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CPEB Regulation of TAK1 Synthesis Mediates Cytokine Production
and the Inflammatory Immune Response
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The cytoplasmic-element-binding (CPEB) protein is a sequence-specific RNA-binding protein that regulates cytoplasmic poly-
adenylation-induced translation. In mouse embryo fibroblasts (MEFs) lacking CPEB, many mRNAs encoding proteins involved
in inflammation are misregulated. Correlated with this aberrant translation in MEFs, a macrophage cell line depleted of CPEB
and treated with lipopolysaccharide (LPS) to stimulate the inflammatory immune response expresses high levels of interleukin-6
(IL-6), which is due to prolonged nuclear retention of NF-kB. Two proteins involved in NF-kB nuclear localization and IL-6 ex-
pression, IkBa and transforming growth factor beta-activated kinase 1 (TAK1), are present at excessively low and high steady-
state levels, respectively, in LPS-treated CPEB-depleted macrophages. However, only TAK1 has an altered synthesis rate that is
CPEB dependent and CPEB/TAKI1 double depletion alleviates high IL-6 production. Peritoneal macrophages isolated from
CPEB knockout (KO) mice treated with LPS in vitro also have prolonged NF-kB nuclear retention and produce high IL-6 levels.
LPS-injected CPEB KO mice secrete prodigious amounts of IL-6 and other proinflammatory cytokines and exhibit hypersensi-
tivity to endotoxic shock; these effects are mitigated when the animals are also injected with (5Z)-7-oxozeaenol, a potent and
specific inhibitor of TAK1. These data show that CPEB control of TAK1 mRNA translation mediates the inflammatory immune

response.

I nflammation is triggered by bacterial pathogens, as well as lipo-
polysaccharide (LPS), a bacterial cell wall component that acti-
vates the transcription of multiple inflammatory response genes,
including those for cytokines and chemokines (1, 2). Despite the
importance of these inflammation mediators for host defense
against infection, their excessive production can elicit organ fail-
ure and septic shock that results in lethality. Therefore, limitation
of cytokine production is essential for the termination of inflam-
mation and the prevention of endotoxic tissue damage (2).

The production of inflammatory mediators is controlled at
multiple levels, including transcription, translation, and protein
stability (3). LPS promotes the nuclear import of NF-kB (4) by
indirectly regulating the activity of the IkB kinase (IKK) complex,
which phosphorylates IkBa, a factor that normally retains NF-kB
in the cytoplasm (5-7). Phosphorylated IkBa is rapidly destroyed,
thereby releasing NF-kB to translocate to the nucleus and activate
the transcription of target genes (8, 9). A proximal upstream LPS-
activated factor is the Toll-like receptor, whose signaling pathway
includes transforming growth factor beta-activated kinase 1
(TAK1), a mitogen-activated protein (MAP) kinase kinase kinase
(10). TAK1 stimulation of p38 MAP kinase leads to IKK activity
and NF-«kB import. LPS stimulation of TAK1 also triggers the
stabilization of many mRNAs, which is dependent upon the inter-
play of several 3’ untranslated region (UTR)-binding proteins
such as those that associate with the AU-rich element (ARE) sta-
bilization/destruction sequence (11, 12).

The cytoplasmic-element-binding (CPEB) protein is an
mRNA-binding protein that interacts with the cytoplasmic poly-
adenylation element (CPE), a U-rich sequence in mRNA 3’ UTRs
that controls poly(A) tail length and translation (13, 14). As a
consequence of its regulation of mRNA expression, CPEB medi-
ates germ cell development (15, 16), neuronal synaptic plasticity
(17-20), and cellular senescence (21-24). Several observations
suggest that CPEB might also be involved in the immune re-
sponse. First, in mouse embryo fibroblasts (MEFs) derived from
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CPEB knockout (KO) mice, many mRNAs that encode proteins
involved in inflammation and the NF-kB signaling pathway are
aberrantly expressed (25). Indeed, NF-kB is hyperactivated and
elevated amounts of interleukin-6 (IL-6) are produced in CPEB
KO MEFs (24). Second, CPEB influences insulin signaling (25,
26), which is often coincident with inflammation. Third, the
CPE resembles the ARE, a sequence often present in cytokine
mRNA 3’ UTRs that has been implicated in their stability
and/or translation (11, 27, 28).

In this report, we have investigated the involvement of CPEB in
the inflammatory immune response. Following treatment with
LPS in vitro, macrophages lacking CPEB secrete high levels of IL-6
and display prolonged nuclear retention of NF-kB. Two mole-
cules that could mediate IL-6 production, IkBa and TAK1, have
altered steady-state levels that correlate with cytokine secretion.
However, only the synthesis of TAK1 is regulated by CPEB; it is
elevated when CPEB is absent. IkBa, on the other hand, is con-
trolled at the level of protein stability. The observation that double
depletion of both CPEB and TAK1 mitigates elevated IL-6 pro-
duction demonstrates the interplay between these two factors.
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CPEB KO mice exhibit strong endotoxic shock and prodigious
proinflammatory cytokine production following LPS administra-
tion, in contrast to wild-type (WT) mice. Macrophages derived
from CPEB KO mice treated with LPS in vitro display both ele-
vated IL-6 production and enhanced TAK1 synthesis. Most im-
portantly, the endotoxic shock and strong IL-6 secretion exhibited
by CPEB KO mice treated with LPS are alleviated when the ani-
mals are injected with (5Z)-7-oxozeaenol, a specific inhibitor of
TAK1. These data show that CPEB control of TAK1 synthesis
mediates the inflammatory immune response.

MATERIALS AND METHODS

Animal studies. All experiments were conducted in accordance with ap-
proved NIH and institutional protocols for the treatment and handling of
animals. Three-month-old randomly assigned CPEB WT and KO agouti
males (13 matching littermates in each group) were injected intraperito-
neally (i.p.) with LPS (20 mg/kg) or with normal saline alone. Some ani-
mals were also injected i.p. with LPS, followed by the TAKI inhibitor
(52)-7-oxozeaenol (5 mg/kg) or the vehicle (dimethyl sulfoxide), on day 1
and were monitored every 12 h for 7 days postinjection. One hundred
microliters of blood was collected from the tail vein of each animal 4 h
postinjection. The serum was used to assess IL-6 levels by enzyme-linked
immunosorbent assay (ELISA; eBioscience) according to the manufactur-
er’s instructions. The general condition and survival of animals were
monitored every 12 h for 6 days. Animal survival rates were plotted by the
Kaplan-Meier method (29), and statistical significance was scored by log
rank test with a significance level of P < 0.05.

Histology. For histological analysis, four WT and four CPEB KO mice
were sacrificed 24 h after LPS injection. Liver and lung tissues were fixed
overnight at 4°C in 10% buffered formaldehyde, paraffin embedded, sec-
tioned, and stained with hematoxylin and eosin for morphological exam-
ination.

Measurements of cytokine levels. A 100-p] volume of blood was col-
lected from the tail of each animal (four animals per group) following
phosphate-buffered saline (PBS) or LPS injection. All blood samples were
clotted for 4 h at room temperature, centrifuged at 2,000 X g for 20 min,
and subjected to cytokine ELISA array (RayBiotech) analysis with 96 dif-
ferent cytokines. The membranes were probed according to the manufac-
turer’s protocol and quantified by scanning densitometry. IL-6 secretion
from primary macrophages or the RAW 264.7 cell line was measured by
mouse anti-IL-6 ELISA (BD Bioscience). Equal numbers of macrophages
were plated in triplicate (5 X 10 cells/well) and treated with 100 pg/ml
LPS (Sigma) for 0 to 4 h. In some cases, the cells were treated with the
proteasome inhibitor MG132 or the NF-«kB inhibitors JSH-23 and
5HPP-33 (5 mM; EMD Millipore) for 2 h; this was followed by the addi-
tion of LPS and incubation for an additional 4 h. The media were collected
and assessed for IL-6 by ELISA according to the manufacturer’s protocol.

Antibodies. Immunoblotting was performed with purified polyclonal
antibodies against NF-«kB (p65) (Santa Cruz Biotechnology), TAK1, p38,
IkBa, phospho-IkBa (Cell Signaling), and B-actin (Sigma).

Immunofluorescence. Macrophages were grown in 12-well tissue cul-
ture plates on glass coverslips, washed with PBS, fixed with 4% formalde-
hyde, permeabilized with 0.5% Triton X-100, blocked with normal goat
serum, and stained with NF-kB antibody (p65) (Santa Cruz) at 1:1,000 for
2 h and a secondary antibody conjugated with Alexa Fluor 594 (Molecular
Probes). Images were acquired with a Zeiss Axiovert 200M microscope or
a PerkinElmer Ultraview spinning-disc microscope with a Hamamatsu
ORCA-ER camera with a 100X numerical aperture 1.4 Plan-Apochromat
oil objective. Two-dimensional single-plane images (MetaMorph; Molec-
ular Devices) were adjusted for fluorescence range intensity identically for
each series of panels.

Lentivirus production and cell infection. Viral stocks were prepared
by calcium transfection of 293T cells with retroviral plasmid vectors con-
taining CPEB short hairpin RNA (shRNA) or scrambled shRNA in a
PLL.3 vector (30). The macrophages were used for experiments 5 days
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postinfection, and quasiquantitative reverse transcription (RT)-PCR was
used to confirm CPEB knockdown.

Metabolic labeling of cells. Cells were incubated in starvation me-
dium (no methionine, 2 mM thymidine, and no serum) for 30 min and
then labeled (150 wCi/ml Redivue [*°S]methionine; Amersham Pharma-
cia) for 30 min. They were collected, washed three times in cold PBS, and
lysed in radioimmunoprecipitation assay (RIPA) buffer. Immunoprecipi-
tations were performed with anti-TAK1 or anti-IkBa polyclonal antibody
overnight on ice. IgG served as a nonspecific control. LPS (1 mg/ml) was
added to the cells for 4 h of incubation before starvation.

Cell cultures. RAW 264.7 cells were purchased from ATCC and cul-
tured in high-glucose Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum and antibiotic-antimycotic solution (Gibco,
Grand Island, NY) at 37°C in 5% CO,. The peritoneal cells were collected,
centrifuged for 10 min at 1,500 rpm at 4°C, resuspended, plated in culture
dishes, and allowed to adhere for 1 day. They were then washed twice with
PBS to remove debris and contaminating cells and used for ELISA and
immunofluorescence analysis.

RT-PCR. RNA was extracted with TRIzol (Invitrogen); RT reactions
with equal amounts of total RNA were performed by using Superscript II
and oligo(dT) primer and mRNA-specific primers. The PCRs were
titrated and thus are semiquantitative.

Immunoprecipitation. RAW 264.7 macrophages infected with a virus
expressing FLAG-CPEB or FLAG-CPEBAZF (CPEB RNA-binding mu-
tant protein lacking a zinc finger) were washed with PBS and lysed in RIPA
buffer containing RNase inhibitors for 1 h onice. The lysate was incubated
with anti-FLAG antibody overnight at 4°C and then protein G-magnetic
beads (Invitrogen) for an additional 6 h. The beads were washed four
times with RIPA buffer, and the RNA was extracted with TRIzol reagent
(Invitrogen).

Formaldehyde cross-linking and mRNA competition. RAW 264.7
macrophages transfected with a plasmid encoding FLAG-CPEB pre-
treated with LPS for 4 h were treated with 1% formaldehyde in PBS for 15
min at room temperature. This chemical cross-linking was stopped by the
addition of glycine to a final concentration of 0.2 M, followed by 5 min of
incubation at room temperature. The collected cells were washed three
times with PBS, and then a cell lysate was prepared in RIPA buffer. After
overnight immunoprecipitation with FLAG antibody (Sigma-Aldrich)
and Dynabeads (Invitrogen/Life Technologies), the precipitate was
washed three times with RIPA buffer and digested with proteinase K for 1
h at 42°C. The cross-links were reversed by incubation at 65°C for 1 h.
RNA was extracted with TRIzol, carrier glycogen was added, and RNA was
precipitated with sodium acetate and ice-cold ethanol for 2 h at —80°C.
The collected RNA pellet was washed with ice-cold 70% ethanol, air dried,
suspended in RNase-free water, and subjected to an RT reaction for de-
tection of TAK1 mRNA by PCR assay.

For the RNA competition assay, transfected RAW 264.7 macrophages
were used for similar CPEB immunoprecipitations (no formaldehyde)
but the Dynabeads containing CPEB were incubated for 1 h at 4°C with
CPE-containing or CPE-lacking competitor RNAs derived from the cy-
clin B1 3" UTR. The beads were then washed three times with RIPA buffer,
and the RNA was extracted and assayed for TAK1 mRNA by RT-PCR.

RESULTS

CPEB mediates IL-6 production. MEFs derived from CPEB KO
mice do not senesce as do those derived from WT animals but
instead are immortal (23, 24). Although aberrantly translated myc
and p53 mRNAs in CPEB-lacking MEFs are responsible for this
immortalization, we suspected that additional mRNAs are in-
volved. Consequently, polysomal mRNA from WT and CPEB KO
MEFs were used to screen microarrays, which revealed that, in
addition to misregulated members of the insulin signaling path-
way in the KO MEFs (25), more than 20% of the transcripts whose
translation was affected by CPEB gene disruption were involved in
the immune response and included a large number of cytokines,
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FIG 1 CPEB controls of NF-kB activity. (A) Lentivirus/shRNA knockdown (KD) of CPEB in RAW 264.7 macrophage cells (top) and knockdown followed by
LPS treatment and RT-PCR for IL-6 (bottom). Cont or cont, control. (B) ELISA of IL-6 secretion in RAW macrophages following CPEB knockdown and
treatment with LPS in the presence or absence of the NF-«B inhibitors JSH-23 (IN1) and 5HPP-33 (IN2). These experiments were performed four times. (C)
NF-kB immunocytochemistry and 4’,6-diamidino-2-phenylindole (DAPI) counterstain in RAW cells following CPEB knockdown and treatment with LPS for
0to4h. (D) Quantification of the extent of NF-«kB nuclear localization. These experiments were performed three times, and approximately 250 to 300 cells of each
sample were examined. Here and in all of the other figures, the bars on histograms refer to the standard error of the mean and one asterisk refers to a P < 0.05

significance level, two asterisks refer to a P < 0.01 significance level, and three asterisks refer to a P < 0.001 significance level (Student’s t test).

chemokines, and NF-kB-related molecules. To investigate whether
these changes in translation could reflect alterations in the inflamma-
tory immune response, mouse macrophages (RAW264.7 cell line)
were depleted of CPEB by infection with a lentivirus expressing
shRNA (Fig. 1A, top). This procedure had no detectable effect on
IL-6 protein levels in unstimulated cells. However, when the cells
were treated with LPS, IL-6 protein and RNA levels were dramat-
ically increased, which was particularly evident in the CPEB-de-
pleted cells (Fig. 1A and B; see Fig. S1 in the supplemental
material). Because NF-kB is one of the major LPS-activated tran-
scription factors that control cytokine production (31), we sur-
mised that it might be responsible for the stimulation of IL-6.
Indeed, Fig. 1B shows that two inhibitors of NF-kB activity (IN1,
JSH-23; IN2, 5HPP-33) significantly mitigated the elevation of
IL-6 secretion in CPEB-depleted cells. These inhibitors also had a
similar effect on IL-6 secretion in WT cells.

NF-kB is tightly regulated at the level of nuclear entry. To deter-
mine whether the nuclear/cytoplasmic distribution of NF-kB is me-
diated by CPEB, control and CPEB-depleted RAW macrophages
were treated with LPS and immunostained for the transcription
factor (Fig. 1C). CPEB-depleted cells displayed prolonged nuclear
NE-kB retention compared to WT cells after 0.5 to 4 h of LPS
treatment, indicating that this strong nuclear localization is most
likely responsible for the upregulation of IL-6 production in these
cells (Fig. 1D).
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Aberrant NF-kB signaling in CPEB-deficient macrophages.
IkBa is a cytoplasmic protein that controls the nuclear entry of
NE-kB. In response to extracellular signals, IkBa is phosphory-
lated and destroyed in a ubiquitin-mediated manner, which liber-
ates NF-kB to enter the nucleus and activate transcription. To
investigate whether CPEB regulates Ik Ba destruction, control and
CPEB-depleted cells were incubated with LPS with or without
MG132, a proteasome inhibitor. Figure 2A shows that there were
low levels of IkBa when CPEB knockdown cells were treated with
LPS. In contrast, IkBa in CPEB-depleted cells incubated with the
proteasome inhibitor MG132 was restored to control levels, dem-
onstrating that CPEB mediates IkBa destruction.

We next assessed the phosphorylation of Ik Ba at serines 32 and
36, which is required for its ubiquitination and destruction (32).
In CPEB-depleted cells treated with LPS and MG132, serines 32
and 36 were hyperphosphorylated (Fig. 2A), which demonstrates
the involvement of CPEB in this signaling pathway. We therefore
examined the activation of upstream kinases known to initiate
NE-kB nuclear import via IkBa phosphorylation. In contrast to
WT cells, CPEB-depleted cells showed strong phosphorylation of
IKK (S180/181) and p38 (T180/Y182), indicating a robust activa-
tion of these kinases that mediate NF-kB activation (Fig. 2A).
Steady-state NF-kB levels were unaffected by CPE depletion or
LPS treatment.

Upstream of p38 MAP kinase is TAKI, a mitogen-activated
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FIG 2 CPEB control of the NF-kB signaling pathway. (A) Western blot analysis of Ik Ba,, phospho-$32/S36-IkBa, phospho-S176/S180-1KKa/3, phospho-T180/
Y180-p38 MAP kinase, TAK1, NF-kB, and actin in control (cont) and CPEB-depleted RAW macrophages treated with LPS or the proteasomal inhibitor MG132
for the times indicated. All blot assays were performed with at least three independent samples; all produced similar results. KD, knockdown. (B) Control and
CPEB-depleted cells were treated with LPS for 4 h; this was followed by 40 min of incubation with [**S]methionine (**S-met), subsequent immunoprecipitation
(IP) of IkBa and TAK1, and analysis by SDS-PAGE and autoradiography. Also shown are the [**S]methionine-labeled nonprecipitated whole-cell extracts, as
wells as IkBa. The amount of immunoprecipitated TAK1 was quantified by scanning densitometry from three independent experiments (histogram). ns,
nonspecific band. (C) Lysates from FLAG-CPEB-expressing RAW macrophages were supplemented with RNA containing or lacking three CPEs. CPEB was then
FLAG immunoprecipitated, and the relative amounts of TAK1 mRNA remaining bound to CPEB were assessed by RT-PCR. Nonspecific IgG and FLAG-
CPEBAZF, an mRNA-binding mutant protein lacking two zinc fingers, served as controls for immunoprecipitation (top). In other experiments, RAW macro-
phages infected with lentivirus expressing FLAG-CPEB or FLAG-CPEBAZF (dZn) were treated with formaldehyde to covalently cross-link RNA and protein in
vivo. CPEB was then immunoprecipitated with FLAG antibody, the precipitate was heated to reverse the cross-links, and the RNA was extracted and subjected
to analysis of TAK1 mRNA by semiquantitative RT-PCR. The input represents 10% of the total (bottom). CPE", CPE-containing RNA; CPE ", CPE-lacking
RNA. (D) Macrophages infected with lentiviruses expressing scrambled (control) or CPEB-targeting (KD) shRNAs were incubated with TAK1 siRNA for 3 days;
this was followed by LPS stimulation for 4 h and semiquantitative RT-PCR detection of TAK1 and tubulin mRNAs. Western blot analysis of TAK1 protein after
knockdown of TAK1 RNA by siRNA (left). Tubulin was used as a loading control. Semiquantitative RT-PCR detection of IL-6 mRNA in macrophages following
CPEB and TAK1 depletion. Tubulin served as a control (right). (E) Control (CONT), CPEB-depleted (KD), or CPEB/TAK1 double-depleted (KD) macrophages
were incubated with LPS for 4 h. The culture medium was assessed for IL-6 by ELISA.

protein kinase kinase kinase (10, 32, 33). We suspected that TAK1
could be an essential upstream kinase controlled by CPEB because
its mRNA has numerous CPEs in its >2-kb 3’ UTR. Western
blotting of LPS-stimulated WT and CPEB-depleted cells for TAK1
shows that, indeed, the level of this kinase was elevated in the
absence of CPEB (Fig. 2A), although TAK1 mRNA levels were
unaffected (see Fig. S1 in the supplemental material). To deter-
mine whether CPEB mediates the synthesis of TAK1, we pulse-
labeled LPS-treated WT and CPEB knockdown cells with
[**S]methionine for 30 min and then immunoprecipitated TAK1
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and analyzed it by SDS-PAGE (Fig. 2B). This procedure measures
the instantaneous synthesis of a protein without significant influ-
ence of protein destruction. For comparison, we performed the
same experiment with IkBa. Knockdown of CPEB resulted in an
~2.2-fold increase in the synthesis of TAK1 but not of IkBa, sug-
gesting that CPEB controls TAK1 mRNA translation.

Next, we expressed FLAG-CPEB or FLAG-CPEBAZF, which
lacks a zinc finger that is important for optimal RNA binding (30,
34),in RAW 264.7 macrophages. Lysates prepared from these cells
were supplemented with two concentrations of competing RNAs
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that lacked or contained three CPEs. After 30 min of incubation,
CPEB (the WT, as well as the AZF form) was immunoprecipitated
(IgG served as a second control) and TAK1 mRNA in the RNP
complex was detected by RT-PCR. Figure 2C (top) demonstrates
that the CPE-containing RNA was an effective competitor for
TAK1 mRNA binding while the CPE-lacking RNA elicited no
diminution of CPEB binding to TAK1 mRNA. We also treated
other CPEB-expressing cells with formaldehyde to covalently
cross-link RNAs and proteins in vivo. The CPEB-RNP complexes
were then immunoprecipitated with FLAG antibody and washed
extensively, the precipitate was heated to reverse the cross-link,
and the RNA was extracted and analyzed for TAK1 mRNA by
quasiquantitative RT-PCR. Figure 2C (bottom) shows that TAK1
mRNA was strongly immunoprecipitated with CPEB, in contrast
to the mutant form of the protein. Taken together, the data thus
far presented in Fig. 2 indicate that CPEB directly modulates the
synthesis of TAK1 to control downstream signaling to NF-«kB and
IL-6 production.

If this scenario is correct, then IL-6 expression should be re-
duced by TAK1 depletion in cells lacking CPEB. Figure 2D shows
that transduction of CPEB-depleted cells with TAK1 small inter-
fering RNA (siRNA) significantly reduced TAK1. As a result, cells
stimulated with LPS had smaller amounts of IL-6 mRNA, as mea-
sured by RT-PCR and secreted diminished levels of IL-6 protein,
as determined by ELISA (Fig. 2E). On the basis of these data, we
propose that CPEB knockdown elicits Ik B instability by activat-
ing the IKKa/B complex via elevated synthesis of the upstream
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TAKI kinase, resulting in NF-«kB nuclear retention and IL-6 tran-
scription.

TAK1 mediates the inflammatory response in CPEB KO
mice. Peritoneal macrophages obtained from WT and CPEB KO
mice treated with LPS in vitro secrete substantial amounts of IL-6,
but the amount secreted by the KO macrophages is almost twice as
large (Fig. 3A). Moreover, the KO macrophages displayed pro-
longed nuclear NF-kB retention (see Fig. S2 in the supplemental
material), similar to that observed in a macrophage cell line de-
pleted of CPEB (Fig. 1C), and had reduced TAK1 protein levels
(see Fig. S3 in the supplemental material). These data suggest that
CPEB KO mice might be particularly susceptible to endotoxic
shock. Under normal conditions, CPEB KO mice show no obvi-
ous signs of chronic inflammation; however, when fed a high-fat
diet, they exhibit liver insulin resistance (25), a phenotype that is
often related to inflammation. To assess whether the animals have
a strong inflammatory response under stress conditions, we in-
jected the peritoneal cavities of WT and CPEB KO mice with a
50% lethal dose (LDs,) of LPS, which stimulates the immune re-
sponse and triggers septic shock (32). LPS-induced lethality for
KO mice was substantially elevated relative to that of WT animals
and reached 100% by day 6 (Fig. 3B). Both WT and CPEB KO
mice had nearly identical lymphocyte profiles (see Fig. S4 in the
supplemental material) and total blood cell counts (see Table S1in
the supplemental material), indicating no obvious predisposition
to inflammation. Histological analysis of liver and lung tissue
samples taken 24 h after LPS injection revealed a substantial in-
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crease in the number of neutrophils in both WT and CPEB KO
animals. However, the levels of neutrophils in the KO samples
were significantly higher (Fig. 3C), indicating an especially strong
inflammatory response.

Next, we used a cytokine/chemokine array to analyze the levels
of blood serum cytokines of WT and CPEB KO animals after con-
trol PBS or LPS injection by performing an ELISA for 96 different
mediators of inflammation (see Fig. S5 in the supplemental ma-
terial). In addition to the expected elevation of IL-6, six other
cytokines (IGF-bp3, IGF-1, IL-6, IL-12, and IL-8 [KC]) showed a
statistically significant change, although they were little altered
upon PBS injection, irrespective of the genotype. L-Selectin was
elevated in the serum of both PBS- and LPS-injected KO mice.
ELISA analysis showed that LPS injection elicited significantly
higher levels of IL-6, IL-8, IL-12p40, IGF-1, and IGF-bp3 in the
KO animals (Fig. 4), which generally reflected the changes in the
levels of their corresponding mRNAs (see Fig. S1 in the supple-
mental material). Thus, elevation of proinflammatory cytokines
IL-6, IL-8, and IL-12p40, the major markers of lethal sepsis, cor-
relate with the increased morbidity of the LPS-injected CPEB KO
mice.

To determine whether TAK1 mediates the inflammatory im-
mune response in vivo in a CPEB-dependent manner, we used
(5Z2)-7-oxozeaenol, a resocyclin acid lactone that specifically in-
hibits TAK1 activity in vitro and in vivo (35, 36). Figure 5A shows
aKaplan-Meier curve (29) demonstrating that, as depicted earlier,
CPEB KO mice succumb more readily than WT mice to LPS ad-
ministration. However, injection of (5Z)-7-oxozeaenol into LPS-
injected KO mice caused a nearly 50% increase in their survival,
which was similar to that seen in WT animals injected with LPS.
The serum IL-6 levels of similarly injected animals are more re-
flective of the interplay between CPEB and TAK1 than the animal
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mortality rate. Figure 5B demonstrates that LPS induced a much
stronger IL-6 response in the CPEB KO mice than in WT animals
and that the TAK1 inhibitor abrogated this response such that it
was similar to WT levels (WT LPS). Thus, CPEB and TAK1 con-
trol cytokine production and inflammation in vivo, as well as in
vitro.

On the basis of the evidence presented above, we propose that
CPEB inhibits the synthesis of TAK1, probably by binding 3’ UTR
CPEs of TAK1 mRNA. LPS promotes TAKI mRNA unmasking
and induces TAK1 synthesis, which in turn activates the p38 MAP
kinase signaling pathway that leads to IkBa destruction, NF-kB
nuclear import, and IL-6 production. In the absence of CPEB, all
of these events proceed at an accelerated pace (Fig. 5C). However,
TAKI is unlikely to be the only mRNA that CPEB regulates to
influence the immune response, which is indicated by the obser-
vation that (5Z)-7-oxozeaenol significantly, but not completely,
rescued IL-6 levels and mouse survival. Thus, we surmise that
perhaps a network of mRNAs under CPEB regulatory control also
contributes, perhaps substantially, to inflammatory activity as a
result of bacterial invasion.

DISCUSSION

This study demonstrates that CPEB regulates the inflammatory
response and does so by modulating the expression of TAKI,
which, through stimulation of the p38 MAP kinase signaling cas-
cade, promotes NF-kB-mediated transcription of chemokine and
cytokine genes (33). Although CPEB KO mice have a normal life
span and display no overt immunological disorders, stimulation
with LPS results in excessive serum proinflammatory cytokine
levels and increased morbidity. Only upon LPS treatment of ani-
mals or cultured cells is CPEB deficiency manifest by elevated
cytokine production. Thus, in the nonstressed state, CPEB deple-
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FIG 5 CPEB regulation of TAK1 in vivo. (A) Kaplan-Meier analysis of WT and CPEB KO mouse survival following LPS and (5Z)-7-oxozeaenol injection (10
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ELISA. (C) Schematic of CPEB-dependent NF-kB nuclear translocation. CPEB binds and represses TAK1 mRNA; in the absence of CPEB, an excess of TAK1
elicits prolonged nuclear retention of NF-kB via activation of IKK, p38, and IkBa. In the absence of LPS, NF-kB is retained in the cytoplasm through interaction
with IkBa. Upon LPS stimulation, IkBa is phosphorylated and subsequently degraded, thereby releasing NF-kB for translocation to the nucleus and stimulation

of IL-6 transcription

tion has little detectable effect on inflammation and only upon the
application of stress (i.e., LPS) does CPEB deficiency allow certain
signaling events to occur without their normal constraints, lead-
ing to an inflammatory response. Thus, CPEB behaves like a stress
response protein. Consider that CPEB-deficient primary mouse
or human cells do not senesce as do WT cells but are immortal (22,
23). In the brain, CPEB deficiency results in aberrant synaptic
function, which is induced by another type of stress, electrical
stimulation (17, 20). Various signaling events may converge on
CPEB or CPEB-bound mRNAs that are normally tightly con-
trolled; when CPEB is absent, unrestricted signaling may produce
a range of cell or tissue phenotypes.

In primary macrophages, as well as in a macrophage cell line
treated with LPS, ablation of CPEB results in prolonged IkBa
destabilization, which leads to increased NF-kB nuclear retention
and IL-6 transcription. The observation that IL-6 transcription is
also elevated in later passages of MEFs derived from CPEB KO
mice because of phosphorylation of p65, the 65-kDa subunit of
NF-kB (24), suggests that IkBa destruction is the result but not
the cause of the activated NF-kB signaling pathway. Indeed, CPEB
has no effect on IkBa synthesis but instead affects its destabiliza-
tion upon the activation of upstream signaling via p38 and TAK1
kinases. TAK1 mRNA, in particular, contains multiple 3" UTR
CPEs (which also resemble AREs), is bound by CPEB, and is trans-
lated at an excessive level when CPEB is absent. Thus, CPEB, in
this case, likely acts as a repressor protein to mediate the inflam-
matory immune response via TAK1 mRNA expression. It is im-
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portant to point out that TAKI is not the only CPEB-regulated
mRNA that influences inflammation. Indeed, in MEFs and very
likely in macrophages as well, a large number of mRNAs linked to
inflammation are regulated at the translational level by CPEB
(25). However, the data presented here certainly indicate that
TAKI mRNA is among the most important CPEB target mRNAs.

In addition to CPEB, other RNA-binding proteins regulate the
inflammatory response as well (37, 38). TTP (tristetraproline),
AUF1 (AU-rich binding factor 1), HuR (also known as ELAV;
embryonic lethal abnormal vision), TIA (T-cell intracellular anti-
gen), and KSRP (K homology-type splicing regulatory protein)
bind AREs in cytokine 3" UTRs that mainly mediate their stability
but can also regulate their translation (3). Chemokine mRNAs
generally do not contain AREs but instead harbor 3" UTR GAIT
(IFN-activated inhibitor of translation) elements, stem-loop
structures bound by GAIT complexes that mediate their transla-
tion (39). In several cases, the ablation of these RNA-binding pro-
teins is linked to immune system impairment, increased sensitiv-
ity to LPS, and misregulation of cytokine production. For
example, mice lacking AUF1 succumb to endotoxic shock because
of increased stability of the proinflammatory cytokines tumor ne-
crosis factor alpha (TNF-«) and IL-1B (40) and also have severe
dermatitis (41). Moreover, depletion of AUF1 from a leukemic
cell line (THP-1) (42) somewhat increases TAK1 levels and stim-
ulates NF-kB-mediated gene transcription. In addition, a recent
report demonstrated that depletion of hnRNP K also increases
TAKI1 levels (43). Because these observations are similar to those
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obtained with CPEB KO mice and cultured cells lacking CPEB, we
hypothesize that there might be a causal link between CPEB,
AUFI1, hnRNP K, and TAK1-dependent inflammation. Therefore,
an investigation of the interplay between CPEB and other RNA-
binding proteins to control the inflammatory response is war-
ranted. In this vein, the complex relationship among ARE-bind-
ing proteins is illustrated by TTP and TIA-1; mice lacking the gene
for either of these proteins develop arthritis and have high levels of
TNF-a, but animals lacking both genes have low levels of TNF-a
and have very severe arthritis (44). Thus, ARE-binding proteins
are promiscuous and can compete with or complement one an-
other, as well as regulate the levels of other RNA-binding proteins.
Regulatory cascades that cross talk via multiple RNA-binding
proteins are common in developing systems such as oocytes and
embryos and may be just as prevalent in the immune system (3,
37). Understanding how the myriad of RNA-binding proteins co-
ordinates the expression of cytokine/chemokine mRNAs is a
daunting task, especially given that many of the proteins bind the
same or nearly the same sequence. Nonetheless, it is abundantly
evident that tuning of the translational apparatus is an essential
regulatory feature of the inflammatory immune response.
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