquitinate Flag-p65RelA above background (Fig. 3B, com-
pare lanes 2, 7 and 8), suggesting that ubiquitination was direct 
and not secondary, i.e., through another MDM2-interacting 
ubiquitin ligase. Preparation of cytoplasmic and nuclear fractions 
from cell cultures transfected with different combinations of 
Flag-p65RelA- and MDM2-expression plasmids indicated that 
the ubiquitination of Flag-p65RelA by MDM2 was taking place 
in the nucleus (Fig. 4A), the compartment where both ectopic 
proteins primarily localized. Note that MDM2 was expressed 
in Figure 4A, lane 4 because Flag-p65RelA transactivated the 
endogenous MDM2 gene.

Ubiquitination of transfected p65RelA by transfected MDM2 
seemed to preferentially cause an increase in the signal inten-
sity of individual slow migrating bands indicative of multiple 
lysine monoubiquitination (see, for example, Fig. 3B). Multiple 
monoubiquitination of proteins is well known to regulate pro-
tein function rather than degradation through the 26S protea-
some, whereas the formation of polyubiquitin chains with more 
than four ubiquitin molecules covalently linked to lysine 48 of 
ubiquitin seems to constitute the major signal for proteasomal 
protein degradation.40 To test whether MDM2 can monoubiq-
uitinate p65RelA, cells were transfected with combinations of 
plasmids producing p65RelA, MDM2, and either a wild-type 
HA-ubiquitin or a HA-ubiquitin incapacitated for polyubiq-
uitination due to a K48R mutation. MDM2 was able to link 
HA-ubiquitin-K48R to p65RelA as efficiently as HA-ubiquitin 
wild-type (Fig. 4B). Since it was known that ubiquitin residues 
K29 and K63, in addition to K48, may be employed for polyubiq-
uitination, we next made use, in a similar experiment, of an ubiq-
uitin that had all three lysines mutated (K3xR). Again, MDM2 
caused ubiquitination of p65RelA with this ubiquitin mutant as 
efficiently as with wild-type ubiquitin (Fig. 4B). These findings 
thus suggest that p65RelA can be multiply monoubiquitinated 

Figure 2. analysis of the protein interaction domains. H1299 cells were transfected for 24 h with plas-
mids producing the indicated Flag-tagged fragments of p65rela plus MDM2 (A) or with plasmids 
expressing the depicted MDM2 fragments plus full-length p65 (B). Cell extracts were incubated 
with anti-Flag or anti-p65 antibodies to immuno/co-immunoprecipitate the transfected proteins, 
and the precipitates were analyzed by western blotting with the indicated antibodies. Note that 
Flag-p65-Cterm was only weakly expressed (A, lane 4). rHD, rel homology domain; taD, transac-
tivation domain; p53, p53-binding domain; a/Z, acidic and zinc finger domains; r, rING domain.
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by MDM2. Consistent with these observations and with previ-
ous reports that p65RelA is highly stable in a large number of 
different cell lines,41-43 we have not been able to detect an effect of 
ectopic MDM2 on the half-life of p65RelA (not shown).

Consistent through all ubiquitination experiments, some 
Flag-p65RelA was ubiquitinated even in the absence of ectopic 
MDM2 (see, for example, Fig. 3B, lane 2 and Fig. 5A, lane 2). 
We hypothesized that this was due at least in part to the activ-
ity of endogenous MDM2. In another experimental approach we 
therefore initially asked if the p65RelA binding-competent but 
ubiquitination-defective mutant MDM2-G448S/C449A would 
function in a dominant-negative manner if overproduced. Toward 
this end, cotransfections of plasmids expressing Flag-p65RelA, 
HA-ubiquitin, and either wild-type MDM2 or MDM2-G448S/

C449A were performed, and the HA-ubiquitination of Flag-
p65RelA immunoprecipitated from denatured cell extracts was 
examined by western blotting. As visible in Figure 5A, over-
produced MDM2-G448S/C449A not only was inactive for 
catalyzing the ubiquitination observed in the presence of ecto-
pic MDM2 but inhibited background ubiquitination (compare 
lanes 2 and 6), suggesting that this p65RelA-binding mutant 
(see Fig. 3C) was able to interfere with p65RelA modification by 
endogenous ubiquitin ligase(s) in a dominant-negative manner. 
To gain information on the effect of endogenous MDM2 on trans-
fected p65RelA, we next expressed p65RelA and HA-ubiquitin in 
the presence and absence of two chemical inhibitors of MDM2. 
Inhibitor I (N-[{3,3,3-Trifluoro-2-trifluoromethyl}propionyl]
sulphanilamide) is a cell-permeable, simple reversible inhibitor 

Figure 3. ectopic MDM2 ubiquitinates p65rela. (A) Colocalization of Flag-p65 and Ha-MDM2. H1299 cells were transfected with 0.2 μg of Flag-tagged 
p65rela and 0.2 μg of Ha-tagged MDM2. Immunofluorescence signals were produced 24 h after transfection by incubation of the fixated and permea-
bilized cells with FItC-conjugated anti-Flag and trItC-conjugated anti-Ha antibodies. the merged images show that both proteins can colocalize in 
the nucleoplasm in a fraction of the transfected cells. (B) Wild-type MDM2 but not MDM2 mutant G448S/C449a Ha-ubiquitinates Flag-p65. H1299 cells 
were transfected with the indicated combinations of plasmids expressing Flag-p65 (1 μg), MDM2 (0.1, 0.2, 0.5 μg) or MDM2-G448S/C449a (0.5 μg), and 
Ha-ubiquitin (3 μg), for 24 h. all cultures were then incubated in the presence of the proteasome inhibitor MG132 (10 μM) for another 4 h, after which 
the cells were lysed under denaturing conditions, and Flag-p65 was immunoprecipitated with anti-Flag antibody. Immunoprecipitates (IP) and total cell 
lysates (tCL) were analyzed by western immunoblotting with antibodies directed against Flag-p65, MDM2 and β-actin. (C) Wild-type MDM2 and MDM2 
mutant G448S/C449a bind to Flag-p65 with equal efficiency. H1299 cells were transfected with expression plasmids for Flag-p65 (4 μg), MDM2 (4 μg) or 
MDM2-G448S/C449a (4 μg; MDM2*) as indicated. at 24 h after transfection, Flag-p65 was immunoprecipitated from cell extracts and co-precipitating 
MDM2 was analyzed by western blotting. Cell lysates were prepared under denaturing conditions. Ha-ubiquitinated protein species were identified by 
western blotting with anti-Ha antibody. IP, immunoprecipitation; tCL, total cell lysate.
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that does not prevent substrate binding and is highly selective 
for the E3 ligase activity of MDM2.44 Inhibitor II (HLI373) 
(5-[3-Dimethylaminopropylamino) -3,10-dimethyl-10H-
pyrimido[4,5-b]quinoline-2,4-dione,2HCl) is a cell-permeable 
selectively MDM2-inhibiting pyrimidoquinoline-dione.45 The 
experiment showed that HA-ubiquitination was completely abro-
gated in the presence of a cocktail of inhibitor I and II compared 
with mock treatment (Fig. 5B). Interestingly, incubation of cells 
with the inhibitor cocktail for 24 h resulted in a strong reduc-
tion specifically of the MDM2 protein levels as detected by anti-
bodies 3G9 and 4B11, whose epitope recognition capabilities are 
known to be insensitive to posttranslational modification.46 To 
corroborate the suggestion that the observed HA-ubiquitination 
of p65RelA primarily occurred through endogenous MDM2, we 
studied, in a further experiment, the ubiquitination of endog-
enous p65RelA upon siRNA-mediated depletion of MDM2. As 
with the inhibitors of MDM2, siRNA-mediated knockdown of 
MDM2 transcript resulted in the disappearing of the short-lived 
MDM2 protein and in the cessation of p65RelA background 
HA-ubiquitination (Fig. 5C). Of note, treatment of cells with 
the MDM2 inhibitors I and II also resulted in a dose-dependent 
reduction of p65RelA ubiquitination with the polyubiquitina-
tion-defective ubiquitin mutant K3xR (Fig. 5D), suggesting that 

endogenous MDM2 can monoubiquitinate p65RelA at multiple 
lysine residues. Combined, these results thus indicate that the 
NFκB subunit p65RelA is substrate for ubiquitination by the E3 
ubiquitin ligase MDM2.

MDM2 inhibits NFκB-mediated gene transactivation
NFκB with its subunit p65RelA is an important inducible tran-
scription factor that becomes activated in response to various 
extracellular stresses. Next we therefore explored the involve-
ment of MDM2 in the regulation of NFκB-stimulated transcrip-
tion. In a first set of experiments, human Jurkat T cells that are 
widely used for transient NFκB-reporter studies, as they express 
only minute levels of active p65RelA, were transiently cotrans-
fected with combinations of plasmids expressing Flag-p65RelA 
and MDM2 plus a reporter plasmid containing a luciferase gene 
driven by five copies of a κB-recognition sequence. As expected, 
Flag-p65RelA strongly transactivated the luciferase reporter gene 
compared with a plasmid that lacked the κB-motifs (Fig. 6A). 
Notably, increasing levels of MDM2 expression plasmid signifi-
cantly reduced this transactivation, consistent with MDM2 act-
ing as an inhibitor of NFκB-mediated gene activation. However, 
it was known that MDM2 can act as a general, unspecific inhibi-
tor of transactivation by directly interacting with elements of 
the basal transcription machinery.18 To exclude the possibility 

Figure 4. Ubiquitination of p65rela by MDM2. (A) MDM2 is predominantly nuclear in H1299 cells, and ubiquitination of Flag-p65 is taking place in the 
cell nucleus. Cultures were transfected with the indicated expression plasmids (Flag-p65, 1 μg; MDM2, 1 μg), and cells were fractionated at 24 h after 
transfection into a cytoplasmic and nuclear fraction (CF and NF), respectively. the quality of the fractionation was monitored by the immunodetection 
of a cytoplasmic protein (α-tubulin; 56 kDa) and a nuclear protein (prB; 110 kDa). Ubiquitinated Flag-p65 protein species appeared as a characteristic 
high-molecular weight smear (80 to > 250 kDa) in western immunoblots. (B) p65rela is ubiquitinated by wild-type Ha-tagged ubiquitin and equally 
efficiently by Ha-tagged ubiquitin mutants K48r (left panel) and K3xr (= K29,48,63r, right panel) that are impaired (K48r) and incapacitated (K3xr) for 
polyubiquitination. H1299 cells were transfected for 24 h with plasmids producing the indicated proteins (Ha-ubiquitin wild-type, Ha-ubiquitin K48r, 
and Ha-ubiquitin K3xr, 3 μg each; p65, 3 μg; MDM2, 1 μg), and all cultures were incubated with the proteasome inhibitor MG132 (10 μM) for another 4 
h. Cell lysates were prepared under denaturing conditions. p65rela was immunoprecipitated, and the Ha-ubiquitinated protein species were identified 
by western blotting with anti-Ha antibody. IP, immunoprecipitation; tCL, total cell lysate.
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Figure  5. Ubiquitination of p65rela by endogenous MDM2. (A) Ubiquitination-defective MDM2 mutant G448S/C449a inhibits ubiquitination of 
p65rela by endogenous ubiquitin ligases. H1299 cells were transfected with combinations of plasmids producing the indicated proteins (Flag-p65, 
1 μg; MDM2, 0.1, 0.2 or 0.5 μg; MDM2* [= MDM2 G448S/C449a], 0.5 μg; Ha-Ubiquitin, 3 μg). twenty-four h after transfection, cells were treated as 
described in the legend to Figure 1B, and Flag-p65 was immunoprecipitated with anti-Flag monoclonal antibody from denatured cell extracts. the 
levels of Ha-ubiquitination and of protein expression were determined by standard western blotting using the antibodies directed against the indicated 
proteins. (B) Correlation of the level of expression of endogenous MDM2 with the Ha-ubiquitination of p65rela upon treatment of cultures with small-
molecule MDM2 inhibitors. Cultures of H1299 cells were transfected for 24 h with plasmids expressing p65rela (3 μg) and Ha-ubiquitin (3 μg). Cells were 
then either mock treated or treated with a cocktail of inhibitor I (200 μM) and inhibitor II (5 μM) for 24 h, and were finally exposed to the proteasome 
inhibitor MG132 (10 μM) for 4 h. Note that the low levels of endogenous MDM2 (H1299 cells are p53-deficient), as detected by the MDM2 antibodies 3G9 
and 4B11, decreased further after drug exposure. Immunoprecipitation of p65rela and the detection of Ha-ubiquitination and protein expression were 
again done as outlined in the legend to Figure 1B. (C) sirNa recognizing MDM2 transcript but not scrambled control sirNa caused a knockdown of 
MDM2 expression and concomitantly, cessation of Ha-ubiquitination of endogenous p65rela. H1299 cells were transfected with Ha-ubiquitin produc-
ing plasmid for 24 h, and were then rNai-fected with the indicated sirNas (c = control; mdm2) for further 24 h. Finally, cells were treated with MG132 (10 
μM) for 4 h and were subjected to p65rela immunoprecipitation as before. Proteins were detected with the indicated antibodies in standard Western 
immunoblottings. (D) Linking of monoubiquitination-proficient ubiquitin moieties to p65rela by endogenous ubiquitin ligase is reduced in the pres-
ence of MDM2 inhibitors. H1299 cells were transfected with plasmids producing p65rela and ubiquitin mutant K3xr (K29,48,63r) impaired for polyubiq-
uitination for 24 h, and were then treated with MG132 (10 μM) as well as, where indicated, with increasing quantities of MDM2 inhibitors I (50, 125, 250 
μM) and II (1, 2.5, 5 μM) for another 4 h. analysis of ubiquitination was as in B. IP, immunoprecipitation; WB, western blot.
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that in these experiments MDM2 had reduced the expression 
of luciferase simply by inhibiting the Flag-p65RelA plasmid, we 
monitored the transcript levels by RT-PCR. The Flag-p65RelA 
transcript level was not affected by the presence of MDM2 
(Fig. 6A). Thus, MDM2 inhibited Flag-p65RelA-induced trans-
activation of an NFκB-responsive luciferase gene in this reporter 
gene assay.

Human 293T cells contain cytoplasmic NFκB that is trans-
located to the nucleus upon treatment with TNFα. Accordingly, 
TNFα exposure of cultures transfected with the NFκB-
responsive reporter plasmid resulted in robust luciferase activity. 
Again, this activity was inhibited by cotransfected MDM2 plas-
mid in a dose-dependent manner (Fig. 6B). Consistent with pre-
vious findings on p53,18 the inhibition of NFκB by MDM2 was 
not dependent of the ubiquitin ligase activity. Ligase-defective 
yet binding-competent MDM2 mutant G448S/C449A proved 
to be suppressive in this assay (Fig. 6B), suggesting that binding 
of MDM2 was sufficient for NFκB inhibition. Conversely, when 
the endogenous MDM2 was inhibited by the small-molecule 
MDM2 inhibitors I and II (Fig. 6C) or was knocked down by 
MDM2 siRNA (Fig. 6D), the NFκB-mediated transactivation of 
the reporter increased significantly. To validate enhanced NFκB 
activity in 293T cultures depleted for MDM2, we next studied, 
by RT-qPCR, the effect of MDM2 knockdown on the expres-
sion of endogenous NFκB-responsive genes. As documented in 
Figure 6E, MDM2 knockdown resulted in the increased tran-
scription of the NFκB-stimulated IkBα gene relative to gapdh, 
although this increase did not reach statistical significance. 
However, MDM2 depletion caused robust and significant upreg-
ulation of the NFκB target genes IL-8, IL-6, and CIAP. A similar 
but less pronounced effect was observed in the absence of TNFα 
stimulation, suggesting that even in the absence of stimula-
tion, some NFκB was active as a transcription factor and was 
controlled by MDM2 (not shown). In sum, these results thus 
indicate that ectopic as well as endogenous MDM2 can inhibit 
NFκB-mediated gene activation.

MDM2 inhibits the DNA binding of NFκB in vitro
Since MDM2 associated with the DNA-binding Rel homol-
ogy domain (RHD) of p65RelA (see Fig. 2), it was conceivable 
that MDM2 can interfere with the DNA binding of NFκB. To 
examine the effect of MDM2 on NFκB DNA binding in vitro, 
nuclear extracts from HeLa cells transfected to produce p65RelA 
were employed in standard electrophoretic mobility shift assays 
(EMSA) with a labeled NFκB binding motif as probe. p65RelA 
expression induced the formation of a slowly migrating complex 
in non-denaturing PAGE (Fig. 7A). Consistent with this complex 
containing p65RelA, the band could be specifically supershifted 
by a monoclonal antibody directed against p65RelA but not by 
an irrelevant IgG. Moreover, complex formation could be inhib-
ited by the incubation with excess non-labeled probe. To test the 
effect of MDM2 on the formation of the complex, increasing 
quantities of purified GST-MDM2 or GST alone was included in 
the EMSA. While GST failed to affect the DNA binding activ-
ity of NFκB, GST-MDM2 reduced it in a dose-dependent man-
ner (Fig. 7B). Similar results were obtained with extracts from 
H1299 cells (data not shown). These findings thus suggest that 

MDM2 can block the DNA binding activity of NFκB by inter-
acting with p65RelA.

p53 can induce p65RelA ubiquitination with dependence on 
MDM2
DNA damage typically causes a delayed increase of the endog-
enous MDM2 level in cells with an intact wild-type p53 path-
way, since active p53 transactivates the MDM2 gene. Next, we 
therefore asked whether p53 activation by the radiomimetic 
DNA-damaging drug doxorubicin can affect the ubiquitina-
tion of p65RelA in a MDM2-dependent manner. To this end, 
human p53-proficient HCT116 colon adenocarcinoma cells 
were transfected to produce HA-ubiquitin and were either mock 
treated or treated with doxorubicin (0.34 μM) for 10 h. The 
cultures were then exposed to TNFα (to translocate NFκB to 
the nucleus) and MG132 for another 2 h. As expected, p53 was 
activated by doxorubicin and the level of MDM2 was elevated 
(Fig. 8A, lower panels). Incubation of the denatured cell extracts 
with polyclonal anti-p65 antibody or irrelevant IgG immunopre-
cipitated p65RelA only in the presence of specific antibody. The 
subsequent analysis for HA-ubiquitination revealed a correlation 
of p65RelA ubiquitination and MDM2 level, consistent with 
p65RelA being ubiquitinated by MDM2 under these conditions 
(Fig. 8A). To corroborate this suggestion, MDM2 was inhibited 
by the small-molecule inhibitors I and II in a similar experiment. 
MDM2 inhibition completely abrogated this effect (Fig. 8B). 
It should be noted that p65RelA ubiquitination in response to 
doxorubicin treatment was not detectable when the cells were 
exposed to TNFα and MG132 for 6 h instead of only 2 h. The 
reason for this discrepancy has not been elucidated. However, 
it is conceivable that p65RelA and MDM2 after 6 h no longer 
colocalize and/or that they receive modifications that disrupt 
their interaction. In conclusion, MDM2 can act as a novel direct 
negative regulator of NFκB by binding and inhibiting p65RelA. 
Figure 8C summarizes some of the p53:MDM2:p65RelA feed-
back interactions.

Discussion

Danger-sensing cell surface receptors are crucial elements of the 
innate and adaptive immune system. They frequently activate the 
cytoplasmic canonical NFκB transcription factor heterodimer 
consisting of the transactivation-domain containing p65RelA 
and transcriptionally inactive p50 to translocate to the nucleus 
and stimulate numerous genes whose products mediate inflam-
mation.1,2 Obviously, this inflammatory response has to be halted 
after the danger vanished, and it is thus no surprise that a number 
of mechanisms has evolved to terminate NFκB activity, among 
them protein/protein interactions, phosphorylation, and ubiqui-
tination.4 Polyubiquitination of p65RelA seems to be primarily 
catalyzed by the ubiquitin ligases SOCS1/Cullin-2/COMMD1 
and PDLIM2 and can occur through the growth of polyubiqui-
tin chains at the lysine residues 29, 33, 48, and 63 of ubiquitin. 
Polyubiquitination via K48 typically constitutes the signal for the 
degradation of p65RelA by the 26S proteasome.5,7,8

Recent work has documented that in addition to degra-
dation-inducing polyubiquitination, p65RelA is subject to 
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Figure 6. MDM2 inhibits NFκB-mediated gene transactivation. (A) ectopic MDM2 represses reporter gene activation by ectopic p65rela. Human Jurkat 
t cells were transiently transfected with reporter plasmid NFκB-luc harbouring a NFκB-responsive luciferase gene (0.2 μg) plus the indicated combina-
tions of plasmids producing either Flag-p65rela (0.1 μg) or MDM2 (+, 0.05 μg; ++, 0.5 μg). at 24 h after transfection, cell extracts were prepared for lucif-
erase assay. the bar diagram shows the luciferase activity over background (reporter plasmid only; arbitrarily chosen as 1). t-bars denote the standard 
deviations derived from three experiments. the P value was calculated by Student t test (2-tailed). Below the diagram are the results of standard rt-PCrs 
for the expression of the Flag-p65RelA, MDM2 and GAPDH transcripts in the transfected cultures. Note that increasing MDM2 expression does not inhibit 
the expression of Flag-p65RelA. (B) endogenous p65rela activated by tNFα is inhibited by ectopic MDM2. Human 293t cells that are routinely used for 
the study of tNFmediated NFκB activation were transfected with the NFκB-sensitive reporter plasmid plus empty vector as control or plasmid express-
ing MDM2 or MDM2-G448S/C449a (MDM2*; +, 0.05 μg; ++, 0.2 μg; +++, 0.5 μg). In addition, cultures were either mock treated or exposed to tNFα (20 
ng/ml) for 6 h to induce nuclear translocation of the cytoplasmic NFκB. Cell extracts were prepared for luciferase assay 30 h after transfection. t bars 
indicated standard deviations derived from six experiments. the P value was calculated by Student t test (2-tailed). (C) Pharmacological inhibition of 
MDM2 by small-molecule inhibitors increases NFκB activity. 293t cells were transfected with the NFκB reporter plasmid as before and then mock treated 
or treated with a cocktail of MDM2 inhibitors I (200 μM) and II (5 μM) for another 24 h. all cultures either received tNFα (20 ng/ml) or not, for another 6 
h. Luciferase activity is expressed as fold activation over background (reporter plasmid with mock treatment). Standard deviations were derived from 
six experiments; P values (*) were determined by Student t test (2-tailed). (D) Knockdown of MDM2 by sirNa increases NFκB activity. 293t cells were 
transfected with the reporter and then rNai-fected with either control sirNa (c) or MDM2 sirNa for another 24 h. Cultures were treated with tNFα as 
before. MDM2 knockdown was monitored by western immunoblotting. the standard deviations were calculated from six experiments, and the P value 
(*) was determined by Student t test (2-tailed). (E) Knockdown of MDM2 by sirNa increases expression of endogenous NFκB-responsive genes. 293t 
cultures were rNai-fected for 24 h and exposed to tNFα as in (C and D). total rNa was prepared, reversely transcribed and analyzed by rt-qPCr for the 
transcript levels of the indicated genes relative to gapdh level. P values were determined as before.
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monoubiquitination at multiple lysine residues, including K62, 
K123, and K315.47 This monoubiquitination is taking place in 
the nucleus and, in contrast to polyubiquitination, does not affect 
protein stability. Instead it results in the nuclear sequestration of 
transcriptionally inactive p65RelA, perhaps through the inhibi-
tion of its interaction with IκBα that would cause shuttling to 
the cytoplasm. The responsible nuclear monoubiquitin ligase(s) 
is unknown. We have shown here that the N-terminal and the 
acidic/zinc finger domains of the E3 ubiquitin ligase MDM2 
can bind to the N-terminal Rel homology domain (RHD) of 
p65RelA. Binding of the ubiquitin ligase SOCS1/Cullin-2/
COMMD1 to p65RelA also involves the RHD5 and has been 
suggested to be inhibited by phosphorylation of the RHD at 
serine residues 205, 276, and 281.47,48 Whether the interaction 
of MDM2 with p65RelA is regulated by phosphorylation of the 
RHD as well is unknown. However, such regulation would be 
consistent with our data showing that only a fraction of p65RelA 
was ubiquitinated by MDM2, and that this fraction could be 
increased only slightly by the expression of further ectopic 
MDM2. It is thus conceivable that modification of the RHD 
prevents the interaction of MDM2 and p65RelA and/or redi-
rects p65RelA to a different cellular sub-compartment to limit 
the amount of it that is accessible to MDM2.

MDM2 may poly- and/or monoubiquitinate p65RelA. Our 
data obtained with the polyubiquitination-impaired, monou-
biquitination-proficient ubiquitin mutants K48 and K3xR 
(K29,48,63R) suggest that MDM2 can efficiently link monou-
biquitin to multiple lysine residues of p65RelA. However, we also 
observed that the level of ubiquitinated p65RelA in the pres-
ence of MDM2 could be enhanced by the proteasome inhibitor 
MG132, which would be consistent with MDM2 polyubiquitin-
marking p65RelA for proteasome-mediated degradation. On the 
other hand, and consistent with previous reports,41-43 p65RelA 
was stable in all cell lines tested, compared with other targets 
of MDM2-marked degradation such as p53 and MDM2 itself, 
and MG132 treatment could not detectably stabilize it fur-
ther. As a possible solution for this seeming contradiction, we 
would like to suggest that the effect of MG132 does not primar-
ily involve p65RelA stabilization. We observed that MDM2 
itself was stabilized in response to MG132 treatment, leading to 
greatly increased MDM2 levels, and we therefore suggest that 
this, rather than the inhibited breakdown of p65RelA, caused 
the increased levels of ubiquitinated p65RelA that was observed 
in the presence of the drug. This of course provokes the ques-
tion why we failed to observe that overproduced ectopic MDM2 
mimics MG132 treatment. One reason could be that proteasome 
inhibition by MG132 constitutes a danger signal that leads to 
abrogation of inhibitory posttranslational modifications of the 
p65RelA RHD to facilitate MDM2/p65RelA interaction. Future 
work will address this possibility. We believe that the ubiquiti-
nation of p65RelA by MDM2 regulates NFκB’s function rather 
than its stability, a suggestion that is in accord with previous 
findings. Inhibition of p65RelA phosphorylation at S205, S276, 
and S281 within the RHD supported monoubiquitination in the 
cell nucleus and transcriptional inhibition of NFκB, independent 
of protein degradation.47 Nuclear MDM2-mediated p65RelA 

inhibition may thus be part of a fail-safe mechanism that could 
become activated in the case that the major inhibitor of NFκB, 
IκBα, is non-functional and proteasome-mediated protein deg-
radation is compromised.

NFκB binds to specific DNA sequences through the RHDs of 
its subunits. Several proteins have been identified that can inhibit 
this DNA binding by associating with the RHD of p65RelA. 
For example, the transcriptional regulator and E3 SUMO ligase 
PIAS1 (protein inhibitor of activated STAT1) can associate with 
the RHD of p65RelA and inhibit its DNA binding.38 Here we 
report that the E3 ubiquitin ligase MDM2 can also contact 
the RHD of p65RelA and inhibit the transcriptional activator 
function of NFκB. Like PIAS1, MDM2 impeded the binding 
of NFκB to the κB-DNA motif in vitro. It is unclear at pres-
ent whether this effect is caused by DNA contact inhibition 
and/or the inhibition of p65RelA:p50 dimer formation. Other 

Figure 7. MDM2 can inhibit the DNa binding activity of NFκB. (A) NFκB 
with ectopic p65rela binds and retards a biotin-labeled oligonucleotide 
bearing an NFκB DNa binding motif. eMSa was performed with nuclear 
extracts prepared from HeLa cells that had been transfected either with 
control plasmid or with a plasmid expressing p65rela. the extracts were 
mock incubated or incubated with monoclonal anti-p65rela antibody 
C-20 (p65-ab) or an irrelevant IgG to assay for the presence of p65rela 
in the complex. In addition, the sample in lane 5 was incubated with 
a 200-fold excess of unlabelled NFκB DNa binding motif (competitor) 
to rule out band shifting due to interaction with biotin. (B) Increasing 
amounts of GSt-MDM2 but not GSt reduce the DNa binding activity of 
NFκB. eMSa was performed as in (A), except that the extracts were mixed 
with increasing amounts of purified GSt-MDM2 or GSt (0.1, 0.2, or 0.4 μg), 
where indicated. Protein storage buffer (PSB), either with or without GSt 
or GSt-MDM2 protein, was added to equal concentrations.
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NFκB-regulating factors such as the E3 ubiquitin ligase SOCS1 
(suppressor of cytokine signaling 1) can interact with DNA-
bound NFκB and terminate its activity by ubiquitin-marking it 
for proteasomal degradation.6,9 MDM2 was able to ubiquitinate 
p65RelA, and previous work has shown that the addition of a 
single ubiquitin moiety to the N terminus of p65RelA was suf-
ficient to impair transcriptional activity of NFκB.47 However, 
and consistent with MDM2:RHD contact impeding DNA 
binding, ubiquitination was not a prerequisite for NFκB inhi-
bition, as the ubiquitination-incompetent yet p65RelA binding-
competent MDM2 mutant G448S/C449A nonetheless was a 
formidable transcriptional inhibitor. Other mechanisms through 
which MDM2 may retard transcription include the blocking of 

coactivator recruitment and the association of 
MDM2 with the 34 kDa subunit of TFIIE of 
the basal transcription machinery.14-18 It may 
thus be that, depending on context, MDM2 
can inhibit NFκB through at least three mech-
anisms: (1) ubiquitination; causing degrada-
tion, cellular translocation, or impairment of 
DNA binding, (2) direct impairment of DNA 
binding, perhaps involving the regulation of 
NFκB subunit dimer formation and affecting 
only a subset of the NFκB responsive genes, 
and (3) the recruitment of MDM2 to NFκB-
bound promoters.

NFκB and the tumor suppressor p53 are 
functional antagonists in at least some con-
texts, and MDM2 may be a major player in this 
relation. Since both NFκB and p53 can trans-
activate the MDM2 gene,32-34 the inhibition of 
either by MDM2 must be regulated in a man-
ner that permits reciprocal control. In factual 
terms, if the impairment of p53 transcriptional 
activity by NFκB stimulating cytokines23-25 
and conversely, the suppression of NFκB by 
p5349,50 are at least in part MDM2-dependent, 
the p53:MDM2 and NFκB:MDM2 inter-
actions should be under the reign of specific 
posttranslational modifications that regulate 
function or cause spaciotemporal separation of 
the protagonists. We showed here that MDM2 
accumulation in response to p53 activation can 
lead to enhanced p65RelA ubiquitination, but 
only under the specific condition of short-term 
proteasome inhibition. Unraveling the precise 
role of MDM2 in the entangled p53-NFκB 
pathway will be a challenge. For example, 
MDM2 depletion by RNAi technology will 
not only affect NFκB in this pathway, but will 
cause accumulation of active p53 which itself 
can bind and affect NFκB, independent of 
MDM2.37 Perhaps the development of small-
molecule inhibitors that are highly specific for 
the disruption of the MDM2:p65RelA inter-
action can help solve this dilemma.

To characterize such inhibitors, combined systems biologi-
cal and network modeling approaches complemented by bio-
chemical analyses may be helpful, as has been shown recently, 
for example, for the MDM2 inhibitor of the spiro-oxindole 
family, MI-219.51 MI-219 disrupts the MDM2-p53 interaction, 
thereby increasing cellular p53 levels; however, MDM2 inhibi-
tion by MI-219 also increased the cellular levels of NFκB subunit 
p65RelA. Moreover, microarray and Ingenuity pathway analyses 
revealed activation of the NFκB central hub as the primary effect 
of MI-219 treatment after 16 h. It is thus conceivable that small-
molecule inhibitors of MDM2 can stimulate NFκB through 
affecting the MDM2:p65RelA interaction identified here. Of 
note, at later times of MI-219 treatment (32 h) the NFκB hub, 

Figure 8. regulation of p65rela by p53 via MDM2. (A) Increase of p65rela ubiquitination in 
cells overproducing endogenous MDM2 upon activation of endogenous p53. HCt116 cells har-
boring wild-type p53 were transfected with 4 μg of plasmid producing Ha-ubiquitin. after 24 
h, cultures were treated with doxorubicin (0.34 μM) for 10 h to activate p53. Finally, cells were 
exposed to tNFα (20 ng/ml) and MG132 (10 μM) for another 2 h. Ha-ubiquitinated p65rela 
was immunoprecipitated from denatured cell extracts with polyclonal anti-p65rela antibody 
or irrelevant antibody (IgG). Proteins were analyzed by standard western blotting. tCL, total 
cell lysate. (B) Same experiment as in (A), except that one of the cultures that were activated 
with doxorubicin received, in addition to tNFα and MG132, a cocktail of the MDM2 inhibitors 
I (200 μM) and II (5 μM) for 2 h. (C) Schematic presentation of some of the MDM2:p65rela and 
MDM2:p53 feedback interactions. Genes are shown in italic, proteins in bold print. p53 (italic, 
with wave line) indicates p53 mrNa. arrows denote activation, t bars inhibition.
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although retained as a central pathway responding to MI-219, was 
now suppressed by MDM2 inhibition51 suggesting that, in turn, 
cellular contexts exist in which MDM2 activates rather than sup-
presses NFκB as would follow from the results presented here. 
Such a cellular response, leading to the activation of NFκB by 
MDM2 independent of p53, has indeed recently been reported 
in the context of acute kidney injury.52 Clearly, these issues await 
further analysis.

Crosstalk between NFκB and p53 is implemented on multiple 
levels, not only in the cell nucleus. For example, the cytoplasmic 
NFκB-activating enzymes IKKα/β induce the MDM2-mediated 
degradation of p53, while cIAP2, a cellular inhibitor of apopto-
sis, can block this mechanism by supporting the SUMOylation 
of MDM2.53 In turn, pharmacological inhibition of p53 causes 
IKK activation and, consequently, the activation of NFκB. 
Interestingly, this activation seems to require the function of two 
genes involved in (macro)autophagy, the lysosomal digestion of 
macromolecular cellular structures in response to starvation.54 It 
is unclear at present whether (cytoplasmic) MDM2 has a medi-
ating role in this mechanism as well. Such a role could involve, 
besides the function as ubiquitin ligase, the activity of MDM2 
as a cytoplasmic stabilizer and inducer of translation of mRNAs. 
For instance, MDM2 binds and regulates the translation not 
only of p53’s mRNA36 but also of the mRNA of the MYCN tran-
scription factor, which, like NFκB, seems to be linked to p53 by 
substantial crosstalk.55 So does cytoplasmic MDM2 also regulate 
NFκB pathway-relevant mRNAs? Future work will tell.

Materials and Methods

Plasmids, chemicals, and antibodies
T7-RelA, pCMV4-p65, pcDNA3-HA-Ubiquitin, pRK5-HA-
Ubiquitin-K48R were purchased from Addgene. GST-MDM2 
full-length was generated by PCR and cloned into pGEX-
4T1 (Amersham). Flag-p65 full-length and Flag-p65 deletion 
mutants were also produced by PCR and were subcloned into 
pcDNA3.1(+)-Neo (Invitrogen). Cloning details are avail-
able upon request. MDM2 mutants G448S/C449A, 6–339 
and Δ222–325 were kindly provided by Matthias Dobbelstein 
(Department of Molecular Oncology, Georg-August–Universität 
Göttingen) and pcDNA3.1-Ha-Ubiquitin (K29, 48, 63R) by 
Ivan Dikic (Institute of Biochemistry II, Goethe University). 
The reporter gene vectors pCIS-CK and pNFκB-Luc were pur-
chased from Agilent Technologies. Aprotinin (# A1153), MG132  
(# M7449), doxorubicin (# D1515, adriamycin), PMSF (# P7626), 
protease inhibitor cocktail (# P8345), and 4’,6-Diamidin-2’-
phenylindoldihydrochlorid (DAPI, # D9542) were from Sigma, as 
were the β-actin monoclonal antibody (clone AC-15, # A5441), the 
monoclonal anti-FLAG M2 antibody (# F3165), the monoclonal 
anti-glutathione-s-transferase antibody (clone GST-2, # G1160), 
the monoclonal anti-FLAG M2-FITC (clone M2, # F4049), the 
monoclonal anti-HA-TRITC (clone HA-7, # H9037), and the 
peroxidase-conjugated secondary anti-mouse (# A9044) and anti-
rabbit antibodies (# A6154) as well as all oligonucleotides. The 
polyclonal anti-NFκB p65-antibody (# ab7970) and the mono-
clonal anti-α-tubulin-antibody (clone DM1A, # ab7291) were 

purchased from Abcam; anti-Mdm2-antibody 3G9 (# 04–1530) 
was from Millipore. The irrelevant monoclonal anti-HRS3-anti-
body as well as the polyclonal anti-TGF-β receptor-antibody were 
kindly provided by Michael Pfreundschuh (Internal Medicine 
I, University of Saarland Medical Center). Transfection reagent 
Nanofectin I (# Q051–005) was from PAA (Pasching, Austria), 
RNAifect (# 301605) from Qiagen. MDM2 E3 ligase inhibitor I 
(N-[{3,3,3-Trifluoro-2-trifluromethyl}propionyl] sulphanilamide; 
# 373225) and II (5-[3-Dimethylaminopropylamino-3,10-
dimethyl-10H-pyrimido{4,5-b}quinoline-2,4-dione; # 373226]) 
were purchased from Calbiochem as were the anti-MDM2-
antibody 4B11 (# OP143) and the anti-p53-antibody DO-1 (# 
OP43L). Monoclonal anti-HA-antibody (HA.11 clone 16B12, 
# MMS-101P) was from Covance. TNFα (# 210-TA/CF) was 
purchased from R&D Systems. The monoclonal anti-Rb-anti-
body (clone G3–245, #554136) was from BD Biosciences. BSA 
(#1.12018.0100) was purchased from Merck.

Cell culture and transfection
All cells were maintained at 37 °C in a 7% CO

2
 atmosphere. 

H1299 cells and HEK293T were maintained in DMEM (#E15–
843, PAA) with 10% fetal calf serum (#A15–101, PAA). HCT116 
cells were maintained in McCoy 5A Medium (#M9309, Sigma) 
with 10% fetal calf serum. For transient transfection, cells were 
seeded to reach 60–70% confluency at transfection and were 
transfected with Nanofectin I (PAA) following to the manufac-
turer’s recommendations.

GST pulldown assay
For GST pulldown analyses, equal amounts of GST and GST-
MDM2 were immobilized on Gluthation-Sepharose beads (# 
17-0756-01, GE-Healthcare), washed 5 times with GST low 
salt buffer (50 mM Tris/HCl, 200 mM NaCl, 0.8 mM EDTA, 
0.1% NP40, 1 mM PMSF, 10 µg/ml aprotinin) and incubated 
with equal amounts of p65RelA protein (in vitro-translated from 
T7-RelA). The in vitro translation was performed with the TNT-
T7 Coupled Reticulocyte Lysate System (# L4610), according 
to the manufacturer’s protocol (Promega), with 1 µg plasmid 
and 35S radiolabeled cysteine and methionine (Tran35S-Label™, 
# 51006, MP Biomedicals). After overnight incubation at  
4 °C, all probes were washed 5 times with GST high-salt buffer  
(50 mM Tris/HCl, 500 mM NaCl, 0.8 mM EDTA, 0.1% NP40). 
GST protein complexes were eluted from the sepharose by add-
ing SDS-sample buffer (100 mM TRIS-HCl [pH 6.8], 100 mM 
DTT, 4% SDS, and 20% glycerol) and by boiling samples for 10 
min. The proteins were separated by SDS-PAGE, immobilized 
on PVDF membrane (Immobilon P, # IPVH00010, Millipore) 
and visualized by autoradiography. GST-proteins were detected 
with the monoclonal anti-glutathione-s-transferase antibody 
(clone GST-2).

Co-immunoprecipitation
H1299 cells were seeded to ~60% confluency and were transfected 
with the indicated plasmids with Nanofectin I (PAA) following 
to the manufacturer’s recommendations. After 24 h, the cells 
were treated with 10 µM MG132 (Sigma) for 2 to 6 h. Four µg 
of the indicated antibodies were added to a 1:1:1 mixture of pro-
tein A sepharose 4 Fast Flow (#17-5280-01), protein G sepharose 
4 Fast Flow (#17-0618-01) and γ-Bind-sepharose (#17-0885-01, 
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all GE-Healthcare) in co-IP lysis buffer (0,5% NP-40, 150 mM 
NaCl, 20 mM Na

2
HPO

4
 × 12 H

2
O, 5 mM EDTA, 10% glyc-

erol supplemented with freshly added 1 mM PMSF and protease 
inhibitors) and incubated for at least 4 h on a rotating wheel at 
4 °C. Unbound antibody was removed by 2–3× washing with 
co-IP lysis buffer. Cells were harvested and washed in sterile 
phosphate buffer saline. 1/10 of the cells was lysed in SDS-sample 
buffer (100 mM TRIS-HCl [pH 6.8], 100 mM DTT, 4% SDS, 
and 20% glycerol) and served as an input control. The remaining 
cells were permeabilized for 30 min on ice in co-IP lysis buffer. 
The extracts were then centrifuged at 16 000 g for 30 min at  
4 °C. The supernatant was incubated with the sepharose-anti-
body-mix for at least 4 h at 4 °C on a rotating wheel. Precipitates 
were washed three times with co-IP lysis buffer before SDS-
sample buffer was added to the sepharose beads. All probes 
were boiled for 10 min and subjected to SDS-PAGE for western 
blot analysis. For the co-IP of endogenous proteins, HCT116 
p53−/− were seeded to 90% confluency and treated with TNFα  
(20 ng/ml) for 2 h prior harvesting.

Protein extraction and western blot analysis
Cells were lysed in SDS-lysis buffer heated to 100 °C, containing 
100 mM TRIS-HCl (pH 6.8), 100 mM DTT, 4% SDS, and 20% 
glycerol. Fifteen µg to 30 µg protein were subjected to 8–13% 
SDS-PAGE and transferred to a PVDF membrane (Immobilon-P; 
#IPVH00010, Millipore). Signals were detected upon overnight 
incubation of the membranes with one of the indicated antibod-
ies (α-GST 1:1.000; α-NFκB p65 1:1.000, α-β-actin 1:10.000, 
α-Mdm2 clone 3G9 1:2.000, α-Flag 1:10.000, α-HA 1:1.000, 
α-Mdm2 clone 4B11 1:1.000; α-p53 DO-1 1:2.000; α-tubulin 
1:10.000, α-Rb 1:500), followed by a further incubation with a 
peroxidase-conjugated secondary anti-mouse (1:2.000) or anti-
rabbit (1:2.000) antibody, and detected by the Thermo Scientific 
ECL Western Blotting substrate (#32106) as specified by the 
supplier.

MDM2 knockdown
Short interfering RNA (Hs_MDM2_5- sense: 
UCAUCGGACUCAGGUACAUTT; anti sense: AUGU
ACCUGAGUCCGAUGATT) was used to silence gene 
expression. As a control, an irrelevant siRNA (control- 
sense: r(UUCUCCGAACGUGUCACGU)dTdT; anti-
sense r(ACGUGACACGUUCGGAGAA)dTdT) was used. All 
siRNAs were purchased from QIAGEN. Exponentially growing 
H1299 or HEK293T cells were transfected with siRNA (40 nM) 
by RNAifect (Qiagen).

Immunofluorescence analyses
0.3 × 105 H1299 cells were seeded in 4-chamber polystyrene ves-
sel tissue culture treated glass slides (#354114, BD Falcon), and 
24 h after seeding they were transfected with the indicated plas-
mids. Cells were fixed in paraformaldehyde (4% in PBS), perme-
abilized on ice with 0.2% Triton-X/PBS for 2 min, blocked for 
30 min with 1 µg/ml BSA (Merck) at 37 °C and were then incu-
bated with anti-Flag-FITC (1:200) or anti-HA-TRITC (1:200) 
or both, for 1 h. After several washing steps with PBS and 0.03% 
Triton-X/PBS, the nuclei (DNA) were stained with 0.2 µg/ml 
DAPI (4’,6-diamidin-2’-phenylindoldihydrochlorid, Sigma) 
in methanol. The slides were mounted with PermaFluorTM 

Aqueous mounting medium (#TA-006-FM, Thermo Scientific). 
A Leica DM IRB/E fluorescence microscope equipped with an 
Axio Cam color camera (Zeiss) was used for microscopy; data 
were analyzed with the Axio Vision 3.0 software.

In vivo ubiquitination of p65/RelA
H1299 cells were seeded in 10 cm dishes the day before trans-
fection to reach a confluency of 70% to 80%. Cells were trans-
fected with the indicated plasmids. After further 24 h, cells were 
treated with 10 µM MG132 for 4–6 h. Cells were then washed 
in cold PBS; one-tenth of the cells were saved as input control. 
The rest was lysed in 400 µl TBS-lysis buffer (1% SDS in TBS) 
per 10 cm dish at 95 °C for 5 min. Lysates were squeezed repeat-
edly through a 23-gauge needle and vortexed vigorously for 10 
sec. Eight hundred µl TBS-Triton buffer (1.5% Triton X-100 in 
TBS) per 400 µl lysate was added and mixed prior to incubation 
with 100 µl of a 1:1 mix of protein G and protein A sepharose 
4 Fast Flow (GE Healthcare) for 1 h on a rotating wheel at 4 °C  
(preclearing). Samples were centrifuged for 5 min at max speed 
and supernatant was incubated with 100 µl of a 1:1 mix of pro-
tein G and protein A sepharose 4 Fast Flow preconjugated with 4 
µg of the indicated antibody for at least 4 h at 4 °C on a rotating 
wheel. Samples were washed three times in 1 ml cold TBS mix 
(1 part TBS-lysis buffer plus 2 parts TBS-Triton buffer); beads 
were resuspended in 30 µl of 95 °C SDS-sample buffer (100 mM 
TRIS-HCl (pH 6.8), 100 mM DTT, 4% SDS, and 20% glyc-
erol) and were boiled for 10 min. The proteins were separated by 
SDS-PAGE, immobilized on PVDF membrane (Immobilon P, 
Millipore) and detected by the indicated antibodies.

RT-PCR and RT-qPCR
Cells were seeded in 10 cm, 6 cm, or 35 mm dishes and after 24 
h were transfected and/or treated with the indicated reagents. 
At various times cells were lysed in solution D (236.4 g guanid-
ium thiocyanate in 293 ml water, 17.6 ml 0.75 M sodium citrate 
pH 7.0, and 26.4 ml 10% sarcosyl, 0.72% 2-mercaptoethanol). 
Lysate was harvested and 0.1 ml of 2 M sodium acetate pH 4.0, 
1 ml of water-saturated phenol (Roth), and 0.2 ml of chloroform-
isoamylalcohol (49:1) were added, mixed, and cooled on ice 
for 15 min. After centrifugation (10 000 g, 20 min, 4 °C), the 
aqueous phase was collected and precipitated with isopropanol 
at −20 °C overnight. After a further centrifugation (10 000 g, 20 
min, 4 °C), RNA was dissolved in solution D and precipitated 
with isopropanol at −20 °C for 1 h. The pellet was washed in 70% 
ethanol and dissolved in DEPC-water. The RNA was digested 
with RNase-free DNase I (#10776785001, Roche) for 60 min at 
37 °C, and 1.5–5 µg was used for the first-strand cDNA synthesis 
with SuperScript™III (#18080-093, Invitrogen) as specified by 
the manufacturer. Semiquantitative RT-PCR analysis was per-
formed with AmpliTaqR Gold DNA polymerase (#N808-0242, 
Applied Biosystems), using the following primers: Flag-p65  
(for: gattataaagatgatgatgataaa; rev: ctacaagctcgtgggggtgaggcc; T

A
: 

64 °C), MDM2 (for: atcgaatccggatcttgatg; rev: tcttgtccttcttcac-
taaggc; T

A
: 64 °C), gapdh (for: tggtatcgtggaaggactcatgac; rev: 

agtccagtgagcttcccgttcagc; T
A
: 64 °C). Quantitative RT-PCR 

analysis for IκBα, IL-8, IL-6, CIAP, and gapdh was performed 
with the LightCycler® FastStart DNA Master SYBR Green 
I from Roche (#12239264001) using the following primers: 
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IκBα (for: gatccgccaggtgaaggg; rev: gcaatttctggctggttgg); IL-8 
(for: atgacttccaagctggccgt; rev: ttacataatttctgtgttggc), IL-6  
(for: aggcactggcagaaaacaac; rev: gaggtgcccatgctacattt); CIAP 
(for: ctgggaaccaaaggatgatg; rev: attggtgggtcagcattttc), gapdh  
(for: tggtatcgtggaaggactcatgac; rev: agtccagtgagcttcccgttcagc; T

A
:  

64 °C); final concentration of primers: 0.5 µM; final MgCl
2
 con-

centration: 2 mM).
Reporter gene analysis

One × 105 Jurkat cells or 0.3 × 105 HEK293T cells were seeded 
in 24-well-dishes. After 24 h, cells were transfected with 
Nanofectin I with the plasmid combination described in the fig-
ure legends. After further 24 h, cells were either left untreated or 
were treated with a cocktail of MDM2 E3 ligase inhibitor I (200 
µM) and II (5 µM), or were RNAi-fected with either control 
or MDM2 siRNA for further 24 h. Prior to harvesting, cells 
were treated with TNFα (20 ng/ml) or left untreated as specified 
in the figure legends. Luciferase assays were performed with the 
Luciferase Assay System (#1500, Promega) as specified by the 
manufacturer.

Fractionation of cells
H1299 cells were seeded to reach 80% confluency at time of 
transfection. After 24 h, cells were transfected with Nanofectin 
I with the plasmid combinations described in the figure legends. 
After another 24 h, cells were washed with ice-cold PBS, harvested 
and washed again with ice-cold PBS. One-fifth of the cells were 
saved as total cell extract and lysed in 1× SDS-lysis buffer (100 
mM TRIS-HCl [pH 6.8], 100 mM DTT, 4% SDS, and 20% 
glycerol). The rest of the cells was centrifuged, resuspended in  
300 µl ice-cold hypotonic buffer A (10 mM HEPES pH 7.9, 10 
mM KCl, supplemented with freshly added 1 mM PMSF and 
protease inhibitors) and incubated on ice for 15 min. Fifteen µl 
NP-40 solution (10% NP-40 in H

2
O) was then added to reach 

a final concentration of 0.5%, and the samples were vortexed 
immediately. Samples were centrifuged for 5 min at 800 g; super-
natant was the cytoplasmic fraction which was diluted 1:1 with 
2× SDS-lysis buffer (200 mM TRIS-HCl [pH 6.8], 100 mM 
DTT, 8% SDS, and 40% glycerol) and boiled for 10 min at  
95 °C. The pellet was the nuclear fraction; it was washed once 
with 1 ml of ice-cold buffer A plus NP-40 (final concentration 

0.5%). The pellet was lysed in 1× SDS-lysis buffer and boiled for 
10 min at 95 °C. The protein concentrations were determined 
and 15 or 30 µg of protein was analyzed by standard western 
immunoblotting. Anti-tubulin antibody was used as marker for 
the cytoplasmic fraction, anti-Rb antibody as a marker for the 
nuclear fraction.

Electrophoretic mobility shift assay
EMSA analyses were performed using the LightShift® 
Chemiluminescent EMSA Kit (#20148, Thermo Scientific).  
One µg of nuclear extracts were examined for their binding 
capacity to 20 fmol of the biotin-labeled standard NFκB binding 
motif (5′-AGCTTCAGAGGGGACTTTCCGAGAGG-3′).56 
Binding reaction and electrophoresis on a 4% native polyacryl-
amide gel were performed as recommended by the manufac-
turer. Complexes were then transferred onto the Hybond™-N+ 
nylon membrane (#RPN303B, GE Healthcare). For supershift 
analysis, we used 2 µg anti-NFκB p65RelA rabbit polyclonal 
antibody (C-20, #sc-372 X, Santa Cruz Biotechnology) or irrel-
evant polyclonal anti-TGF-β receptor-antibody (kindly provided 
by Michael Pfreundschuh, Internal Medicine I, University of 
Saarland Med Center) as control. For oligonucleotide competi-
tor experiments, 4 pmol of unlabeled NFκB site were added to 
the binding reaction prior to incubation with the biotin-labeled 
probe. The biotin-labeled DNA was detected by chemilumines-
cence as described by the manufacturer. To examine the effect 
of MDM2 on NFκB DNA binding activity, the nuclear extracts 
were incubated for 30 min at room temperature with increasing 
amounts of purified GST-Mdm2 (#H00004193-P01, abnova) or 
alternatively, with GST alone (#P0001, abnova) as control.
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