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Background: RPS3 is an essential component that confers transcriptional specificity to NF-�B.
Results: A 21–186 truncation of p65 prevents NF-�B activation-induced nuclear translocation of RPS3 by competing it off
full-length p65.
Conclusion: The 21–186 truncation of p65 selectively blocks RPS3-dependent NF-�B gene transcription.
Significance:These findings uncover a new function for theN-terminal domain of p65 and provide a novel strategy for selective
inhibition of NF-�B.

NF-�B is a pleiotrophic transcription factor that plays a
prominent regulatory role in various cellular processes. Al-
though previous efforts have focused on its activation, how
NF-�B selects specific target genes in response to discrete sig-
nals remains puzzling. In addition to the well defined Rel pro-
tein components ofNF-�B, the ribosomal protein S3 (RPS3)was
identified to be an essential component of specific NF-�B com-
plexes. RPS3 synergistically interacts with the NF-�B p65 sub-
unit to achieve optimal binding and transactivation of a subset
of NF-�B target genes, thus providing regulatory specificity.
Emerging evidence suggests an important role for the RPS3-p65
interaction in context-specific NF-�B gene transcription. The
food-borne pathogen Escherichia coli O157:H7 impacts the
transcription of a subset of NF-�B target genes encoding proin-
flammatory cytokines and chemokines in host cells by prevent-
ing the nuclear translocation of RPS3, but not p65. The N ter-
minus of p65 is crucial for RPS3 binding. Although several p65
N-terminal fragments are generated by either protease cleavage
or alternative mRNA splicing under certain pathophysiological
conditions, the role of these fragments in modulating NF-�B
signaling, in particular RPS3-dependent selective gene tran-
scription, has not been fully characterized. Here we report that
an N-terminal fragment of p65 (amino acids 21–186) can selec-
tively modulate NF-�B gene transcription by competing for
RPS3binding to p65. This 21–186 fragment preferentially local-
izes in the cytoplasm where it delays stimuli-induced RPS3
nuclear translocation, without affecting the nuclear transloca-
tion of p65. Our findings thus uncover a new cytoplasmic func-
tion for theN-terminal domain of p65 and provide a novel strat-
egy for selective inhibition of NF-�B gene transcription.

The Nuclear Factor-� B (NF-�B) signal pathway plays a crit-
ical role in a variety of vital cellular procedures (1–5). Despite
an extensive study on the signaling that leads to the activation
of NF-�B over past years (6–11), it remains puzzling how
NF-�B specifically transcribes its target genes (12–15). In addi-
tion to the best characterized Rel family proteins (RelA (p65),
RelB, c-Rel, p50, and p52), ribosomal protein S3 (RPS3)2 was
identified as an essential component in certain native NF-�B
complexes (16). RPS3 can complex with p65 in the cytoplasm
and in the nucleus; its subcellular localization, however, is
actively regulated by the NF-�B activation signaling cascade
(16, 17). More specifically, we recently showed that the I�B
kinase � (IKK�)-mediated phosphorylation of RPS3 at serine
209 is required for its nuclear translocation and function during
NF-�B activation (17). In the nucleus, RPS3 has been proposed
to synergistically interact with p65 achieving optimal DNA
binding capacity and conferring the transcriptional selectivity
of the NF-�B complex (13, 16). Collectively, RPS3-conferred
NF-�B signaling provides a novel clue to NF-�B specific gene
transcription.
The significance of RPS3-dependent specific NF-�B gene

transcription has been illustrated by an increasing number of
key pathophysiological processes. Previous studies demon-
strated that preventing the RPS3-p65 interaction via knock-
down of RPS3 dramatically attenuated cell receptor engage-
ment-induced cytokine production and proliferation in T cells
and immunoglobulin � light chain gene expression in B cells
(16). Moreover, the RPS3-p65 interaction was reported to play
an important role in cell receptor editing during B cell develop-
ment (18) and human islet cell death (19). Furthermore, Snyder
and co-workers (20) showed that TNF-induced sulfhydration
of p65 at cysteine 38 promoted its interaction with RPS3 and
binding to the �B promoters of cIAP-2 (baculoviral IAP repeat-
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and XIAP (X-linked inhibitor of apoptosis protein) genes,
which suggests the RPS3-p65 interaction serves as a physiologic
determinant of the anti-apoptotic transcriptional activity in
macrophages (21). Our recent studies also underscored the
key role of RPS3-dependent NF-�B signaling in host defense
against intestinal attaching/effecting pathogens including
enterohemorrhagic Escherichia coli, enteropathogenic E. coli,
andCitrobacter rodentium (17, 22, 23). In particular, the type III
secretion system effector protein NleH1 from E. coli O157:H7
specifically blocks the transcription of NF-�B-mediated proin-
flammatory cytokine genes (e.g., TNF and IL8), by attenuating
the IKK�-mediated phosphorylation of RPS3 at serine 209 and
RPS3 nuclear translocation, without affecting NF-�B stimuli-
triggered p65 nuclear translocation (17, 22). Therefore dimin-
ishing the RPS3-p65 interaction only inhibited the transcrip-
tion of RPS3-dependent, but not all p65 required, NF-�B target
genes. This represents a novel strategy to selectively, rather
than globally, inhibit NF-�B activity.
Our previous structure-function study demonstrated that

the N-terminal portion, in particular amino acids 21–186, of
p65 was necessary for binding to RPS3, whereas the dimeriza-
tion domain and C-terminal transactivation domain (TAD)
were not involved (16). Of note, a host of p65 N-terminal trun-
cated fragments has been reported to be produced through pro-
tease cleavage or alternative mRNA splicing in pathogen-in-
fected cells, apoptotic cells, and cancer cells (24–30). For
instance, NleC, an anti-inflammatory bacterial zinc metallo-
protease from enteropathogenic and enterohemorrhagic
E. coli, cleaves host p65 within the N-terminal portion during
infection (24–27). Moreover, an N-terminal fragment of p65
was also reported in cells undergoing cytochrome c/caspase-
mediated apoptosis (28, 29). These p65 cleavages were pro-
posed to dampen NF-�B-mediated inflammatory response and
anti-apoptosis; however, the mechanisms are not clear. In par-
ticular, the generated N-terminal truncations of p65 have not
been carefully characterized. It remains largely unknown
whether they could play an important role in regulating NF-�B
signaling, in particular the RPS3-dependent selective transcrip-
tion of NF-�B target genes.
In this work, we discovered that an N-terminal fragment

(amino acids 21–186) of p65, which has high binding affinity to
RPS3, specifically impairs RPS3-dependent NF-�B gene tran-
scription through competing RPS3 off endogenous p65. The
21–186 truncated mutant of p65 predominantly resides in the
cytoplasm where it selectively retards the stimuli-induced
nuclear translocation of RPS3, but not p65. Our results reveal a
novel mechanism for the N-terminal 21–186 fragment of p65,
which has putative nucleic acid binding function in the nucleus,
to selectively modulate the cytoplasmic NF-�B signaling and
certain branches of NF-�B target gene transcription.

EXPERIMENTAL PROCEDURES

Cells and Antibodies—Jurkat A3, HEK293T, and mouse
embryonic fibroblasts (MEF) cells (ATCC) were cultured in
RPMI 1640 and DMEM, respectively, supplemented with 10%
fetal calf serum, 2 mM glutamine, and 100 units/ml each of
penicillin and streptomycin. I�B� (C-21, sc-371), C-terminal
p65 (C-20, sc-372), N-terminal p65 (F-6, sc-8008x), and Sam68

(Src-associated in mitosis 68 kDa; C-20, sc-333) antibodies
were from Santa Cruz Biotechnology; GFP (7.1 and 13.1,
11814460001) antibody was from Roche Applied Science; RNA
polymerase II (CTD4H8, 05-623) antibody was fromMillipore;
�-actin (AC-15, A5441) and importin-� (IM-75, I1784) anti-
bodies were from Sigma; poly(ADP-ribose) polymerase (C2–
10, 556362), Hsp90 (68, 610418), caspase 3 (19, 610322), CD3
(HIT3a, 550367), and CD28 (CD28.2, 555726) antibodies were
from BD; phospho-I�B� (5A5, 9246) and cleaved caspase 3
(Asp-175, 9661) antibodies were from Cell Signaling Technol-
ogy; RPS3 and Ser-209 phosphorylated RPS3 antibodies were
generated and affinity-purified by PrimmBiotech, as previously
described (16, 17).
Plasmid Constructs—The GFP-Sam68 and GFP-Sam68

(�NLS) constructs (31) were kindly provided by S. Richard
(McGill University, Montreal, Canada). The GFP, GFP-p65,
GFP-p65 (21–186), GFP-p65 (311–551), Ig �B-driven lucifer-
ase, AP-1-driven luciferase, and Renilla luciferase plasmids
were described previously (16). The GFP-p65 (21–186) (M1A)
mutant, with the first methionine encoded by the start codon
ATG of EGFP substituted with an alanine to avoid the alterna-
tive splicing variant for EGFP, was used in the fluorescence
imaging studies. The point mutant of EGFP was generated by
site-directed mutagenesis using the QuikChange kit (Strat-
agene) with primers forward 5�-CCACCGGTCGCCACC-
GCGGTGAGCAAGGGCGAG-3� and reverse 5�-CTCGC-
CCTTGCTCACCGCGGTGGCGACCGGTGG-3� for M1A
and verified by DNA sequencing.
Transient Transfection—DNA constructs were transfected

into Jurkat A3 cells with electroporation by the Gene Pulser
Xcell electroporation systems (Bio-Rad) using a 0.2-cm cuvette
under the following condition: 140 V, 1000 microfarad, and
∞�. The plasmids were transiently transfected into HEK293T
cells using TurboFect in vitro transfection reagent (Thermo
Scientific) according to the manufacturer’s instructions.
Luciferase Reporter Gene Assays—Luciferase reporter gene

assays were performed as previously described (16). Briefly, the
cells were co-transfectedwith either five copies of Ig�BorAP-1
promoter-driven firefly luciferase constructs and the Renilla
luciferase pTKRL plasmid (ratio 10:1), together with appropri-
ate plasmids. The cells were cultured for 1–2 days and then
stimulated in triplicate before harvest. The lysates were ana-
lyzed using a dual-luciferase kit (Promega).
Immunofluorescence Microscopy—Immunofluorescence

microscopy was performed as previously described (16, 17).
Briefly, HEK293T cells were seeded on the poly-L-lysine-coated
coverslips and transfected with appropriate plasmids. Follow-
ing stimulation, the cells were fixed with 4% paraformaldehyde
in PBS, permeabilized with 0.05% Triton X-100 in PBS, and
then stained with Alexa Fluor 594-conjugated rabbit anti-RPS3
antibody (Primm Biotech) or anti-p65 antibody (Santa Cruz)
for 40 min together with 1 �g/ml of Hoechst 33342 (Sigma) for
5 min at 25 °C. The coverslips were then rinsed with PBS three
times, and covers were mounted for fluorescence microscopy.
Immunofluorescence images were obtained with a LSM510
fluorescence confocal microscope (Carl Zeiss) under a �40 oil
immersion lens.
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Subcellular Fractionation—Subcellular fractionation was
performed as previously described (16, 17). Briefly, the cells
were resuspended in chilled Buffer A (10mMHEPES, pH 7.9, 10
mM KCl, 1.5 mM MgCl2, 0.1 mM EDTA, 0.5 mM DTT, 0.4%
Nonidet P-40, 0.5 mM PMSF, complete protease inhibitor mix-
ture) at 4 °C for 5 min. The lysates were centrifuged at 4 °C,
500 � g for 3 min, and supernatants were collected as cytosolic
fractions. The pellets were incubated in Buffer C (20 mM

HEPES, pH 7.9, 420 mMNaCl, 1.5 mMMgCl2, 25% glycerol, 0.5
mM PMSF, 0.2 mM EDTA, 0.5 mM DTT, complete protease
inhibitormixture) at 4 °C for 10min, followed by a centrifuge at
4 °C, 13,000 � g for 10 min. Supernatants were collected as
nuclear fractions.
Immunoprecipitation and Immunoblot—The cells were

lysed on ice by 0.4 ml of the TNTG buffer (30 mM Tris, pH 8.0,
150 mM NaCl, 1% Triton X-100, 10% glycerol, complete prote-
ase inhibitor mixture) for 30 min. The lysates were centrifuged
at 13,000 � g at 4 °C for 10 min to remove insoluble material.
After normalizing protein concentrations, the lysates were sub-
jected to immunoprecipitation by adding 10mg/ml appropriate
antibody plus 30 ml of protein G-agarose (Roche Applied Sci-
ence) and rotated for 2 h at 4 °C. The precipitates were washed
five times with cold lysis buffer followed by SDS-PAGE separa-
tion under reduced and denaturing conditions. Nitrocellulose
membraneswere blocked in 5%nonfatmilk in 0.1%PBS-Tween
20 (PBS-T) and probed with appropriate antibodies. Immuno-
blotting of phosphorylated proteins was carried out as de-
scribed previously (17, 32). Briefly, the gels were transferred to
methanol-treated polyvinylidene fluoride membranes, re-
treated with methanol, and dried for 30 min. The blots were
blocked in 5% bovine serum albumin in 0.1% Tris-buffered
saline with Tween 20 and probed with specific antibodies.

Bands were imaged by the Super Signaling system (Pierce)
according to the manufacturer’s instructions.
Real Time PCR—Total RNA was isolated, and cDNA was

prepared as previously described (16). Real time PCRs were
performed in triplicate using the SYBR Green PCRMaster Mix
(Qiagen) in a 7900HT sequence detection system (Applied Bio-
systems) according to the manufacturer’s protocol, with the
following primers: IL2-F, 5�-CCAAGAAGGCCACAGAACT-
GAAACATC-3�; IL2-R, 5�-GGTTGCTGTCTCATCAGCAT-
ATTCACAC-3�; CD25-F, 5�-CCAGAGATCCCACACGCCA-
CATTCAAAG-3�; and CD25-R, 5�-GCATTGACATTGGTT-
GTCCCAGGACGAG-3�; GAPDH-F, 5�-CACATCAAGAAG-
GTGGTG-3�; and GAPDH-R, 5�-TGTCATACCAGGAAA-
TGA-3�. The relative transcription level was calculated using
the ��Ct method (16).

RESULTS

Expression of 21–186TruncatedMutant of p65 Inhibits Stim-
uli-induced NF-�B Activation—We recently discovered that
the E. coli O157:H7 type III secretion system effector NleH1
selectively attenuates host NF-�B gene transcription through
its specific interaction with RPS3 (17, 22). A recent structure-
function study of the p65-RPS3 interaction showed that the
N-terminal portion of p65 (amino acids 21–186) is necessary
for binding to RPS3, whereas the dimerization domain and
TAD domain are not involved (16). The N-terminal portion of
p65 seemingly possesses an even stronger binding affinity to
RPS3, relative to the full-length p65 (16) (Fig. 1A), leading us to
hypothesize that this truncatedmutant of p65 could potentially
interfere with NF-�B signaling through this strong interaction
with RPS3. We verified that the p65 (21–186) fragment bound
to endogenous RPS3when transfected intoHEK293T cells (Fig.

FIGURE 1. p65 (21–186) fragment inhibits NF-�B gene expression. A, diagram of human p65 and the EGFP-fused full-length and indicated truncation
mutants of p65. NTD, N-terminal domain; DimD, dimerization domain. The association capacities of the full-length and indicated truncated mutants of p65 to
RPS3 are indicated as follows: �, no detectable interaction; �, detectable interaction; and ���, detectable strong interaction. B, whole cell lysates (Input) from
HEK293T cells, transfected with either of the indicated EGFP-fused p65 truncated mutants, were immunoblotted directly or after immunoprecipitation (IP) with
RPS3 antibody for the indicated proteins. The asterisk indicates nonspecific heavy chain (HC). C, HEK293T cells were transiently transfected with low dose (lo)
or high dose (hi) of the 21–186 or 311–551 truncated mutants of p65 or EGFP vehicle control. After 24 h, the whole cell lysates were derived and immunoblotted
directly with GFP antibody for the indicated EGFP fusion proteins. Hsp90 was used as a loading control. D, HEK293T cells were transfected as in C together with
5� �B-Luc reporter and pTKRL plasmids. After 24 h, the cells were left untreated (Unstim) or stimulated with TNF (50 ng/ml) and analyzed for luciferase. Shown
are the means � S.D. of relative NF-�B-driven luciferase activity (fold increase) (n � 3). *, p 	 0.001 (Student’s t test). E and F, Jurkat A3 cells were transiently
transfected with EGFP vehicle control or p65 (21–186) truncated mutant, together with 5� �B-Luc reporter (E) or AP-1-Luc reporter (F) and pTKRL plasmids.
After 48 h, the cells were left untreated (Unstim) or stimulated with CD3 and CD28 antibodies (1 �g/ml each, �CD3/28) and analyzed for luciferase. Shown are
the means � S.D. of relative NF-�B-driven (E) or AP-1-driven (F) luciferase activity (fold increase) (n � 3). *, p 	 0.001 (E) and not significant (F) by Student’s t test.
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1B). In contrast, the C-terminal TAD (amino acids 311–551) of
p65 did not associate with RPS3 (Fig. 1, A and B) (16). We then
determined the effect of the p65 (21–186) truncatedmutant on
NF-�B activation by co-transfecting either the 21–186 or 311–
551 truncatedmutant of p65 together with anNF-�B luciferase
reporter construct into HEK293T cells. Compared with the
vehicle EGFP-transfected cells, overexpressing the p65 (21–
186) fragment dramatically decreased 60–85% of TNF-in-
duced NF-�B activation (Fig. 1, C and D). Conversely, overex-
pression of the p65 (311–551) fragment only reduced the TNF-
induced NF-�B activation by roughly 20%, although they were
statistically significant (Fig. 1D). To explore the potential effect
of the 21–186 truncated p65 on the other stimuli-induced
NF-�B signaling, we co-transfected either vehicle GFP control
or GFP-tagged p65 (21–186) fragment into Jurkat A3 cells. The
expression of the p65 (21–186) fragment significantly inhibited
anti-CD3/CD28-triggered NF-�B reporter gene expression
(Fig. 1E), which suggests that the 21–186 truncated mutant of
p65 negatively impacts NF-�B function for multiple stimuli.
Moreover, T cell receptor engagement is well known to activate
multiple signal pathways including NF-�B, AP-1, and others
(33), which provided the stage to assess the impact of p65 (21–
186) on the other transcription factor-mediated signal path-
ways. Indeed, we observed that the anti-CD3/CD28-induced
AP-1 reporter expression in the p65 (21–186) fragment-ex-
pressing cells was identical to that in the GFP-expressing cells

(Fig. 1F), suggesting that the inhibitory function of the 21–186
truncatedmutant of p65 appears to be more specific for NF-�B
rather than the other signal pathways.
The 21–186 Truncated Mutant of p65 Localizes to the

Cytoplasm—It was previously shown that RPS3 associates with
p65 in the inhibitory p65-p50-I�B� complex in the cytoplasm
of resting cells, and upon NF-�B activation, RPS3 translocates
to the nucleus, where it facilitates NF-�B binding to relevant
DNA targets via a synergistic interaction with p65 (12, 13, 16).
To identify the step at which the 21–186 truncated mutant of
p65 disturbs NF-�B signaling, we examined the subcellular
localization of EGFP-tagged p65 (21–186) fusion protein in
both resting and stimulated cells. We used Sam68, a known
strictly nuclear protein, and itsmutant�NLS that localizes pre-
dominantly in the cytoplasm because of the loss of its NLS (31),
to differentiate cytoplasmic and nuclear subcellular localiza-
tion. We first verified that the fluorescence detected in trans-
fected cells originated entirely from the EGFP-fused proteins
rather than any trace of EGFP potentially generated via alter-
native splicing, because only a single EGFP band with expected
molecular weight was detected for each EGFP-fused protein
(Fig. 2A). In line with the previous report, EGFP-Sam68 prefer-
entially resided in the nucleus, whereas the Sam68 (�NLS)
mutant localized exclusively in the cytoplasm (Fig. 2B). We
found that the majority of the transfected p65 (21–186) trun-
cated mutant was present in the cytoplasm, similarly to EGFP-

FIGURE 2. p65 (21–186) truncated mutant localizes in the cytoplasm. A, whole cell lysates from HEK293T cells, transiently transfected with either EGFP or
indicated EGFP fusion proteins, were immunoblotted directly with GFP antibody. B, immunofluorescence micrographs of HEK293T cells transfected as in A. The
nuclei were counterstained with Hoechst 33342. The scale bar equals 10 �m. C, immunoblot analysis of cytosolic (Cyto) and nuclear (Nuc) subcellular fractions
of HEK293T cells overexpressing EGFP or EGFP-tagged p65 (21–186). Hsp90 and poly(ADP-ribose) polymerase (PARP) serve as cytosolic and nuclear markers,
respectively, and/or loading controls throughout. D, whole cell lysates (Input) from HEK293T cells, transfected with either full-length or 21–186 truncated
mutant p65 fused to EGFP, were immunoblotted directly or after IP with GFP antibody for GFP fusion proteins and endogenous p65. The asterisk indicates
nonspecific heavy chain (HC). E, immunoblot analysis of cytosolic (Cyto) and nuclear (Nuc) subcellular fractions of HEK293T cells overexpressing either EGFP-
fused full-length or 21–186 truncated mutant p65 and stimulated with TNF (50 ng/ml) for the indicated periods. Caspase-3 and poly(ADP-ribose) polymerase
serve as cytosolic and nuclear markers, respectively, and/or loading controls throughout. The results are representative of two to four experiments.
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p65 and the Sam68 (�NLS) mutant but distinct from EGFP-
Sam68 (Fig. 2B). The preferential localization of the p65 (21–
186) truncated mutant to the cytoplasm in resting HEK293T
cells is consistent with the notion that the 21–186 truncation
does not possess a functional NLS (Fig. 1A). We further con-
firmed this result biochemically through subcellular fraction-
ation and detected significantly more p65 (21–186) truncated
protein in the cytoplasmic rather than the nuclear fraction
derived from transfected HEK293T cells (Fig. 2C). These
results demonstrate that the 21–186 truncated mutant of p65
preferentially localizes in the cytoplasm in resting cells.
Wenext testedwhether endogenous p65 could complexwith

ectopically expressed full-length or truncated p65 to rule out
the possibility that such an interaction would account for our
findings. As expected, the EGFP-tagged full-length p65 associ-
atedwith endogenous p65 (Fig. 2D). In contrast, and as could be
predicted because of the lack a dimerization domain in the p65
(21–186) fragment (Fig. 1A), there was virtually no detectable
interaction between the 21–186 truncated mutant of p65 and
endogenous p65 (Fig. 2D). Therefore, it is unlikely that the
21–186 truncated mutant of p65 complexes with endogenous
p65 and thereby dominantly interferes with its function.
We then examined whether the p65 (21–186) fragment

translocates from the cytoplasm to the nucleus upon NF-�B
activation. As a positive control, a significant portion of trans-
fected EGFP-tagged full-length p65 accumulated in the nucleus
30 min after TNF stimulation (Fig. 2E). However, TNF stimu-
lation failed to trigger the nuclear translocation of the overex-
pressed 21–186 truncatedmutant of p65 (Fig. 2E). Collectively,
these results suggest that the p65 (21–186) fragment remains in
the cytoplasm in both resting and activated cells rather than
impairing the functions of endogenous p65 and RPS3 in the
nucleus.
The 21–186 TruncatedMutant of p65 Does Not Impair Stim-

uli-induced p65 Nuclear Translocation—To determine how
the 21–186 truncated mutant of p65 inhibits NF-�B gene
expression, we examined the TNF-induced cytoplasmic NF-�B
signaling inHEK293T cells transfectedwith either the p65 (21–
186) truncated mutant or the vehicle EGFP. In EGFP-express-
ing cells, as expected, TNF stimulation induced serine phos-
phorylation of I�B� that peaked at 5 min and degradation of
I�B� (Fig. 3,A and B). Overexpression of the 21–186 truncated
mutant of p65 did not significantly impair TNF-induced I�B�
phosphorylation or degradation (Fig. 3, A and B). These results
suggest that the 21–186 truncated mutant of p65 does not
globally attenuate signaling events upstream from NF-�B
activation.
Because the translocation of p65 from the cytoplasm to the

nucleus is essential for activation of NF-�B, we next used sub-
cellular fractionation to assess the impact of the p65 (21–186)
fragment expression on NF-�B activation-induced nuclear
accumulation of endogenous p65. In the EGFP-expressing con-
trol cells, TNF triggered substantial nuclear translocation of
endogenous p65 as expected (Fig. 3C). Similarly, the TNF-in-
duced p65 nuclear translocation in the 21–186 truncated
mutant of p65-transfected cells appeared identical, if not
increased, to that in control cells (Fig. 3C). Consistent with our
observation that ectopic expression of the p65 (21–186) frag-

ment did not attenuate the phosphorylation and degradation of
I�B� (Fig. 3, A and B), these results demonstrate that the
21–186 truncated mutant of p65 does not impair stimuli-in-
duced p65 nuclear translocation.
To verify our biochemical result, we then applied immuno-

fluorescence microscopy to visualize the subcellular localiza-
tion of endogenous p65 protein in HEK293T cells expressing
the 21–186 truncated mutant of p65. Consistent with previous
studies (16, 17), the endogenous p65 residedmainly in the cyto-
plasm in the resting HEK293T cells, independently of the pres-
ence of the p65 (21–186) fragment (Fig. 3E). After TNF stimu-
lation, the endogenous p65 translocated to the nucleus to an
identical level in both p65 (21–186)-transfected and nontrans-
fected cells (Fig. 3E). This confirms that the 21–186 truncated
mutant of p65 does not affect the p65 nuclear accumulation
during NF-�B activation.
The 21–186 Truncated Mutant of p65 Selectively Attenuates

RPS3 Nuclear Translocation—The stimuli-induced nuclear
translocation of RPS3 has been shown to be critical for the
optimal transcription of specific RPS3-dependentNF-�B target
genes important for inflammatory response and cell survival
(17, 20, 22). We therefore assessed the impact of the p65 (21–
186) fragment expression on the NF-�B-activation-induced
nuclear accumulation of endogenous RPS3 by both subcellular
fractionation and immunofluorescence microscopy. In EGFP-
expressing control cells, TNF stimulation drove a significant
portion of RPS3 to translocate from the cytoplasm to the
nucleus, whereas theTNF-induced RPS3 nuclear accumulation
was markedly diminished in cells expressing the 21–186 trun-
catedmutant of p65 (Fig. 3C). As reported previously (16, 22), in
unstimulated HEK293T cells endogenous RPS3 largely resided
in the cytoplasm. This localization was not affected in cells
transfected with or without the p65 (21–186) fragment (Fig.
3D). After TNF stimulation, a large fraction of RPS3 migrated
into the nucleus in those cells that were not transfected by the
21–186 truncated mutant of p65. Conversely, RPS3 remained
in the cytoplasm in those p65 (21–186) fragment-transfected
cells (Fig. 3D). These results demonstrate that in contrast to not
affecting the nuclear translocation of p65, the expression of the
21–186 truncated mutant of p65 selectively attenuates the
nuclear translocation of RPS3 during NF-�B activation.
The 21–186 Truncated Mutant of p65 Specifically Blocks

RPS3-dependent NF-�B Gene Transcription in T Cell
Activation—We previously showed that during receptor
engagement-inducedT cell activation, the optimal induction of
a subset of NF-�B target genes (such as IL2, encoding interleu-
kin 2) required RPS3, whereas the transcription of other NF-�B
target genes (such as CD25, encoding Interleukin 2 receptor �
chain) did not (16). We therefore transfected either vehicle
EGFP or the EGFP-tagged p65 (21–186) fragment into Jurkat
cells and analyzed the effect of the 21–186 truncated mutant of
p65 on receptor ligation-induced transcription of IL2 and
CD25 genes. As expected, stimulation with CD3 and CD28
antibodies robustly up-regulated both IL2 and CD25 genes in
EGFP-transfected cells (Fig. 3, F and G). Ectopic expression of
the p65 (21–186) fragment, however, significantly attenuated T
cell receptor engagement-induced IL2 gene transcription, com-
pared with the vehicle control (Fig. 3F). In contrast, the recep-
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tor engagement-induced CD25 gene transcription was identi-
cal, if not higher, in the cells expressing the 21–186 truncated
mutant of p65 (Fig. 3F). Thus, consistent with the findings that
the 21–186 truncated mutant of p65 specifically attenuated
RPS3 nuclear translocation without affecting p65 nuclear accu-
mulation (Fig. 3, C–E), these findings establish that expression
of the 21–186 truncated mutant of p65 selectively inhibits
RPS3-dependent gene transcription during T cell receptor liga-
tion-mediated NF-�B activation.
The 21–186 Truncated Mutant of p65 Specifically Blocks the

NF-�B Signaling Required for RPS3 Nuclear Translocation—In
a recent study, we showed that the IKK�-mediated phos-
phorylation of RPS3 at Ser-209 facilitated its association with

importin-� in the karyopherin pathway, a key event for the
nuclear translocation of RPS3 during NF-�B activation (17).
Given that expression of the 21–186 truncated mutant of p65
attenuated TNF-triggered RPS3 nuclear translocation (Fig. 3,C
andD), we examined Ser-209 phosphorylation in cells express-
ing the 21–186 truncated mutant of p65 or an EGFP control.
Relative to EGFP-transfected cells, phosphorylation of RPS3
was dramatically diminished in cells expressing the 21–186
truncated mutant of p65 (Fig. 4A). In support of this, we
observed an enhanced association of RPS3 to importin-� upon
NF-�B activation in control cells, whereas their interaction was
significantly impaired in the presence of the 21–186 truncated
mutant of p65 (Fig. 4B). Together our results show that the

FIGURE 3. p65 (21–186) fragment selectively attenuates RPS3 nuclear translocation and gene transcription, without affecting p65 nuclear accumu-
lation. A and B, HEK293T cells were transiently transfected with either EGFP vehicle control or EGFP-tagged p65 (21–186) truncated mutant, followed by
stimulation with TNF (50 ng/ml) for the indicated period. Whole cell lysates were derived, separated, and immunoblotted directly for I�B� (A) or serine 32 and
serine 36 phosphorylated I�B� (p-I�B�) (B) with �-actin serving as a loading control. C, immunoblot analysis of cytosolic (Cyto) and nuclear (Nuc) subcellular
fractions of HEK293T cells that were transfected with either EGFP or EGFP-tagged p65 (21–186) mutant and stimulated with TNF (50 ng/ml) for indicated period.
Hsp90 and poly(ADP-ribose) polymerase (PARP) served as cytosolic and nuclear markers, respectively, and/or loading controls. D, HEK293T cells, transfected
with EGFP-tagged p65 (21–186) truncated mutant, were left untreated (Unstim) or stimulated with TNF for 30 min. Shown are micrographs of transfected
EGFP-fused p65 (21–186), endogenous RPS3, and Hoechst 33342-counterstained nuclei. TNF-triggered RPS3 nuclear translocation was attenuated in the p65
(21–186) fragment transfected cells (indicated by filled triangles), compared with adjacent nontransfected cells. E, HEK293T cells were treated as in D. Shown are
confocal micrographs of transfected EGFP-tagged p65 (21–186), endogenous p65, and Hoechst 33342-counterstained nuclei. TNF-triggered p65 nuclear
translocation was identical in the p65 (21–186) truncated mutant transfected cells, compared with adjacent nontransfected cells (indicated by open triangles).
F and G, Jurkat cells transiently transfected with either EGFP vehicle or EGFP-tagged p65 (21–186) truncated mutant were left untreated (Unstim) or stimulated
with CD3 and CD28 antibodies (1 �g/ml each, �CD3/28) for 6 h (F) and 3 h (G), respectively. RT-PCR analysis of mRNA for IL2 (F) and CD25 (G) was normalized
to expression of GAPDH and presented relative to the expression in untreated cells. *, p 	 0.001 (F) and not significant (G) by Student’s t test.
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21–186 truncated mutant of p65 specifically and selectively
attenuates RPS3-related cytoplasmic NF-�B signaling during
NF-�B activation.
The 21–186 Truncated Mutant of p65 Competes RPS3 off

Endogenous p65 in the Cytoplasm—Phosphorylation of RPS3 at
serine 209 by IKK� duringNF-�B activation has been proposed
to occur shortly after IKK� phosphorylates I�B� at serines 32
and 36 in the cytoplasmic inhibitory p65-p50-I�B� complex
(17). Given that the 21–186 truncated mutant of p65 remained
in the cytoplasm in both resting and stimulated cells (Fig. 2, B,
C, and E) and also specifically blocked Ser-209 phosphorylation
and importin-� association (Fig. 4, A and B), we hypothesized
that the 21–186 truncated mutant of p65 could compete
RPS3 off the endogenous p65-p50-I�B� inhibitory complex
in the cytoplasm. To test this hypothesis, we determined the
association between RPS3 and endogenous p65/EGFP-
tagged fusion proteins in the resting HEK293T cells trans-
fected with either EGFP vehicle or the EGFP-fused 21–186
truncated mutant of p65. As expected, we observed a robust
interaction between RPS3 and the p65 (21–186) fragment,
whereas there was no detectable association of EGFP to
RPS3 (Fig. 4C). We also detected a significant interaction
between endogenous p65 and RPS3 in the control EGFP-
expressing cells (Fig. 4D), in line with our previous finding
that RPS3 occurs in the cytoplasmic p65-p50-I�B� inhibi-
tory complex (16, 17). In contrast, the interaction between
RPS3 and endogenous p65 was nearly abolished in cells
expressing the 21–186 truncated mutant of p65 (Fig. 4D).
These results suggest that the p65 (21–186) fragment com-
petes RPS3 off endogenous full-length p65.
The Caspase 3-cleaved 1–97 Fragment of p65 Shares a Similar

Function to the p65 (21–186) Truncated Mutant in Attenuating
NF-�B Activation-induced RPS3 Nuclear Translocation—Previ-
ous studies demonstrate that p65 is cleaved by caspase 3 at
Asp-97 in cells undergoing apoptosis (28, 29); despite this, the
function of the generated 1–97 fragment of p65 has not been
characterized. Of note, the 1–97 fragment largely overlaps with
the 21–186 truncation, in particular they both contain Cys-38,
a key residue that was recently identified to be critical for RPS3-

p65 interaction (20, 21). We therefore examined whether they
share similar functions in modulating RPS3-dependent NF-�B
signaling. To this end, we first verified that a combination of
TNF and cycloheximide treatment, but not TNF treatment
alone, induced apoptosis in MEF cells, indicated by cell mor-
phology (Fig. 5A) and activated caspase 3 (Fig. 5B). We
observed that a cleaved N-terminal fragment of p65, migrating
around 15 kDa in SDS-PAGE gel, coincided with activated
caspase 3 (Fig. 5B), similar to the previously reported caspase
3-cleaved p65 (1–97) fragment (28, 29). A further subcellular
fractionation experiment revealed that this endogenous p65
(1–97) fragment predominately localized in the cytoplasm of
MEF cells undergoing apoptosis (Fig. 5C), which led us to
examine the potential interaction between endogenous RPS3
and the cleaved p65 (1–97) fragment in the cytosolic subcellular
fraction. Indeed, we detected a strong interaction between the
cleaved p65 (1–97) fragment and RPS3 in the cytoplasm (Fig.
5D). To examine whether the cleaved p65 (1–97) fragment
attenuates NF-�B activation-induced RPS3 nuclear transloca-
tion, we immunoblotted subcellular fractions derived from
MEF cells treated with TNF alone or TNF plus cycloheximide.
As expected, after 2–4 h of treatment, TNF alone triggered
significant nuclear accumulation of p65 and RPS3 in MEF cells
(Fig. 5E). In contrast, in the MEF cells undergoing apoptosis by
TNF plus cycloheximide treatment, the TNF-induced RPS3
nuclear translocation was nearly abolished, despite an almost
identical p65 nuclear translocation (Fig. 5E), suggesting that the
caspase 3-cleaved p65 (1–97) fragment associates to RPS3 in
the cytoplasm and selectively attenuates TNF-induced RPS3
nuclear translocation in apoptotic MEF cells. Hence these
results support the notion that the N-terminal 21–186 trunca-
tion of p65 competes RPS3 off endogenous p65, thus protecting
RPS3 fromnuclear translocation and its subsequent function in
a subset of NF-�B target gene transcription (Fig. 6). Altogether,
our results reveal a novel mechanism for the 21–186 truncated
mutant of p65 to impair the p65-RPS3 interaction in the cyto-
plasm, thus selectively attenuating RPS3-dependent NF-�B
gene transcription.

FIGURE 4. p65 (21–186) fragment inhibits the NF-�B signaling required for RPS3 nuclear translocation via competing RPS3 off p65. A, HEK293T cells
were transiently transfected with either EGFP vehicle control or EGFP-tagged p65 (21–186) truncated mutant, followed by stimulation with TNF (50 ng/ml) for
indicated period. Whole cell lysates were derived, separated, and immunoblotted directly for serine 209 phosphorylated RPS3 (p-RPS3), with �-actin as a
loading control. B, whole cell lysates (Input) from HEK293T cells, transiently transfected with either EGFP or EGFP-tagged p65 (21–186) truncated mutant and
stimulated as indicated, were immunoblotted directly or after IP with RPS3 antibody for RPS3 and importin-� (Imp-�). C and D, whole cell lysates (Input) from
HEK293T cells, transiently transfected with either EGFP vehicle control or EGFP-tagged p65 (21–186) truncated mutant, were immunoblotted directly or after
IP with RPS3 antibody for GFP fusion proteins with GFP antibody (C) or for endogenous p65 with p65 (C-20) antibody (D).
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FIGURE 5. Caspase 3-cleaved N-terminal 1–97 fragment of p65 interacts with RPS3 and attenuates NF-�B activation-induced RPS3 nuclear transloca-
tion in cells undergoing apoptosis. A, representative images of MEF cells, stimulated with TNF (50 ng/ml) alone or combined with cycloheximide (CHX, 10
�g/ml) for indicated period. B, whole cell lysates from MEF cells, stimulated as in A, were immunoblotted for full-length (FL), the C-terminal fragment, and the
smaller N-terminal fragment (
15 kDa) of p65 with the antibody specifically recognizing the N terminus of p65, and cleaved caspase 3, with �-actin as a loading
control. C, immunoblot analysis of cytosolic (Cyto) and nuclear (Nuc) subcellular fractions of MEF cells, stimulated as in A, for cleaved N-terminal p65 and cleaved
caspase-3. Hsp90 and Sam68 serve as cytosolic and nuclear markers, respectively. D, cytosolic subcellular fractions (Input) from MEF cells, stimulated as
indicated, were immunoblotted directly or after IP with RPS3 antibody for RPS3 and the p65 N-terminal fragment (
15 kDa). E, immunoblot analysis of cytosolic
(Cyto) and nuclear (Nuc) subcellular fractions of MEF cells, stimulated as indicated, for full-length (FL) p65 and RPS3. Hsp90 and RNA polymerase II (pol II) serve
as cytosolic and nuclear markers and loading controls, respectively.

FIGURE 6. Schematic model of selective attenuation of NF-�B gene transcription by the 21–186 truncated mutant of p65. Left panel, RPS3 exists
in the cytoplasmic p65-p50-I�B� inhibitory complex in resting cells. NF-�B activation stimuli trigger the phosphorylation and degradation of I�B�,
allowing p65, p50, and RPS3 to translocate to the nucleus for the transcription of a subset of NF-�B target genes. Right panel, because of its high affinity
to RPS3, the 21–186 truncated mutant of p65 competes RPS3 off the p65-p50-I�B� inhibitory complex in the cytoplasm. Upon NF-�B activation, the
21–186 truncated mutant of p65 sequesters RPS3 in the cytoplasm but leaves p65 nuclear translocation to occur normally. Lacking RPS3, the binding of
the NF-�B complex to the RPS3-dependent NF-�B target genes is diminished. Thus, the 21–186 truncated mutant of p65 selectively inhibits NF-�B gene
transcription by targeting RPS3.
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DISCUSSION

Wepreviously found that RPS3 can interact with p65 in both
the cytoplasmic p65-p50-I�B� inhibitory complex and the
nuclear NF-�B DNA binding complexes (16, 17). Moreover,
structure-function analyses demonstrated that the 21–186
domain of p65 was essential for its interaction with RPS3, and
conversely the hnRNP K homolog domain in RPS3 had the
strongest binding affinity to p65 (16). Given that both the
21–186 domain in p65 and the hnRNP K homolog domain in
RPS3 possess nucleic acid binding capacity, their interactions
were proposed to form a stable platform with protein-protein
and protein-DNA interactions for the synergistic binding of
NF-�B complex to target �B DNA in the nucleus (12, 13, 16).
Two possibilities emerge from the observation that ectopic
expression of the 21–186 truncated mutant of p65 specifically
blocked stimuli-inducedNF-�B activation (Fig. 1). It is possible
for the p65 (21–186) fragment to dominantly interfere with
NF-�B gene transcription in the nucleus by competing the
endogenous p65 off the target �B DNA, provided its strong
interactions with both RPS3 and double-stranded DNA. The
21–186 truncated mutant of p65 lacks a functional NLS; how-
ever, it still could accumulate in the nucleus through the asso-
ciation with RPS3, which was previously shown to translocate
to the nucleus with its own NLS (16). Unexpectedly, we found
that the 21–186 truncated mutant of p65 preferentially resided
in the cytoplasm, whether cells were stimulated or not. These
findings favor the second possibility that the 21–186 truncated
mutant of p65 executes its modulatory function for specific
NF-�B gene transcription in the cytoplasm. Indeed, the 21–186
truncatedmutant of p65 associated with RPS3 in the cytoplasm
and attenuated the stimuli-induced RPS3 nuclear transloca-
tion. In support of this, the expression of the p65 (21–186)
fragment diminished the Ser-209 phosphorylation of RPS3 and
the association of RPS3 to importin-�, which are known to be
required for NF-�B activation-induced RPS3 nuclear translo-
cation (17). Furthermore, we observed that the 21–186 trun-
cated mutant of p65 competed RPS3 off endogenous p65, so
that RPS3 could not be phosphorylated by IKK� during NF-�B
activation. This result is consistent with our recent finding that
Ser-209 phosphorylation is a prerequisite for RPS3 nuclear
translocation (17), which also accounts for why the 21–186
truncated mutant of p65 could not utilize the NLS of RPS3 to
enter the nucleus duringNF-�B activation. It is notable that the
21–186 truncated mutant of p65 selectively retarded RPS3
nuclear translocation, without affecting p65 nuclear transloca-
tion. Consistently, only the RPS3-dependent but not all p65-
required NF-�B target genes were inhibited by introducing the
21–186 truncated mutant of p65 into Jurkat cells that were
stimulated through T cell receptor engagement. Such selective
and dominant effects on blocking the RPS3-dependent, but not
all, NF-�B signaling by the 21–186 truncatedmutant of p65, are
similar to those caused by knockdown of RPS3 with siRNA,
mutation on the Ser-209 phosphorylation site, or retarding
RPS3 in the cytoplasm by pathogen-injected effector proteins
(16, 17, 22). Together, our results assign a previously unknown
cytoplasmic function of the 21–186 domain of p65, which is
critical for �B DNA binding and putatively functions in the

nucleus, to selectively modulate the specific NF-�B gene tran-
scription through targeting RPS3.
NF-�B p65 has emerged as a new target for a variety of pro-

teases to minimalize NF-�B activation, especially under the
pathophysiological settings such as pathogen infection and
apoptosis (24–29, 34–40). Despite themajority of the reported
protease cleavage sites on p65 locating in the TAD and
dimerization domains, at least two proteases cleave p65 within
its N terminus. The type III secretion system effector NleC, an
anti-inflammatory bacterial zinc metalloprotease, was shown
to cleave host p65 during infections with enteropathogenic
E. coli and enterohemorrhagic E. coli (24–27). An N-terminal
fragment of p65 was also reported to be cleaved by caspase 3 in
cytochrome c/caspase 9-mediated apoptosis (28, 29). Almost all
previous research focused on characterizing the larger C-ter-
minal fragments of p65 generated by protease cleavage (24–
29), whereas the smaller N-terminal fragments of p65 have not
been carefully characterized. The N-terminal domain of p65 is
largely believed to function in DNA binding in the nucleus;
however, most of the proteases were reported to cleave p65 in
the cytoplasm (24–29, 34–40).Moreover, theNF-�B complex,
in particular the p65 homodimer-containing one, has been
shown to be critical for the transcription of the target genes
encoding inflammatory cytokines (e.g., IL-8, macrophage che-
motactic protein-1, and cyclooxygenase), stress response mol-
ecules (e.g., NAD(P)H quinone oxidoreductase), and anti-apo-
ptotic molecules (e.g., cIAP-2, Bcl-XL, and XIAP) (17, 41–47),
making them potential targets to be impaired by the p65-RPS3
interaction. Indeed, the proteases efficiently suppress the tran-
scription of the NF-�B target genes, despite only a small frac-
tion of p65 being cleaved (24–29, 38). It will be interesting for
further studies to determine under which pathophysiological
setting(s) NF-�B p65 can be cleaved to generate an N-terminal
21–186 fragment by certain protease(s). Of note, we also report
here that the endogenous caspase 3-cleaved p65 (1–97) frag-
ment interacts with RPS3 and attenuates NF-�B activation-in-
duced RPS3 nuclear translocation, without affecting p65
nuclear accumulation, in MEF cells undergoing apoptosis.
These results indicate that the caspase 3-cleaved N-terminal
fragment of p65 shares a similar function to the 21–186 trun-
cated mutant of p65 to selectively modify NF-�B gene tran-
scription by targeting RPS3. Given the critical role of RPS3 in
anti-apoptosis (20) and host inflammatory response to patho-
gen infection (17, 22, 23), further studies are needed to investi-
gate whether and how the NleC-cleaved and the caspase
3-cleaved N-terminal fragment of p65 selectively modify
NF-�B gene transcription by targeting RPS3.

Accumulating evidence suggests that alternative splicing of
NF-�B signaling components has emerged as another means of
regulating NF-�B signaling (30). So far, three alternative splice
variants of p65, i.e. p65�, p65�2, and p65�3, have been identi-
fied, of which p65� encodes a protein lacking amino acids 222–
231, p65�2 lacks N-terminal amino acids 13–22, and p65�3
lacks amino acids 187–293 (30). Previous study on the genomic
organization of theRELA gene encoding p65 suggests thatmul-
tiple variants of the p65 protein could be generated by alterna-
tive splicing (48). In particular, a 10-nucleotide sequence
(TCTCCTGCAG), which contains a pyrimidine stretch
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(TCTCCT) and the AG dinucleotide, forms the alternative
acceptor splice site within intron 5 (48). This suggests that
intron 5 could be a novel splicing “hot spot” to generate the
alternative splicing variant with exons 1–5, which encodes the
1–186 truncatedmutant of p65. It is certainly worth identifying
such p65 mRNA splicing variants containing only exons 1–5 in
future studies. Given that the expression profile and activity of
the identified p65 splice variants have not been fully character-
ized, it will also be interesting to examine their subcellular
localization and interaction with RPS3, especially the p65�3,
which contains the 1–186 fragment and TAD.
Given that RPS3 is crucial for specific NF-�B gene transcrip-

tion, an emerging role of RPS3 in tumorigenesis has been sup-
ported by an increasing number of studies (49–52). In particu-
lar, RPS3 expression is increased in adenocarcinomas and in the
majority of adenomatous polyps (50). We speculate that the
interaction of RPS3 and the 21–186 truncated mutant of p65
maybe amenable to peptide-based inhibition strategies, and the
21–186 fragment as a prototypic backbone could be further
narrowed down to more efficient peptides. Interestingly, such
approaches are predicted to selectively block only the RPS3-de-
pendent subset of NF-�B target genes encoding proinflamma-
tory and anti-apoptotic molecules but not all NF-�B-induced
gene transcription. Because NF-�B has many vital roles in nor-
mal cellular function, developing cell permeable peptides that
selectively target the RPS3-dependent transcription of a crucial
panel of NF-�B target genes without blocking NF-�B activity
itself could be a very exciting prospect.
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