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Ubiquitination-mediated degradation of the RelA subunit of
nuclear factor-�B (NF-�B) is critical for the termination of
NF-�B activation. However, the precise mechanism for the
ubiquitination of RelA is still not fully understood. Here we
report that tumor necrosis factor-� (TNF�) induces RelA poly-
ubiquitination at the lysine 195 residue, and this ubiquitination
event is critical for the degradation of RelA and termination of
TNF�-mediated NF-�B activation. Overexpression of a RelA
mutant with an arginine substitution for the lysine 195 residue
dramatically inhibits RelA polyubiquitination and induces a
stronger NF-�B activation compared with the wild type. Recon-
stitution of RelA-deficient mouse embryo fibroblast cells with
wild-type RelA or RelA containing a K195R mutation revealed
the importance of this site in TNF�-mediated RelA polyubiq-
uitination, degradation, and attenuation of NF-�B activation.
Our finding is the first report that substitution of a key RelA
lysine residue with arginine inhibits TNF�-induced RelA ubiq-
uitination and enhances TNF�-induced NF-�B activation.

Nuclear factor-�B (NF-�B)2 represents a family of dimeric
transcription factors comprising RelA (p65), RelB, c-Rel,
NF-�B1 (p50), and NF-�B2 (p52) in mammals (1, 2). NF-�B
proteins form various homodimers and heterodimers via their
N-terminal Rel homology domains and mediate cellular
responses in inflammation, immunity, development, cell prolif-
eration, and apoptosis (3, 4). Tumor necrosis factor-� (TNF�)
is a proinflammatory cytokine that exerts its function through
activation ofNF-�B alongwith other transcription factors upon
binding to its receptor (2). In unstimulated cells, NF-�B dimers
are sequestered in the cytoplasm as latent complexes by physi-

cal association of their Rel homology domains with NF-�B
inhibitory proteins, I�Bs (5). Binding of TNF� to its receptor on
the cell surface induces activation of I�B kinase (IKK). The acti-
vated IKK phosphorylates two serine residues located in an I�B
regulatory domain, and this phosphorylation event leads to I�B
ubiquitination and subsequent degradation by the proteasome.
Degradation of the I�B proteins frees the NF-�B complex to
enter the nucleus and activates NF-�B-dependent gene expres-
sion (6, 7).
Recently, ubiquitination and degradation of the RelA subunit

of NF-�B in the nucleus have been suggested to be involved in
the negative regulation of NF-�B activation (8–12). Further-
more, RelA ubiquitination has been shown to be controlled by
various factors, including SOCS1 (suppressor of cytokine sig-
naling 1), PDLIM2 (PDZ and LIM domain 2), COMMD1
(COMM domain-containing 1), and GCN5 (8, 12–14). Inter-
estingly, the ORF73 protein encoded by murid herpesvirus 4
inhibits NF-�B transcriptional activity through polyubiquitina-
tion and nuclear degradation of RelA (15).
RelA Ser-536 is a target for IKK�-dependent phosphorylation

and mediates lipopolysaccharide-induced RelA turnover (16).
Phosphorylation of RelA at Ser-468 controls its COMMD1-de-
pendent ubiquitination and degradation (17). However, the
mechanism and role of RelA ubiquitination in TNF�-induced
NF-�B activation have not been fully characterized.
In this study, we usedmolecular and biochemical approaches

to identify a potential ubiquitin lysine acceptor site(s) in the
RelA protein. We present evidence that Lys-195 of the RelA
protein is the key ubiquitin acceptor site responsible for medi-
ating TNF�-induced RelA ubiquitination and degradation as
well as attenuation of TNF�-mediated NF-�B activation.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—HEK-293T cells and RelA-
deficient MEF cells (18) were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum,
100 units/ml penicillin, and 100�g/ml streptomycin at 37 °C in
5% CO2. For transfection, HEK-293T cells and RelA-deficient
MEF cells were transiently transfected with expression plas-
mids by using FuGENE 6 (Roche Applied Science) and Lipo-
fectamine 2000 (Invitrogen), respectively.
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Antibodies and Reagents—Mousemonoclonal anti-RelA (sc-
8008), anti-Myc (sc-40), anti-HA (sc-7392), anti-Ub (sc-8017),
and anti-proliferating cell nuclear antigen (sc-56) antibodies
and protein A-agarose were obtained from Santa Cruz Biotech-
nology. Polyclonal rabbit anti-phospho-IKK�/� (2681), anti-
IKK� (2684), and anti-I�B� (9242) antibodies and secondary
antibodies conjugated to horseradish peroxidase were obtained
fromCell Signaling.Mousemonoclonal anti-actin (A2228) and
anti-FLAG (F3165) antibodies were from Sigma. Recombinant
human andmouse TNF�were fromR&DSystems.MG132was
from Calbiochem.
Plasmids—Human RelA cDNAwas inserted into the expres-

sion vector pcDNA3.1 with a FLAG or Myc tag at its N termi-
nus. Point mutations of each lysine were generated by site-di-
rected mutagenesis. Retroviral wild-type RelA and K195R
mutant constructs were generated using the pBabe-puro vec-
tor. The NF-�B-dependent firefly luciferase reporter and
pCMV promoter-dependent Renilla luciferase reporter plas-
mids were purchased from Clontech.
Establishment of RelA Stable MEF Cell Lines—For retroviral

infection, the pBabe empty vector pBabe-RelA wild type, and
K195Rmutant were cotransfected with retrovirus packing vec-
tor Pegpam 3e and pLC-ECO in HEK-293T cells to obtain ret-
roviral supernatants. Viral supernatants were collected after 48
and 72 h. RelA-deficient MEF cells were incubated with retro-
viral supernatant in the presence of 4 �g/ml Polybrene. Stable
cell lines were established after 10 days of puromycin (3 �g/ml)
selection.
Preparation of Cytoplasmic and Nuclear Extracts—Nuclear

and cytosolic extracts were obtained as described (19). Cells
were lysed on ice for 30 min with hypotonic buffer (10 mM

HEPES, pH 7.9, 10mMKCl, 0.1mM EDTA, 1mM dithiothreitol,
1 mM phenylmethylsulfonyl fluoride, 20 mM glycerophosphate,
0.1 mM sodium orthovanadate, 10 �g/ml aprotinin, and 10
�g/ml leupeptin). After centrifugation of samples at 15,000� g
for 15 min, supernatants were collected and were used as cyto-
plasmic fractions. Pellets were then lysed for 30 min on ice in
hypertonic buffer (20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM

EDTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluo-
ride, 20mM glycerophosphate, 1 mM sodium orthovanadate, 10
�g/ml aprotinin, and 10 �g/ml leupeptin) with brief vortexing.
After centrifugation at 15,000 � g for 15 min, supernatants
were collected as nuclear fractions.
Immunoprecipitation and Immunoblotting—For immuno-

precipitation, cells werewashed three timeswith ice-cold phos-
phate-buffered saline on ice, and then whole cell extracts were
prepared by lysing cells in lysis buffer (25 mM HEPES, pH 7.7,
135 mM NaCl, 3 mM EDTA, 1% Triton X-100, 25 mM �-glycer-
ophosphate, 0.1mM sodium orthovanadate, 1mM phenylmeth-
ylsulfonyl fluoride, 1 mM dithiothreitol, 10 �g/ml aprotinin, 10
�g/ml leupeptin, 1 mM benzamidine, 20 mM disodium p-nitro-
phenyl phosphate, and phosphatase inhibitor mixture A and B
(Sigma)). After collecting the lysate by centrifugation at
15,000� g for 15min at 4 °C, primary antibodies were added to
the supernatant and incubated with rotation for 3 h at 4 °C.
After adding a protein A-agarose bead suspension, the mixture
was further incubated with rotation for 3 h at 4 °C. The precip-
itates were washed three times using pre-cold washing buffer

(20 mM HEPES, pH 7.7, 50 mM NaCl, 2.5 mM MgCl2, 0.1 mM

EDTA, and 0.05% Triton X-100), and then the beads were
resuspended in Laemmli sample buffer and boiled for 10 min.
The immunoprecipitates or thewhole cell lysates were resolved
by SDS-PAGE and transferred to nitrocellulose membranes
(Bio-Rad). Themembranes were probed with appropriate anti-
bodies. Horseradish peroxidase-conjugated IgG antibodies
were used as the secondary antibodies. The proteins were
detected using the ECLPlusWestern blotting detection system.
Electrophoretic Mobility Shift Assay—An electrophoretic

mobility shift assay was performed with Gel Shift assay systems
(Promega). Briefly, MEF cells (1 � 106) were stimulated for the
indicated time points. Nuclear extracts isolated from these cells
were then incubated with 32P-labeled probes in binding buffer
containing 0.5 mM EDTA, 0.5 mM dithiothreitol, 4% glycerol, 1
mM MgCl2, 50 mM NaCl, 10 mM Tris-HCl, pH 7.5, and 0.05
mg/ml poly(dI-dC) for 20min at room temperature. DNA-pro-
tein complexeswere resolved at 200V for 2 h by using native 5%
polyacrylamide gels. The gels were transferred to Whatman
No. 3MM paper, dried, and exposed to x-ray film overnight at
�80 °C.
Reverse Transcription andQuantitative Real-time PCR—To-

tal cellular RNA was isolated by using TRIzol reagent (Invitro-
gen), and cDNA was prepared using SuperScript III gene
expression tools (Invitrogen) according to the manufacturer’s
protocol. One �g of RNA was used for cDNA synthesis from
oligo(dT) primers using the SuperScript first-strand synthesis
system (Invitrogen). Quantitative real-time PCR was per-
formed using specific primers described previously (20) and
SYBR Green ROX mix (Qiagen), and reactions were analyzed
using an Applied Biosystems 7300 real-time PCR system. Data
were normalized to the housekeeping glyceraldehyde-3-phos-
phate dehydrogenase gene, and the relative abundance of tran-
scripts was calculated by using Ct models.
Enzyme-linked Immunosorbent Assay—Tomeasure levels of

mouse IL-6, RelA-deficient and wild-type RelA- and K195R
mutant-reconstituted MEF cells were treated with or without
mouse TNF� (2 ng/ml), and the supernatants were collected at
different time points. Mouse IL-6 concentrations in the super-
natants were determined by enzyme-linked immunosorbent
assay using a BD Biosciences kit according to the manufactur-
er’s instructions.
Luciferase Reporter Assay—Targeted cells were seeded at 3�

105 cells/well and cultured overnight in 6-well plates. The cells
were transfected with NF-�B-dependent firefly luciferase con-
struct, Renilla luciferase, and expression vectors. Luciferase
activity was measured according to the manufacturer’s proto-
col (Promega). The relative luciferase activity was calculated by
dividing the firefly luciferase activity by the Renilla luciferase
activity. Data represent three independent experiments per-
formed in triplicate.

RESULTS

Lys-195 Is Required for RelA Overexpression-mediated
Polyubiquitination—To determine whether RelA is ubiq-
uitinated, HA-ubiquitin expression vectors were cotrans-
fected with vector control or Myc-RelA expression vectors
into HEK-293T cells. Cells were lysed after treatment with or
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without MG132, and Myc-RelA proteins were immunopre-
cipitated and immunoblotted with anti-HA antibodies. In
this assay, we found that overexpressed Myc-RelA proteins
were partially ubiquitinated, and MG132 treatment dramat-
ically increased the level of ubiquitinated Myc-RelA
(Fig. 1A).
To address the effect of polyubiquitination of RelA on its

activation, it is critical to map the Ub lysine acceptor site(s) of

RelA and characterize the functional effects of eliminating the
site(s) on NF-�B activation. To determine the location of the
Ub lysine acceptor site(s) of RelA, we systematically replaced
each of the RelA Lys residues with an Arg, which would main-
tain the positive charge but would not serve as an acceptor site
for Ub modification (Fig. 1B). To determine the functional
effects of these mutants of RelA on its transactivity, the expres-
sion vectors encoding wild-type RelA and mutants with differ-

FIGURE 1. Lys-195 is required for RelA overexpression-mediated polyubiquitination. A, overexpression of RelA induces its polyubiquitination. HEK-293T
cells were transfected with control vectors or expression vectors encoding Myc-RelA along with HA-Ub. Cells were lysed after treatment with MG132 for 3 h.
Myc-RelA proteins in the cell lysates were immunoprecipitated (IP) with anti-Myc antibodies and immunoblotted (IB) with anti-HA antibodies. B, RelA primary
sequence, with the lysine residues indicated. C, effects of overexpression of RelA lysine-to-arginine mutants on RelA overexpression-induced NF-�B activation.
NF-�B luciferase (NF-�B-Luc) reporter and control Renilla luciferase reporter vectors were cotransfected into RelA-deficient MEF cells with empty vector or
expression vectors encoding wild-type RelA or lysine-to-arginine mutants, respectively. The relative luciferase activity was measured 48 h later and normalized
with the Renilla activity. Error bars indicate standard deviations from triplicate experiments. D, effects of overexpression of RelA lysine-to-arginine mutants on
RelA overexpression-induced RelA polyubiquitination. Expression vectors encoding FLAG-tagged wild-type RelA or lysine-to-arginine mutants were individ-
ually transfected into HEK-293T cells with expression vectors encoding HA-Ub. FLAG-RelA proteins in the cell lysates were immunoprecipitated with anti-FLAG
antibodies and immunoblotted with anti-HA antibodies.

FIGURE 2. RelA Lys-195 mediates TNF�-induced RelA polyubiquitination. A, effects of overexpression of RelA lysine-to-arginine mutants on TNF�-induced
NF-�B activation. Expression vectors encoding I�B�, NF-�B luciferase (NF-�B-Luc) reporter, and Renilla luciferase plasmids were cotransfected into RelA-
deficient MEF cells along with wild-type RelA and lysine-to-arginine mutants, and then the cells were either untreated or treated with TNF� (1 ng/ml) for 6 h.
The relative luciferase activity was measured and normalized with the Renilla activity. Error bars indicate standard deviations from triplicate experiments.
B, TNF� induces RelA polyubiquitination at Lys-195. RelA-deficient MEF cells with stable expression of wild-type RelA or the K195R mutant were either
untreated or treated with TNF� (10 ng/ml) for the times indicated in the presence of MG132 and subsequently lysed. RelA proteins in the cell lysates were
immunoprecipitated (IP) with anti-RelA antibodies and immunoblotted (IB) with anti-Ub antibodies to detect the presence of ubiquitinated RelA. C, RelA
Lys-195 is required for TNF�-induced RelA degradation. RelA-deficient MEF cells with stable expression of wild-type RelA or the K195R mutant were either
untreated or treated with TNF� (10 ng/ml) for the time points indicated in the presence of cycloheximide (CHX) and subsequently lysed. The whole cell lysates
(WCL) were immunoblotted with anti-RelA antibodies to detect the stability of RelA. D, quantification of results from C. E, Wild-type RelA and K195R have
comparable binding affinities for I�B�. Wild-type RelA and K195R proteins in the reconstituted MEF cells were immunoprecipitated with anti-RelA antibodies
and immunoblotted with anti-I�B� antibodies to detect the presence of I�B� in the immunoprecipitates.
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ent Lys-to-Argmutationswere cotransfected alongwithNF-�B
luciferase reporter constructs in the RelA-deficient MEF cells.
As shown in Fig. 1C, overexpression of RelA K28R, K79R,
K195R, K310R, K314R/K315R, and K343R mutants induced a
dramatically increased NF-�B-dependent luciferase reporter
gene expression compared with wild-type RelA, whereas other
mutants showed a decreased reporter gene expression. This
result suggests that Lys-to-Arg mutations at these seven sites
may abolish RelA polyubiquitination and degradation and

result in an increased RelA transactivity. Therefore, one or
more of these seven Lys residues are potential Ub acceptor
site(s) to mediate RelA polyubiquitination.
To furthermap theUb lysine acceptor site(s) formediation of

RelA polyubiquitination, we cotransfected FLAG-tagged wild-
type RelA and the seven Lys-to-Arg mutants described above
along with HA-ubiquitin into HEK-293T cells. FLAG-RelA
proteins were immunoprecipitated and immunoblotted with
anti-HA antibodies. In this assay, we found that only the K195R

FIGURE 3. RelA Lys-195 mediates down-regulation of TNF�-induced NF-�B activation. A, RelA Lys-195 is not involved in TNF�-induced IKK activa-
tion and I�B� degradation. RelA-deficient MEF cells with stable expression of wild-type RelA or the K195R mutant were either untreated or treated with
TNF� (10 ng/ml) for the time points indicated and subsequently lysed. The whole cell lysates were immunoblotted with the indicated antibodies to
detect IKK phosphorylation and I�B� degradation. B and C, RelA Lys-195 is required for TNF�-induced NF-�B degradation. RelA-deficient MEF cells with
stable expression of wild-type RelA or the K195R mutant were either untreated or treated with TNF� (10 ng/ml) for the time points indicated (B), or the
TNF� was washed away after treatment for 10 min (C), and the cells were subsequently harvested. The nuclear extracts were prepared and subjected to
SDS-PAGE. Nuclear NF-�B RelA was determined by immunoblotting with an anti-RelA antibody, and proliferating cell nuclear antigen (PCNA) was
detected as a loading control. D, vector control or wild-type RelA- or K195R-reconstituted MEF cells were either untreated or treated with TNF� for the
time points indicated and subsequently harvested. Nuclear extracts were prepared and subjected to an electrophoretic mobility shift assay with
32P-labeled NF-�B and Oct-1 probes. Whole cell lysates (WCL) were subjected to SDS-PAGE and immunoblotting with the antibodies indicated. �-Actin
was detected as a loading control for whole cell lysates. E, RelA Lys-195 is required for down-regulation of TNF�-induced NF-�B activation. NF-�B
luciferase (NF-�B-Luc) reporter and Renilla luciferase plasmids were cotransfected into wild-type RelA- or K195R mutant-reconstituted MEF cells, and
then the cells were either untreated or treated with TNF� (2 ng/ml) for 6 h. The relative luciferase activity was measured and normalized with the Renilla
activity. Error bars indicate standard deviations from triplicate experiments.
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mutant showed dramatically decreased polyubiquitination
(Fig. 1D).
Interestingly, we found that RelA K79R and K314R/K315R

overexpression induced a higher NF-�B activation in the
reporter assay, whereas these two RelA mutants had a slightly
higher level of polyubiquitination compared with the wild type
(Fig. 1, C and D). One of the explanations for this result is that
RelA K79R and K314R/K315R mutants have a decreased bind-
ing affinity for I�B�. To confirm this hypothesis, FLAG-tagged
wild-type RelA and K195R, K79R, and K314R/K315R mutants
overexpressed in the HEK-293T cells were immunoprecipi-
tated with anti-FLAG antibody and immunoblotted with anti-
I�B� antibody. In this assay, we found that RelA K79R and
K314R/K315R mutants had a decreased binding affinity for
endogenous I�B� compared with the wild type and K195R
(data not shown). Together, these results strongly suggest that
the RelA Lys-195 residue is the Ub acceptor site that mediates
RelA polyubiquitination.
RelA Lys-195 Mediates TNF�-induced RelA Polyubiquitina-

tion andDegradation—To further determinewhether the RelA
Lys-195 residue is the predominant Ub acceptor site thatmedi-
ates TNF�-inducedRelA ubiquitination and degradation, wild-
type RelA and the seven Lys-to-Arg RelA mutants described
above were cotransfected along with I�B� and NF-�B lucifer-
ase reporter constructs into RelA-deficient MEF cells. In this
assay, we could examine the effect of a RelA Lys-to-Arg muta-
tion on TNF�-induced NF-�B activation because RelA overex-
pression-induced NF-�B activation would be blocked by the
overexpressed I�B� in the cells. As shown in Fig. 2A, TNF�
induced higher NF-�B-dependent luciferase reporter gene
expression only in RelA K195R mutant-transfected cells com-
pared with wild-type RelA, whereas other RelA Lys-to-Arg
mutants partially inhibited TNF�-induced NF-�B reporter
activities.
To confirm the above results, we stably reintroduced wild-

type RelA and the K195Rmutant into RelA-deficientMEF cells
and treated these two cell lines with TNF� in the presence of
MG132 at the time points indicated. In this assay, we found that
TNF� failed to induce obvious RelA ubiquitination in theMEF
cells reconstituted with the K195R mutant compared with the
cells reconstituted with wild-type RelA (Fig. 2B). These results
indicate that RelA Lys-195 is the predominant Ub acceptor site
that mediates TNF�-induced RelA polyubiquitination and
degradation.
To determine whether the RelA Lys-195 residue mediates

TNF�-induced RelA degradation, we treated wild-type RelA-
and K195R mutant-reconstituted MEF cells with TNF� at the
time points indicated in the presence of cycloheximide, an
inhibitor of protein biosynthesis. Consistent with the above
results, we found that TNF�-induced RelA degradation was
inhibited in RelA K195R-reconstituted MEF cells compared
with the RelA wild type (Fig. 2, C and D). To rule out the pos-
sibility that the RelA K195R mutant has a decreased binding
affinity for I�B� compared with the wild type, RelA in theMEF
cells reconstituted with wild-type RelA or the K195R mutant
were immunoprecipitated with anti-RelA antibodies and
immunoblotted with anti-I�B� antibody. As shown in Fig. 2E,
both wild-type RelA and the K195R mutant had a comparable

binding affinity for I�B�. Taken together, these results suggest
that the RelA Lys-195 residue mediates TNF�-induced RelA
polyubiquitination and degradation.
RelA Lys-195 Is Required for Down-regulation of TNF�-in-

duced NF-�B Activation—To characterize the physiological
role of the RelA Lys-195 site in the TNF�-mediated NF-�B
pathway, MEF cell lines expressing wild-type RelA or the
K195R mutant were treated with TNF� for the time points
indicated, and then the cell lysates were immunoblotted with
the indicated antibodies to examine the TNF�-induced IKK
phosphorylation, I�B� degradation, and NF-�B/RelA nuclear
translocation. In this assay, TNF� induced similar levels of IKK
phosphorylation and I�B� degradation in both wild-type RelA-

FIGURE 4. RelA Lys-195 mediates down-regulation of TNF�-induced
NF-�B-dependent IL-6 expression. A, the RelA K195R mutation
enhances the TNF�-induced NF-�B-dependent IL-6 gene expression.
Wild-type RelA- or K195R mutant-reconstituted MEF cells were either
untreated or treated with TNF� (2 ng/ml) for the time points indicated.
Total RNA from these cells was harvested. IL-6 transcript levels in the cells
were measured using quantitative reverse transcription-PCR normalized
to glyceraldehyde-3-phosphate dehydrogenase levels. The data are pre-
sented as averages of three separate experiments with standard devia-
tions. B, the RelA K195R mutation enhances the TNF�-induced IL-6 pro-
duction. Wild-type RelA- and K195R mutant-reconstituted MEF cells were
either untreated or treated with TNF� (2 ng/ml) for the time points indi-
cated. The supernatants from these cell cultures were collected and sub-
jected to a mouse IL-6 (mIL-6) enzyme-linked immunosorbent assay anal-
ysis according to the manufacturer’s instructions.
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and K195R-reconstituted MEF cells (Fig. 3A). However, a
TNF�-induced NF-�B nuclear presence was much higher and
lasted much longer in the RelA K195R mutant-reconstituted
cells compared with the wild type (Fig. 3, B and C). We also
found that TNF� induced a higher and a longer NF-�B activa-
tion in the K195R-reconstituted cells than the wild type in an
electrophoretic mobility shift assay (Fig. 3D).
Consistent with the above results, TNF� induced a much

higher NF-�B-dependent luciferase activity in MEF cells
expressing the RelAK195Rmutant than in those expressing the
wild type (Fig. 3E). Taken together, these results indicate that
ubiquitination of RelA at the Lys-195 site is required for pre-
venting excessive TNF�-induced NF-�B activation.
RelA Polyubiquitination at Lys-195 Attenuates TNF�-in-

duced IL-6 Gene Expression—TNF� induces IL-6 gene expres-
sion via NF-�B activation (21–23). To determine the role of
RelA ubiquitination at Lys-195 in TNF�-induced IL-6 gene
expression, total RNAwas isolated from thewild-type RelA and
K195R mutant stable MEF cell lines treated with or without
TNF�. Quantitative reverse transcription-PCR analysis
showed that TNF� induced a higher level of IL-6 gene expres-
sion in the RelA K195R mutant-reconstituted cells compared
with the RelA wild type (Fig. 4A). Consistent with this result,
TNF� also induced a higher level of IL-6 in the medium from
cells with RelA K195R compared with RelA wild type (Fig. 4B).
These results demonstrate that ubiquitination of RelA at Lys-

195 is required for preventing
excessive TNF�-induced NF-�B
activation and cellular responses.

DISCUSSION

Except for I�B�-mediated nuclear
export of NF-�B, ubiquitin- and
proteasome-dependent degrada-
tion of the nuclear RelA subunit of
NF-�B has also been suggested to be
a critical mechanism of terminat-
ing NF-�B activation and prevent-
ing excessive TNF�-mediated cel-
lular responses. Until now, the
mechanism and role of NF-�B
ubiquitination in the negative reg-
ulation of the TNF�-induced
NF-�B activation had not been
completely defined. In this inves-
tigation, we further examined the
mechanism of RelA polyubiquitina-
tion in the attenuation of TNF�-
mediated NF-�B activation and
gained novel insights into the regu-
latory role of polyubiquitination in
NF-�B function. Here we show that
the RelA subunit of NF-�B is polyu-
biquitinated at the Lys-195 residue
in response to TNF� stimulation
and that RelA polyubiquitination at
the Lys-195 residue is a critical
mechanism for termination of

immune and inflammatory responses mediated by RelA-con-
taining NF-�B. Our studies suggest that ubiquitination-
dependent degradation of the RelA subunit of NF-�B plays an
important role in maintaining a delicate balance in TNF�-me-
diated NF-�B-dependent cellular responses.
In this study, we found that TNF� induces polyubiquitina-

tion of only one single lysine residue, Lys-195, on RelA tomedi-
ate proteasome-dependent RelA degradation and termination
of NF-�B activation. Previously, both the Ser-536 and Ser-468
residues were shown to be involved in the regulation of TNF�-
induced RelA turnover (16, 17). It is highly likely that phos-
phorylation of one or both of these serine residues mediates
TNF�-induced polyubiquitination of RelA at the Lys-195 resi-
due. However, future studies are needed to determine whether
TNF�-induced phosphorylation of other serine/threonine sites
onRelA is involved in themediation of RelA polyubiquitination
and degradation.
Previously, Rodrigues et al. (15) reported that the ORF73

protein encoded by murid herpesvirus 4 acts as an E3 ligase to
mediate RelA polyubiquitination and degradation by targeting
the Rel homology domain of RelA. Consistent with this report,
we found that the RelA Lys-195 residuewithin its Rel homology
domain is the ubiquitin acceptor site formediating RelA polyu-
biquitination and degradation. Furthermore, several mamma-
lian E3 ligases have been reported to be involved in the regula-
tion of RelA polyubiquitination and degradation (8, 12, 13).
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FIGURE 5. Working model for the role of Lys-195 in TNF�-induced RelA polyubiquitination and degra-
dation. TNF� induces IKK�-mediated I�B� degradation and NF-�B nuclear translocation. Once bound to the
NF-�B-binding site on the promoter, the RelA subunit of NF-�B is polyubiquitinated at Lys-195 and subse-
quently degraded to attenuate TNF�-induced NF-�B activation. R1, TNF� receptor 1; DD, death domain.
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However, further studies are required to determine their spec-
ificity in mediating TNF�-induced RelA polyubiquitination
and degradation.
In summary, our study revealed that polyubiquitination of

the Lys-195 residue of RelA is involved in the negative regula-
tion of TNF�-inducedNF-�B activation. Importantly, our find-
ings in this study are the first report that substitution of a key
ubiquitin acceptor lysine residue of RelA with an arginine res-
idue extends the retention time of RelA in the nucleus and
increases the NF-�B-dependent gene expression in response to
TNF� stimulation. In view of the data presented here and in
previous reports, we propose a workingmodel (Fig. 5) in which,
upon TNF� binding to its receptor, TNF� receptor-mediated
signaling events lead to RelA phosphorylation, nuclear translo-
cation, and binding to the NF-�B-dependent gene promoter.
After transactivation, the promoter-bound RelA subunit of
NF-�B is polyubiquitinated at Lys-195 and degraded in the
nucleus to terminate NF-�B-mediated gene expression.
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