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Abstract

Nuclear factor kB (NF-xB) is a master regulator of inflammation and cell death. Whereas most of
the activity of NF-xB is regulated through the inhibitor of kB (1kB) kinase (IKK)-dependent
degradation of IxB, IKK also phosphorylates subunits of NF-xB. Here, we investigated the
contribution of the phosphorylation of the NF-x B subunit p65 at the IKK phosphorylation site
serine 536 (Ser°3%) in humans, which is thought to be required for the activation and nuclear
translocation of NF-xB. Through experiments with knock-in mice (S534A mice) expressing a
mutant p65 with an alanine-to-serine substitution at position 534 (the murine homolog of human
Ser536), we observed increased expression of NF-x B-dependent genes after injection of mice
with the inflammatory stimulus lipopolysaccharide (LPS) or exposure to gamma irradiation, and
the enhanced gene expression was most pronounced at late time points. Compared to wild-type
mice, S534A mice displayed increased mortality after injection with LPS. Increased NF-x B
signaling in the S534A mice was at least in part explained by the increased stability of the S534A
p65 protein compared to that of the Ser°34-phosphorylated wild-type protein. Together, our results
suggest that Ser®3* phosphorylation of p65 in mice (and, by extension, Ser®36 phosphorylation of
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human p65) is not required for its nuclear translocation, but instead inhibits NF-x B signaling to
prevent deleterious inflammation.

INTRODUCTION

Nuclear factor kB (NF-xB) is a transcription factor that acts as a master regulator of
inflammation, controlling the expression of several hundred target genes (1). NF-xB
activation is a tightly controlled event, which is largely mediated by the inhibitor of xB
(IxB) kinase (IKK)-mediated phosphorylation of 1xB, which normally sequestrates NF-xB
and prevents it from entering the nucleus (2, 3). After its IKK-mediated phosphorylation,
IxB is degraded through proteasome-mediated mechanisms, thereby liberating NF-xB and
enabling it to enter the nucleus, where it binds to the promoters of genes with xB sites (2, 3).

Early on, it had been noted that IKK, as well as large number of other kinases, also
phosphorylates NF-xB itself (4). Because the cytokine-stimulated phosphorylation of
transcription factors, for example, the phosphorylation of c-Jun by c-Jun N-terminal kinase
(JNK), is often associated with pathway activation (5), inducible phosphorylation of NF-xB
has been considered a key mechanism in the positive regulation of NF-xB activity (6-9).
Ser536 (S536) of the p65 subunit represents the site with the most potent inducible
phosphorylation in response to inflammatory stimuli (9), and it is highly conserved among
different species (10), indicating a potential role in the regulation of inducible NF-xB
activity. In contrast to the phosphorylation of Ser?76 of p65, which is an essential contributor
to NF-xB activation in vitro and in vivo (11, 12), the functional contribution of the IKK-
mediated phosphorylation of Ser>36 remains poorly understood.

Numerous studies in cells reconstituted with p65 in which Ser®36 is substituted by alanine
(S536A) showed a requirement for this phosphorylation site for the NF-xB—dependent
transcription of target genes in vitro (13-19), consistent with the hypothesis that
phosphorylation increases NF-xB transactivation. Moreover, it has been suggested that
Ser>36 phosphorylation represents a noncanonical pathway through which NF-xB can
translocate to the nucleus independently of IxBa degradation (16, 18, 20). Accordingly,
cell-permeable peptides that inhibit Ser>36 phosphorylation also block the nuclear
translocation of NF-xB in cells in vitro (21) and NF-xB—dependent cell survival in vivo
(22). Moreover, Ser>36 phosphorylation is implicated in multiple inflammatory diseases,
including Porphyromonas gingivalis-induced periodontal disease (23), Helicobacter pylori-
induced inflammation (24), and the activation of NF-xB by Epstein-Barr virus (EBV) latent
infection membrane protein 1 (25, 26). On the other hand, several studies have found either
no role or inhibitory effects of Ser®36 phosphorylation on nuclear translocation and gene
transcription (11, 27). Determination of the contribution of Ser>36 phosphorylation by clean
genetic methods, such as knock-in approaches, may resolve these controversies and provide
insight about the role of Ser®36 phosphorylation in regulating inflammation in vivo.

Sci Signal. Author manuscript; available in PMC 2017 February 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pradere et al.

RESULTS

Page 3

Characterization of S534A knock-in mice

To resolve the conflicting data regarding the role of p65 Ser>36 phosphorylation in the
regulation of NF-xB activity and understand its function in relevant in vivo settings, we
generated knock-in mice (Fig. 1A) expressing a mutant p65 in which Ser®34, the murine
homolog of Ser536, was substituted by alanine (S534A). In contrast to p65 knockout mice,
which die in utero because of massive liver cell death (28), S534A mice were born at a
normal Mendelian ratio without any gross abnormalities and displayed normal weight gain,
blood counts, and spleen size, as well as the absence of spontaneous liver injury or
inflammation at young and advanced ages (Fig. 1B, table S1, fig. S1, A to F). Of note,
phosphorylation of Ser®3* was completely blunted without affecting p65 phosphorylation at
Ser#8 or Ser276 (Fig. 1C). Moreover, there was no difference in the tumor necrosis factor
(TNF)-stimulated degradation of IxBa or phosphorylation of p38 or extracellular signal—
regulated kinase (ERK) in mouse embryonic fibroblasts (MEFs) (Fig. 1D). Microarray
analysis did not reveal any substantial differences in baseline gene expression between wild-
type mice and S534A mice (table S2).

Ser34 phosphorylation is not required for the nuclear translocation of p65

Because previous studies had suggested a role for Ser®36 phosphorylation in the nuclear
translocation of p65 or NF-xB—dependent gene transcription (13-16, 20), we next assessed
these parameters in S534A MEFs in response to TNF-a.. However, S534A MEFs did not
show any alterations in p65 nuclear translocation (Fig.1E), activation of an NF-xB-
dependent luciferase reporter, or induction of NF-xB—dependent gene expression (fig. S2, A
and B).

S534A knock-in mice display increased NF-xB—dependent gene transcription and
increased lipopolysaccharide (LPS)-induced mortality

To study the contribution of Ser®3* phosphorylation under relevant conditions in vivo, we
treated mice with the Toll-like receptor 4 (TLR4) agonist lipopolysaccharide (LPS), a
powerful activator of NF-xB and a key contributor to pathogen-induced inflammation and
septic shock. Similar to our in vitro data, Ser>3* phosphorylation was completely blunted in
S534A mice after injection with LPS (Fig. 2A). Moreover, there were no differences in LPS-
induced ERK or JNK phosphorylation in vivo between wild-type and S534A mice (Fig. 2B).
We did not observe statistically significant differences in overall gene expression (as
determined by microarray analysis) or in the expression of 11 well-characterized NF-xB—
dependent genes [as determined by quantitative polymerase chain reaction (qPCR) analysis]
between S534A and WT mice in the liver and spleen after injection with high-dose (1
mg/kg) LPS (Fig. 2, C and D, fig. S2C, table S3). In contrast, we found increased expression
of some NF-xB—dependent genes in the spleens, but not livers, of TNF-treated S534A mice
(Fig. 2E and fig. S2D). Similarly, whole-body irradiation induced the increased expression
of 6 of 11 NF-xB-responsive genes in the livers of S534A mice compared to those in wild-
type mice (Fig. 2F). Surprisingly, in all of these experiments, the expression of NF-xB-
dependent genes was not decreased but was increased in LPS-treated S534A mice in
comparison to LPS-treated wild-type mice.
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One important difference between high-dose LPS injection and the gamma irradiation and
TNF models was the degree by which the expression of NF-xB—dependent genes was
induced, with much lower induction of most genes in the latter two models. Therefore, we
reasoned that the injection of high-dose LPS may have induced maximal expression of
inflammatory genes and masked the rather moderate effects of the S534A mutation that
were observed in other models in our readouts. Based on this hypothesis, we investigated the
effects of lower doses of LPS in wild-type and S534A mice. Microarray analysis revealed
that the expression of 18 genes was statistically significantly different [false discovery rate
(FDR) < 0.05] between LPS-treated wild-type and S534A mice (Fig. 3A and table S4). Of
these 18 genes, five (Cd274, Chi3l1, Il1a, 1/1b, and Selp) are listed as NF-xB target genes
(http://www.bu.edu/nf-kb/gene-resources/targetgenes/), demonstrating a statistically
significant enrichment (2 probability < 2.2 x 10-16) of NF-xB-dependent genes in the pool
of genes with significantly (FDR < 0.05) altered expression. Three additional genes have
been described as being NF-xB-dependent: Cc/3 (30), Ch25h (31), and Mmp13(32).
Hence, a large percentage (that is, 8 of 18 genes) of the genes with statistically significantly
altered expression was NF-xB-dependent. Again, all of these NF-xB—dependent genes were
not decreased, but were increased in expression in LPS-treated S534A mice in comparison
to LPS-treated wild-type mice. These data were confirmed by the gPCR analysis of several
genes from this array (fig. S3), as well as of the set of 11 NF-xB—dependent genes described
earlier, of which approximately half were statistically significantly increased in S534A mice
in comparison to wild-type mice at this lower concentration of LPS (Fig. 3B).

Note that LPS doses as low as 1 p g/kg still led to a several hundred-fold induction in the
expression of some NF-xB target genes (Fig. 3B). Furthermore, LPS-induced inflammation
and morbidity in humans typically occur at very low concentrations (in the nanogram range)
(29). Differences in the expression of NF-xB-dependent genes induced by lower dose LPS
were even more pronounced at later time points in the liver (Fig. 3C) and could only be
detected at late, but not early, time points in the spleen (fig. S4 A and B). To further
investigate the functional consequences of this altered expression of NF-xB—dependent
genes, we treated mice with a sublethal dose of LPS (20 mg/kg). Consistent with our
findings that S534A mice displayed increased inflammatory gene expression, we observed
statistically significantly increased LPS-induced mortality in S534A mice in comparison to
wild-type mice (Fig. 3D, 69.2% vs. 7.1%, P< 0.001). Accordingly, the serum concentrations
of the proinflammatory cytokines interleukin-1f (IL-1p) and TNF-a, two key contributors
to LPS-induced lethality, were increased in S534A mice compared to those of wild-type
controls (Fig. 3, E and F). Collectively, these data demonstrate that Ser>3* phosphorylation
acts as a negative regulator of NF-xB-dependent gene expression and inflammation, and
that its effect is moderate and therefore best revealed at submaximal stimulation or
borderline lethal doses.

Ser>34 phosphorylation decreases the stability of NF-xB p65

To understand the mechanism by which Ser334 phosphorylation inhibits NF-xB activity, we
next investigated the nuclear translocation of NF-xB in liver from wild-type and S534A
mice. Similar to our in vitro data from experiments with MEFs, we did not observe any
difference in the initial nuclear translocation of p65 in hepatocytes after injection of mice
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with a sublethal dose of LPS; moreover, there were not significant differences in the
abundance of nuclear p65 in hepatocytes from S534A and wild-type mice at late time points
(Fig. 4, A and B). Previous studies suggested a role for Ser>36 phosphorylation in regulating
the half-life of the p65 protein (39, 40), which would be consistent with our findings that
differences in NF-xB—dependent gene expression and cytokine production were more
pronounced at later time points, that is, at a time when a proportion of p65 may have
undergone degradation. Consistent with these previous studies, we observed a small, but
statistically significant, increase in the half-life of 3°S-labeled S536A p65 protein compared
to that of labeled wild-type p65 (Fig. 4C, 9 hours 44 min vs. 7 hours 03 min; £< 0.05) in
transfected human embryonic kidney (HEK) 293 cells (which enabled clean
immunoprecipitation of p65). This finding was further confirmed by a cycloheximide pulse-
chase experiment in primary MEFs (Fig. 4D). Moreover, we observed a decrease in the
abundance of p65 in primary macrophages from wild-type mice after treatment with LPS,
which was blunted in primary macrophages from LPS-treated S534A mice (fig. S5A). Note
that S534A macrophages also displayed a more substantial increase in the expression of
several NF-xB—dependent genes than did macrophages from wild-type mice (fig. S5B).
Consistent with these findings, nuclear extracts from the livers of LPS-treated S534A mice
showed identical NF-xB DNA-binding activity to that of extracts from LPS-treated wild-
type mice at early time points, but showed a substantial increase at later time points (Fig.
4E). Together, these observations support the hypothesis that increased LPS-induced
inflammation and lethality in S534A mice are a result of the prolonged action of NF-xB.
The moderate increase in the half-life of the S536A p65 protein is consistent with the
moderate phenotype of S534A mice. Because (i) IKK phosphorylates p65 at multiple sites,
including Ser468 (33) and Ser®*/ (fig. S6, A and B) and (ii) Ser®® phosphorylation also
reduces the expression of NF-xB—dependent genes (33, 34), it is likely that Ser34/Ser>36
acts in concert with additional p65 phosphorylation sites, such Ser468 and Ser47, and that a
more profound phenotype would be observed in double or triple mutant mice.

DISCUSSION

Phosphorylation of transcription factors serves as rapid and powerful mechanism to regulate
transcription in a positive or negative fashion in many signaling pathways, including those
mediated by signal transducer and activator of transcription (STAT) proteins, Smads, c-Jun,
and NF-xB (35, 36). In the case of NF-xB, the IKK-mediated phosphorylation of 1xB was
identified as the key mechanism for regulating the nuclear translocation of NF-xB (3, 9). In
contrast, the role of inducible phosphorylation of NF-xB is much less understood.
Phosphorylation of Ser>38 of the p65 subunit is the most common phosphorylation event
associated with NF-xB activation that is described in the literature (10, 13-21, 23-26, 37,
38), but its role remains controversial. Our data from experiments with newly generated
knock-in mice now suggest an inhibitory effect of Ser®34/Ser>36 phosphorylation on the
regulation of NF-xB activity. Although this effect was moderate and did not result in any
spontaneous phenotype, it was observed in different disease models, such as LPS-induced
shock, TNF-induced inflammation, and gamma irradiation. This is in contrast to
transcription factors that have a key role in the regulation of inflammation, such as c-Jun, for
which inducible phosphorylation by dedicated kinases, such as JNK, is essential in
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promoting pathway activation (5). Our data suggest that Ser>34 phosphorylation inhibits NF-
B activity by decreasing the half-life of the p65 protein without affecting the kinetics of its
nuclear import or export.

Because the effects of the S534A mutation in the knock-in mice were moderate, they could
only be revealed at submaximal doses of LPS, that is, at lower doses of LPS when
investigating NF-xB—dependent gene expression and at a sublethal dose of LPS when
investigating LPS-induced mortality. Our finding that Ser>34 phosphorylation enhanced p65
half-life in multiple cell types is consistent with two previous studies that also showed the
increased half-life of S536A mutants (39, 40). Note that the effects of the S534A mutation
were most substantial at later time points of stimulation (for example, 8 hours after LPS
injection) in both the liver and spleen, which is consistent with the finding that Ser>36
phosphorylation reduces p65 half-life. Previous studies demonstrated a role for the E3
ubiquitin ligases Cullin-based ligase 2 (CUL2) and Copper metabolism MURR1 domain-
containing 1 (COMMD1) in the degradation of p65 in cultured cells in response to both
Ser468 and Ser®36 phosphorylation (40, 41). Because of the mild effect of S534A phenotype
in the liver, the absence of effects at some time points, and the much lower effects in tissues
such as the spleen, we could not determine to what degree these cofactors regulate p65
stability in vivo. It is likely that IKK-mediated Ser>36 phosphorylation reduces the stability
of p65 protein through the same mechanism in vitro and in vivo. Given that both Ser468 (33,
34) and Ser®36 negatively regulate p65 stability and the transcription of NF-xB-dependent
genes, these two residues may functionally synergize to negatively regulate p65 stability and
the activity of the NF-xB pathway in vivo. Moreover, in the current study we also detected a
third IKK phosphorylation site at Ser># (fig. S6). Although previous reports (10) and our
current study found that Ser534/Ser536 represents the main phosphorylation site of p65,
which accounts for about 90% of IKK-mediated phosphorylation, it is likely that double or
triple knock-in mice harboring mutations at Ser#68, Ser536, and Ser>#7would present a
stronger phenotype.

Future studies, involving ChIP-seq, for example, are needed to determine whether Ser534/
Ser>36-phosphorylated p65 binds to specific promoters or enhances the expression of a
specific set of NF-xB target genes. These studies would also enable us to determine the half-
life of Ser>34/Ser>36-phosphorylated p65 at specific promoters or enhancers and discriminate
between direct and indirect effects on gene regulation. We can therefore not exclude the
possibility that the negative effect of Ser>34 phosphorylation on NF-xB-dependent gene
transcription that we observed is mediated by additional mechanisms. Nonetheless, the
physiological relevance of Ser®3* phosphorylation was demonstrated by our finding of a
substantial increase in LPS-induced mortality in the S534A mice. In summary, our data
suggest that Ser>34/Ser>36 phosphorylation of p65 is a negative regulator of the NF-xB
pathway in vivo and that IKK-mediated signals may therefore regulate inflammatory gene
expression both in a positive (through the phosphorylation and degradation of IxBa) and
negative manner (through the phosphorylation of p65). These opposing functions may
provide the basis for the fine-tuning of NF-xB-targeted therapies in chronic inflammatory
diseases.
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MATERIALS AND METHODS

Mice
Mice were maintained on a 12-hour dark-light cycle with free access to food and water. For
all experiments, 8- to 10-week-old mice were used unless otherwise indicated in the figure
legends. All animal procedures were approved by the Columbia University Institutional

Animal Care and Use Committee and were in accordance with the Guide for the Care and
Use of Laboratory Animals issued by the National Institutes of Health.

Generation of S534A knock-in mice

Exon 10 of the p65 gene was subcloned into the TOPO plasmid (Life Technologies), and the
S534A mutation was introduced through two nucleotide mutations with the QuikChange
Mutagenesis kit (Stratagene), thus generating a codon modification from TCC (serine) to
GCA (alanine). Sequential rounds of homologous recombination enabled us to introduce the
mutated exon 10, a FRT-Neo-FRT-LoxP and DTA cassette on a bacterial artificial
chromosome, thus generating the p65 S534A knock-in targeting construct. After
transfection, two embryonic stem (ES) cell clones were identified by polymerase chain
reaction (PCR)-based screening and injected into C57BI6/J blastocysts to produce germline
chimeras. Chimeras were mated with mice expressing Flipase (FLPe) to excise the Neo
cassette after recombination of the FRT sites. The offspring were screened for the targeted
allele without the Neo cassette and the FLPe transgene. After five backcrosses to C57BI6/J
mice, the mice were interbred to homozygosity.

In vivo models of NF-xB activation

Age-matched, 8- to 10-week-old wild-type (WT) and S534A male and female mice were
injected intravenously (i.v.) with low (1 pg/kg), high (1 mg/kg), or lethal (20 mg/kg) doses
of LPS (Sigma-Aldrich, 055:B5) and were sacrificed 1, 2, 4, or 8 hours later. For LPS-
induced shock, age-matched, 8- to 10-week-old WT and S534A mice were injected i.v. with
LPS (20 mg/kg). Survival was then examined every 8 hours. In a separate experiment, mice
were bled 1, 2, 4, 8, and 16 hours after the LPS challenge, and their serum concentrations of
TNF-a and IL-1p were measured by enzyme-linked immunosorbent assay (ELISA). For
TNF-a~induced NF-xB activation, mice were injected i.v. with TNF-a (5 mg/kg, R&D
Systems) and were sacrificed 4 hours later. For irradiation-induced NF-xB activation, mice
were exposed to 12 Gy total body gamma irradiation and sacrificed 4 hours later.

Genotyping
Genotyping of S534A knock-in mice was performed through amplification of the genomic
region containing the S534A mutation with forward (5’-TCCATGTCTCACTCCACAGC-3’)
and reverse (5’-CACTCCCCAGAATGTGTACG-3’) primers coupled with digestion with
Mfe | (because an Mfe | restriction site was generated with the S534A mutation). The PCR
product digested by Mfe | yielded either one 289-bp band (for the WT allele) or 158- and
131-bp bands (for the S534A allele). Genotyping of the FNFL cassette remnant (one
recombined FRT and one loxP site) downstream of the targeted region can also be
performed with forward (5’-GCTAAAGGGGGCAGTCTTCT-3’) and reverse (5’-
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GCCTGGATCTGATTCCAAAA-3’) primers, which yields 366-bp (for the WT allele) and
507-bp (for the S534A allele) fragments.

[3°S] methionine pulse-chase and cycloheximide chase assays

Human embryonic kidney (HEK) 293 cells were transfected with lipofectamine (Life
Technologies) with plasmids encoding human M2-p65 or M2-S536A-p65. Forty-eight hours
later, the transfected cells were starved for 60 min in methionine-deficient in Dulbecco's
Modified Eagle Medium DMEM [supplemented with 10% dialyzed fetal calf serum (FCS)]
and then underwent metabolic labeling for 12 min with 80 u Ci/ml of [3°S]-Methionine
(Perkin Elmer). The pulse-labeled cells were chased after treatment with TNF-a (1 ng/ml,
R&D systems) for different times (0, 4, or 8 hours) in complete DMEM supplemented with
10 mM cold methionine, and then the cells were lysed in radioimmunoprecipitation (RIPA)
buffer. The radiolabeled p65 protein in the samples was isolated by immunoprecipitation
with anti-M2 magnetic beads (Sigma-Aldrich), separated by SDS-PAGE, and visualized
with a Typhoon 9400 Phosphorlmager (Amersham). To measure the degradation of p65,
MEFs were serum-starved for 12 hours in DMEM, 0.1% FCS, which was followed by
treatment with cycloheximide (30 pg/ml, Sigma-Aldrich) and stimulation with IL-1p (30
ng/ml, R&D Systems). Total protein lysates were collected at different time points (0, 4, 8,
and 16 hours) and were subjected to standard Western blotting analysis of p65 and GAPDH.

Isolation of MEFs

MEFs were isolated from 13.5-day post-coitum embryos. Briefly, fresh embryos were
washed in sterile phosphate-buffered saline (PBS) after cutting away the brain and all red
organs. The remaining material was minced and digested in 0.05% trypsin-EDTA solution
for 30 min at 37°C under agitation. After the addition of warm DMEM, 10% FCS to stop
digestion by trypsin, the culture medium was filtered through a 100-um cell strainer. Cells
were then pelleted after a low-speed centrifugation, resuspended in 10 ml of warm DMEM,
10% FCS, and plated out at 1 embryo equivalent per 10-cm dish.

Isolation of bone marrow—derived macrophages

Bone marrow—derived macrophages (BMDMs) were isolated from retired WT and S534A
breeders. Briefly, tibias and femurs of donors were flushed with MEM alpha (Life
Technologies) medium to obtain the bone marrow. After filtration through a 70-um cell
strainer, the bone marrow cells were washed and plated in MEM alpha medium
supplemented with 10% FCS and M-CSF (20 ng/ml, R&D Systems). Subsequently, the
BMDMs were treated with LPS and analyzed by Western blotting and qPCR to determine
the relative abundances of p65 protein and mRNAs of NF-xB target genes, respectively.

Western blotting analysis

Protein extracts from cells or liver tissue were resolved by SDS-PAGE, transferred onto
nitrocellulose membranes, and incubated with antibodies specific for human and mouse
(human/mouse) p65 (1:1000, SC-372-G, Santa Cruz Biotechnology or ab7970, Abcam),
human/mouse pSer>36-p65 (1:1000, #3033, Cell Signaling), human/mouse pSer#68-p65
(1:1000, #3039, Cell Signaling), human/mouse pSer2/6-p65 (1:1000, #3037, Cell

Sci Signal. Author manuscript; available in PMC 2017 February 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pradere et al. Page 9

Signaling,), human/mouse IxBa (1:1000, #4814, Cell Signaling,), pERK (1:1000, #9106,
Cell Signaling), pp38 (1:1000, #9215, Cell Signaling), p38 (1:1000, #9212, Cell Signaling),
or pJNK (1:1000, #9251, Santa Cruz Biotechnology) before being stripped and incubated
with antibodies against actin (1:5000, #691002, MP Biomedicals) or GAPDH (1:20000,
G9295, Sigma-Aldrich).

Immunohistochemistry and immunocytofluorescence staining

Immunohistochemical staining was performed on paraffin liver sections after 10% formalin
fixation with primary antibody against p65 (1:200, SC-372-G, Santa Cruz) and Alexa Fluor
594—conjugated secondary antibody (Life Technologies). Nuclei were stained with Hoechst
33342 (Sigma Chemical Co.). For immunocytofluorescence, primary MEFs were fixed with
4% paraformaldehyde and stained with primary antibody against p65 (1:100, SC-372-G) and
Alexa Fluor 594—conjugated secondary antibody. Counterstaining was performed Alexa
Fluor 488—conjugated Phalloidin (Molecular Probes). Nuclei were stained with Hoechst
33342.

ELISAs

Serum concentrations of TNF-a and IL-1p were determined by a conventional sandwich
ELISA with 96-well plates (R&D Systems) according to the manufacturer’s instructions.

RNA extraction and gPCR analysis

Total RNA was extracted from mouse livers or spleens with Trizol reagent (Life
Technologies), column-purified with a high pure RNA Tissue kit (Roche), and reverse-
transcribed with a High capacity cDNA reverse transcription kit (Life Technologies) to
generate complementary DNA (cDNA). The abundance of cDNA was then determined by
quantitative PCR (qPCR) analysis with an Applied Biosystems 7300 PCR cycler using ABI
Tagman primers and probes specific for A20, Ccl2, Ccl3, Ccl5, Ch25h, Il1a, 1116, 116, Nos2,
Mmpl3, Saal, Saa3, Selp, Socs1, and Tnfa (Life Technologies). All PCR products were
quantified with relative standard curves, and the abundance of each mRNA of interest was
normalized to that of 18S ribosomal RNA.

NF-xB DNA-binding assay

The DNA-binding activity of NF-xB p65 was assessed with an NF-xB Transcription Factor
Assay Kit (Cayman Chemical) according to the manufacturer’s instructions. Briefly, nuclear
protein extracts (10 pg) were incubated in 96-well plates coated with immobilized, double-
stranded oligonucleotides containing an NF-xB response element, and the absorbance in
each well was read at 450 nm with a Benchmark Plus microplate spectrophotometer (Bio-
Rad).

NF-xB reporter assay

MEFs were transduced with an adenovirus expressing NF-xB—driven luciferase and an
adenovirus expressing p-galactosidase at a multiplicity of infection (MOI) of 30 for both.
Twenty-four hours later, the MEFs were serum-starved overnight and then were left
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untreated or were treated with TNF-a (30 ng/ml) or IL-1p (5 ng/ml) for 6 hours. The
luciferase activity of the cell lysates was assessed with a luciferase assay kit (Promega).

Microarray analysis

Total RNA was isolated from the livers of WT or S534A mice with a high pure RNA Tissue
Kit (Roche). RNA was analyzed on Affymetrix 1.0ST chips (Affymetrix) according to the
manufacturer’s instructions. Briefly, 150 ng of RNA was used for cDNA synthesis and
terminal labeling with the Ambion WT expression and terminal labeling kit. Normalization
by Robust Multichip Algorithm and determination of differential expression by Limma in
the R/Bioconductor statistical computing environment was performed as previously
described (42). A significance cutoff of the Benjamini-Hochberg false discovery rate (FDR)
of < 0.05 was used. Complete linkage hierarchical clustering was performed on statistically
significant genes with |log2FC| >1 with Cluster 3.0 and JavaTreeview software. The list of
NF-xB target genes was based on the list of NF-xB target genes in humans compiled by
Thomas Gilmore and co-workers (http://www.bu.edu/nf-kb/gene-resources/target-genes/).
Only experimentally confirmed direct target genes were used, which resulted in a total of
360 distinct genes. We identified 333 mouse homologs with HomoloGene (National Center
for Biotechnology Information; http://www.ncbi.nlm.nih.gov/homologene), of which 295
were found to be on the Mouse 430.2 chip, which contains 20,674 unique genes in all. The
overrepresentation of NF-xB genes was calculated by the ¢2 method. Microarray results
were submitted to the Gene Expression Omnibus (GEO) database with the accession
numbers GSE67072 and GSE67178.

Mutagenesis and in vitro kinase assays

Mutagenesis of glutathione S-transferase (GST)-p65 to generate single, double, and triple
mutants was performed with the Quikchange mutagenesis kit (Stratagene) as described
previously (33). In vitro kinase assays were performed with recombinant human IKK in
combination with GST-p65 fusion proteins as previously described (33). Kinase assays were
performed in 20 mM Hepes (pH 7.7), 2 mM MgCly, 2 MM MnCl,, 1 mM DTT, and 5 uM
ATP for 30 min at 30°C in the presence of 1 pCi of 32P-ATP. The kinase reactions were then
loaded onto 10% acrylamide gels, and the gels were dried and exposed to film.

Statistical analysis

All data are expressed as means + SD. For the comparison of two groups with a normal
distribution, a two-sided, unpaired #test was used. For the comparison of two groups without
a normal distribution, the Mann-Whitney test was used. £ <0.05 was considered to be
statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. S534A mice display normal body weight, IxBa degradation, MAPK activation, and p65
nuclear translocation

(A) Left: Generation of S534A knock-in mice by BAC recombineering. Right: Base pair
substitutions were confirmed by sequencing. (B) Weight gain in wild-type (WT) and S534A
mice was monitored at the indicated times. Data are means £ SD of six mice per genotype.
(C) WT and S534A MEFs were left unstimulated or were stimulated with TNF-a. (30
ng/ml) and 10 nM calyculin A for 15 min. The cells were then analyzed by Western blotting
with antibodies specific for p65 phosphorylated at the indicated residues. The antibody
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against human pSer>36-p65 detects mouse pSer®34-p65. Actin was used as a loading control.
Western blots are representative of three experiments. (D) WT and S534A MEFs were
stimulated with TNF-a (30 ng/ml) for the indicated times before being analyzed by Western
blotting with antibodies specific for the indicated targets. Data representative of three
experiments. (E) WT and S534A MEFs treated with TNF-a. (30 ng/ml) for the indicated
times were analyzed by immunofluorescence microscopy to detect the nuclear translocation
of p65 (red). F-actin was stained by phalloidin (green), whereas nuclei were detected with
Hoechst (blue). Images are representative of three experiments.
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Fig. 2. S534A mice show increased expression of NF-xB—dependent genes in specific settings
(A) WT (n=4) and S534A (n=4) mice were injected i.v. with LPS (20 mg/kg) and sacrificed

at the indicated times. Liver extracts were then analyzed by Western blotting with antibodies
specific for the indicated targets. Western blots are representative of four experiments. (B)
WT and S534A mice were injected i.v. with LPS (1 pg/kg) for the indicated times. Liver
extracts were then analyzed by Western blotting with antibodies specific for the indicated
proteins. Western blots are representative of three experiments. (C and D) WT (n =9) and
S534A (n = 9) mice were injected i.v. with LPS (1 mg/kg) and sacrificed 4 hours later. (C)
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Liver tissue was subjected to microarray analysis as described in Materials and Methods,
and the data are presented as a heatmap showing genes with greater than a 2 log-fold change
in expression and FDR < 0.05 in comparison to untreated mice. Red indicates genes that
were increased in expression; green indicates genes that were decreased in expression. (D)
Liver tissue from the indicated mice was subjected to gPCR analysis of the expression of the
indicated NF-xB-responsive genes. Data are means + SD of nine mice per genotype and
show the fold-increase in mMRNA abundance relative to that in untreated liver samples (E)
WT (n = 8) and S534A (n = 10) mice were injected i.v with TNF-a (5 pg/kg) and were
sacrificed 4 hours later. Splenic RNA was extracted and subjected to gPCR analysis of the
expression of the indicated NF-xB—dependent genes. Data are means + SD of at least eight
mice per genotype (F) WT (n = 14) and S534A (n = 14) mice received whole-body
irradiation (12 Gy) and were sacrificed 4 hours later. Liver RNA was extracted and subjected
to gPCR analysis of the expression of the indicated NF-xB—dependent genes. Data are
means + SD of fourteen mice per genotye. *P< 0.05, **P< 0.01.
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Fig. 3. S534A mice display increased expression of NF-xB—dependent genes and mortality
(A and B) WT (n =7) and S534A (n = 7) mice were injected i.v. with LPS (1 pg/kg) and

sacrificed 4 hours later. (A) Liver tissue was then subjected to microarray analysis. The
heatmap shows those genes that were differentially regulated in expression in the livers of
LPS-treated S534A mice compared to those in the livers of LPS-treated WT mice (FDR
<0.05). (B) Liver tissue from the indicated LPS-treated mice was subjected to gPCR analysis
of the expression of the indicated NF-xB—dependent genes. Data are means + SD of seven
mice per genotype. (C) WT and S534A mice were injected i.v. with LPS (1 pg/kg) and then
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were sacrificed eight hours later. Liver RNA was extracted and subjected to gPCR analysis
of the expression of the indicated NF-xB—dependent genes. Data are means + SD of at least
six mice per genotype. (D to F) WT (n = 13) and S534A mice (n = 14) were injected i.v.
with LPS (20 mg/kg). (D) Survival was monitored for 96 hours. (E and F) Serum
concentrations of TNF-a (E) and IL-1f (F) were determined by ELISA. Data are means +
SD of at least 12 mice per genotype and time point). *£<0.05, **P<0.01, ***P< 0.001.
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Fig. 4. S534 phosphorylation affects DNA binding and gene expression by NF-xB at late time
points through regulation of p65 stability

(A and B) WT and S534A mice were injected i.v. with LPS (20 mg/kg) and sacrificed after
the indicated times. (A) Liver tissue was analyzed by immunohistochemistry to monitor the
translocation of p65 (red) to the nucleus (blue). (B) The percentages of cells with p65-
positive nuclei were quantified. Data are means x SD of five mice per genotype and time
point. (C) Top: HEK 293 cells overexpressing human M2-p65 or M2-S536A-p65 were
treated with TNF-a and then subjected to pulse-chase analysis for the indicated times to
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determine the half-life of p65 protein. Bottom: Data are means + SD of three independent
experiments, each performed in triplicate. (D) Top: WT and S534A MEFs were treated with
cycloheximide (30 ug/ml) and then were left unstimulated or were stimulated with 1L-1p for
the indicated times. Samples were analyzed by Western blotting with antibodies against the
indicated proteins. Bottom: The relative abundance of p65 protein, normalized to that of
GAPDH, was determined for the indicated times by densitometric analysis. Data are means
+ SD of three experiments. (E) Left: NF-xB DNA binding activity was determined in
nuclear extracts from the livers of LPS-treated WT and S534A mice (n = 6 mice per
genotype and time point). A value of 100 represents the positive control (recombinant
human p65). The dashed line indicates NF-xB binding activity at baseline. Right: The
competitive oligonucleotide suppressed DNA binding by the positive control. *£< 0.05; n.s.,
not significant. Data are means + SD of six mice per genotype.
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