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ABSTRACT

The transcription of inflammatory genes is an
essential step in host defense activation. Here,
we show that cellular nucleic acid-binding pro-
tein (CNBP) acts as a transcription regulator that
is required for activating the innate immune re-
sponse. We identified specific CNBP-binding mo-
tifs present in the promoter region of sustained
inflammatory cytokines, thus, directly inducing
the expression of target genes. In particular,
lipopolysaccharide (LPS) induced cnbp expression
through an NF-kB-dependent manner and a posi-
tive autoregulatory mechanism, which enables pro-
longed il-6 gene expression. This event depends
strictly on LPS-induced CNBP nuclear transloca-
tion through phosphorylation-mediated dimeriza-
tion. Consequently, cnbp-depleted zebrafish are
highly susceptible to Shigella flexneri infection in
vivo. Collectively, these observations identify CNBP
as a key transcriptional regulator required for acti-
vating and maintaining the immune response.

INTRODUCTION

Cellular nucleic acid-binding protein (CNBP), also known
as zinc finger protein 9, plays a critical role in forebrain
development by regulating cell proliferation and apoptosis
during vertebrate organogenesis (1). CNBP has also been
proposed to exhibit various biological functions as a nu-
cleic acid chaperone, such as regulating the transcription of
c-mye, wnt, or skeletal muscle chloride channel 1 (c/cl), and

inhibiting the translation of ribosomal protein mRNAs (rp-
mRNASs) (2-6). Furthermore, CNBP has been largely im-
plicated in various human diseases, including myotonic dys-
trophy type 2 (DM2) and sporadic inclusion body myositis
(sIBM) (7,8).

Cnbp encodes a 19-kDa protein that contains seven
tandem cysteine-cysteine-histidine-cysteine (CCHC) zinc-
knuckle repeats, which are composed of 14 amino acids and
a glycine/arginine-rich region that is highly similar to the
arginine-glycine-glycine (RGG) box of RNA-binding pro-
teins (9). CNBP is a highly conserved protein that shares
more than 95% sequence identity among humans, chick-
ens, rats and mice. It is mainly localized to both the nu-
clei and cytoplasm of cells in mammals, amphibians, chick-
ens and fish (10-14). In particular, several studies have
shown that CNBP-mediated DM2 pathogenesis may con-
fer susceptibility to several immune-related diseases, such
as rheumatoid arthritis and inflammatory eosinophilic infil-
tration (15,16). Additionally, hyperactivation of the innate
immune response is associated with the pathology of DM
(17). In a similar phenomenon, CNBP is correlated with
sIBM, which is a type of autoimmune disorder character-
ized by abnormal inflammatory responses. These responses
are caused by an unknown trigger and lead to muscle de-
generation and injury (18,19), suggesting that CNBP may
directly participate in immune responses.

Cytokines and chemokines are immunoregulatory pro-
teins that act as signaling molecules and control both the
innate and adaptive immune response to activate an effec-
tive host defense against microbial invaders (20,21). There-
fore, its expression must be tightly regulated by transcrip-
tional and post-transcriptional mechanisms during infec-
tions, mis-regulated synthesis or turnover of inflammatory
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cytokines, all of which may exert a pathological effect on
chronic inflammation and autoimmunity (22,23). During
the stimulation of macrophages with lipopolysaccharide
(LPS), which is a surface component of Gram-negative bac-
teria recognized by Toll-like receptor 4 (TLR4) (24), several
transcription factors work together to activate cytokine and
chemokine gene expression (25,26). In particular, nuclear
factor kB (NF-kB) and interferon regulatory factors (IRFs)
are constitutively expressed in various cell types. These fac-
tors are induced most rapidly by stimulus-dependent and
post-translational modifications, and they are translocated
to the nucleus, where they initiate inflammatory gene ex-
pression by binding to a specific DNA region on the cis-
regulatory elements of their target genes (22). After the pri-
mary responses, the sequential cascades of transcription
factors regulate subsequent gene expression as a positive
feed-forward control pathway, which governs the immune
system over a prolonged period of time (22,27-28). This reg-
ulatory circuit proposes a high degree of complexity in LPS-
induced transcriptional regulation, but the gene regulatory
network that is involved in the pathogen-evoked inflamma-
tory activation of macrophages is not fully understood.
Here, we describe a previously unknown role for CNBP
as a transcription regulator of persistent il-6 gene expres-
sion. Using a DNA-rotein complex pull-down assay, we
identified specific CNBP-binding motifs in the promoter
regions of sustained cytokines, including interleukin (i/)-
1b, il-6, il-12b, and il-15, and chemokine (C-C motif) lig-
and 3 (ccl3), ccld, ccl5, ccl7, ccl9 and ccl22, which are
targeted for transcription by CNBP activity. Furthermore,
LPS induced cnbp expression through a positive autoreg-
ulatory mechanism and an NF-kB-dependent manner. We
also found that LPS stimulated the translocation of CNBP
from the cytosol to the nucleus through a phosphorylation-
dependent dimerization mechanism. Consequently, knock-
down of ¢nbp in zebrafish showed reduced i/-6 mRNA lev-
els and a greatly decreased number of infiltrating leukocytes
into an infected region, thereby leading to severe Shigella
flexneri infection-induced mortality in vivo. Thus, we pro-
pose a novel function for CNBP in a regulatory transcrip-
tional circuit for i/-6 mRNA production that involves pro-
motion of the immune response against infection over time.

MATERIALS AND METHODS
Reagents and antibodies

LPS (Escherichia coli 026:B6) and 1826 CpG-DNA (5'-
TsCsCsAsTsgsAsCsgsTsTsCsCsTsgsAsCsgsTsT-3')  were
purchased from Sigma-Aldrich (St Louis, MO, USA)
and TIB Molbiol (Berlin, Germany), respectively. DAPI
(4,6-diamidino-2-phenylindole) and actinomycin D were
purchased from Sigma-Aldrich. The following antibodies
were used: anti-CNBP (ab83038; Abcam, Cambridge,
UK or sc-515387; Santa Cruz Biotechnology, Santa Cruz,
CA, USA), anti-p65 (sc-8008; Santa Cruz Biotechnology),
anti-tubulin (G094; ABM Inc., Richmond, Canada),
anti-FLAG (G191; ABM Inc. and MI185-3L; MBL
International, Woburn, MA, USA), anti-HA (G036;
ABM Inc.), anti-Myc (2276; Cell Signaling Technology),
anti-GFP (11814460001; Roche, Basel, Switzerland and
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ab290; Abcam) and anti-Lamin A/C (2032; Cell Signaling
Technology).

DNA constructs

Mouse cnbp (isoform 1 and 2) and mutants were tagged
with hemagglutinin (HA), Myc or green fluorescent protein
(GFP) and cloned into retroviral pPLHCX or pMSCYV vector
(Clontech, Mountain View, CA, USA) (HA-CNBP, CNBP-
HA, Myc-CNBP, GFP-CNBP, CNBP-HAT!73A CNBP-
HAT!77A and CNBP-HAT!73/177A) Mouse complementary
DNA encoding p65, TAK1 and CK1 were fused to Myc or
Flag and cloned into the retroviral pMSCV vector (Myc-
p65, Myc-TAK 1 and Flag-CK1). Flag-PKC and Flag-PKA
were kindly provided by Dr Young Jun Oh (Yonsei Uni-
versity, South Korea) and Dr Yeun Kyu Jang (Yonsei
University), respectively. All GST-fusion constructs were
generated by subcloning into the pGEX-6P-1 vector (GE
Healthcare, Uppsala, Sweden) (GST-CNBP, GST-HA-
CNBP, GST-CNBP A1-53, GST-CNBP A54-178, GST-
CNBP ARGG, GST-CNBP ANLS, GST-CNBPT!73/177A
and GST-p65 [356—549]). 1l-6 promoter genes ([—5562 to
+49 bp] and [—1624 to +49bp]), il-12b promoter genes
(—1062 to +63 bp), and cnbp promoter genes (—1444 to
+154 bp) were prepared from mouse genomic DNA and
cloned into the pGL3 basic vector (Promega, Madison,
WI, USA). The deletion mutants of the CNBP-binding site
(CTGAAAAA [-1146 to —1139], CTGAAAAA [-518 to
—511] and AAATTAGA [-52 to —45]) in the il-6 pro-
moter region were generated by overlap extension polymer
chain reaction (PCR). The shRNA oligonucleotides against
CNBP or GFP (control) were annealed and subcloned into
the pSUPER retroviral vector (Oligoengine, Seattle, WA,
USA). All constructs were verified by sequencing, and all
primer sequences are listed in Supplementary Table S1.

Cell culture

Murine RAW 264.7 macrophages (ATCC TIB-71), hu-
man embryonic kidney (HEK) 293T cells (ATCC CRL-
11268), mouse epithelial fibroblasts (MEFs) and p65-
deficient MEFs (p65~/~) were grown in Dulbecco’s Mod-
ified Eagle Medium (DMEM; HyClone, Logan, UT, USA)
containing 10% fetal bovine serum (FBS; HyClone) and
penicillin/streptomycin (HyClone). Cells were maintained
in an atmosphere of 5% CO, in a 37°C humidified incuba-
tor. NF-«kB p65-deficient MEFs were kindly provided by Dr
Alexander Hoffmann.

Statistical analysis

All experiments were repeated at least three times with con-
sistent results. Data are presented as means and standard
deviations, as noted in the figure legends. Statistical dif-
ferences between two means were evaluated with the two-
tailed, unpaired Student’s #-test or Mantel-Cox log-rank
test. Differences with P values less than 0.05 were consid-
ered significant. No samples were excluded from the analy-
sis. The data was normally distributed, and the variances
were similar between groups. No statistical method was
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used to predetermine sample sizes. Instead, sample size de-
terminations were based on previous experiences with ex-
perimental variability. The experiments were not random-
ized, and the investigators were not blinded to allocation
during the experiments or the outcome assessments.

RESULTS

CNBP binds to the promoter region of sustained cytokine
genes and affects their expression

CNBP has been shown to bind to nucleic acids and reg-
ulate the expression of various genes that are involved
in forebrain development and proliferation. As described
previously, it has also been implicated in immune disor-
ders (1,15-19). Therefore, we investigated whether CNBP
may act as a transcriptional regulator in the immune re-
sponse using a DNA-protein complex pull-down assay.
This technique is used to identify specific binding targets
and DNA-binding sequences for transcription regulators
(29), and thus allowed us to discover new targets of CNBP
in the transcriptional regulation of the immune response
in macrophages. DNA libraries from the DNA pull-down
samples were constructed and sequenced; the sequenced
fragments were mapped to the UCSC mm10 genome se-
quence (Supplementary Figure S1A). As reported previ-
ously (30,31), the G-rich consensus sequences occurred with
the highest frequency in the targeted regions (Supplemen-
tary Figure S1B). Interestingly, sequencing profiles from the
DNA-protein pull-down assay demonstrated that CNBP
specifically bound to many immune-related genes, including
sustained inflammatory genes, and this occurred in 56.6% of
total LPS-induced immune-related transcripts (309 genes)
(Supplementary Excel file).

To gain insight into the immunological role of CNBP-
DNA binding, we focused on the CNBP-mediated regu-
lation of inflammatory gene expression. Notably, the ex-
pression of sustained inflammatory genes that were bound
to CNBP (e.g. il-1b, il-6, il-12b, il-15, ccl3, ccl4, ccl5, ccl7,
ccl9 and ccl22) was severely impaired in cnbp-depleted
macrophages during LPS stimulation (Supplementary Fig-
ure S2A). In contrast, we did not observe any effects on
genes that were not bound to CNBP (e.g. tumor necrosis
factor-a [tnf-a), transforming growth factor-B1 [tgf- b1], se-
creted phosphoprotein 1 [sppl], il-18 and irf7) (Supplemen-
tary Figure S2A). To determine if the genomic targeting
of CNBP occurs by a mechanism involving a nucleic acid
chaperone or a transcription factor, we examined whether
occupied sites were enriched for specific DNA-binding mo-
tifs. We used MEME (32) to find de novo consensus mo-
tifs that were recognized by CNBP. This analysis revealed
two putative sequences of CNBP binding, and these se-
quences were statistically significant relative to the back-
ground frequency (Figure 1A). Strikingly, these motifs were
present at the promoter sites of sustained inflammatory
genes and also existed in a small window encompassing nu-
cleotides (nt)—4500 to +1 around the transcription start
site (TSS) of these genes (Figure 1B). Consistent with the
DNA-protein pull-down analysis, a chromatin immunopre-
cipitation (ChIP) assay with endogenous CNBP antibody
showed that LPS induced the binding of CNBP to the pro-
moter regions of il-1b, il-6, il-12b, il-15, ccl3, ccl4, ccl5,

ccl7, ccl9, ccl22 or enbp (Figure 1C). Collectively, these pro-
moter regions contained a specific sequence corresponding
to AA(G)A(T)TG(T)AGA(T) or CTGAAAAT(A) (Figure 1B
and C). Furthermore, consistent with the RT-PCR results,
quantitative reverse transcription-PCR (RT-qPCR) con-
firmed that the expression of inflammatory genes bound to
CNBP, but not of genes were not bound, was severely atten-
uated by CNBP depletion in LPS-stimulated macrophages
(Figure 1D). To exclude the possibility off-target shRNA ef-
fects, we used additional sShRNAs targeting CNBP (shRNA
#2) to examine the effect of CNBP on the expression of
its binding or non-binding genes, namely #/-1b, il-6 and tnf-
a. Consistently, CNBP depletion significantly reduced il-1b
and /-6 expression, but not tnf-a (Supplementary Figure
S2B). Therefore, these results suggest that CNBP specifi-
cally binds two consensus motifs in the proximal promoter
regions of inflammatory genes, which enhances their expres-
sion.

CNBP specifically binds to its target genes in a sequence-
dependent manner

CNBP binds preferentially to a single-stranded G-rich con-
sensus sequence, and the specific probes containing the 14-
nucleotide G-rich sequence or the 5 UTR sequence from
Xenopus laevis L4 rp-mRNA (DNA-L4-UTR) have been
used to evaluate the binding capability of CNBP (30,31).
Therefore, we investigated the possibility that CNBP may
bind to single- or double-stranded forms of the specific
binding core sequence. We conducted electrophoretic mo-
bility shift assays (EMSA) using recombinant CNBP and
a set of biotin-modified probes containing the CNBP-
binding consensus motif (Figure 2A). To verify the in-
tegrity and quality of purified recombinant CNBP, recom-
binant proteins were analyzed by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis. We clearly observed a
band corresponding to the monomer form of GST-CNBP
(predicted size, 44 kDa), as well as a band greater than 80
kDa in size in non-reducing conditions, indicating the dimer
form of the protein (Supplementary Figure S3A). Prototype
DNA probes gave rise to comigrating DNA-protein com-
plexes that contained a recombinant CNBP. As reported
previously, CNBP bound to the single-stranded or G-
rich probe (Supplementary Figure S3B and C). Markedly,
CNBP also bound to a double-stranded sequence with high
affinity (Supplementary Figure S3B). To support this result,
we determined whether CNBP binds to double-stranded
consensus sequences that are present in the promoter re-
gions of inflammatory genes, including il-1b, il-6, il-12b,
ccl, ccl5, ccl9 and cnbp. We found that CNBP bound to
all predicted consensus core sequences with high affinity
(Figure 2A, lanes 7-10). The dissociation constant (Ky) val-
ues also showed that the binding affinities of the CNBP-
binding consensus motifs to GST-CNBP was similar to that
of the 26-nt G-rich sequence (Supplementary Figure S3D).
Additionally, introducing the HA antibody or unlabeling
CNBP-binding double-stranded DNA probes (cold probes)
to the EMSA binding reaction blocked GST-HA-CNBP-
DNA or GST-CNBP-DNA binding, respectively, indicat-
ing that CNBP is capable of binding to the double-stranded
consensus sequences (CTGAAAAA or AAATTAGA) (Fig-
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Figure 1. CNBP binds to the promoter-proximal regions of sustained cytokines and affects their expression. (A) The sequence logo of CNBP-binding
motifs, as determined by DNA—protein complex pull-down assay and MEME, is represented. The size of each nucleotide is proportional to the frequency
of its appearance at each position. (B) Upstream regions of CNBP-binding cytokines have CNBP-binding motifs within 5 kb of the transcription start site
(TSS). Bold letters in the consensus sequences indicate highly conserved positions. The numbers in parenthesis refer to CNBP-binding consensus regions
in the promoter of indicated genes relative to the TSS. (C) CNBP binds directly to sustained cytokine genes. RAW macrophages were treated with LPS
(80 ng ml~!) for 2 h, and whole cells were cross-linked with 1% formaldehyde for 10 min. Isolated nuclei were sonicated until the size of the chromatin
was below 1 kb. Fragmented chromatin was incubated with anti-CNBP antibody. CNBP-associated promoters were amplified by PCR with the primers
indicated in Supplementary Table S2. (D) CNBP depletion affects the inflammatory cytokine gene expression. Quantitative real-time RT-PCR analysis
of CNBP-binding genes (cnbp, interleukin [i/]-1b, il-6, il-12b, and il-15, chemokine ligand 3 [cc/3], ccl4, ccl5, ccl7, ccl9, and ccl22), or CNBP-non-binding
genes (tumor necrosis factor [tnf]-a, transforming growth factor [7gf]-b1, secreted phosphoprotein 1 [spp!], il-18, and interferon regulatory factor [irf7]), in
RAW macrophages transduced with a retrovirus expressing GFP small hairpin RNA (shRNA) (control) or CNBP shRNA after stimulation with LPS (80
ng ml~1) for 12 h. Primer pairs were listed in Supplementary Table S2. * P < 0.05 (Student’s t-test). Data are representative of at least three independent
experiments and are presented as mean + s.d. in D.
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Figure 2. CNBP specifically binds to its target genes in a sequence-dependent manner. (A) CNBP binds to the consensus motif-containing probes. EMSA
was performed using biotin-labeled dSDNA probes. Recombinant proteins were incubated with the following putative CNBP-binding motifs or nuclear
factor (NF)-kB probe: AAATTAGA (il-6, ccl4), CTGAAAAA (il-6, il-1b, ccl9 and cnbp), AGTTGAGA (ccl4), AAATTAGT (il-12b, ccl5 and cnbp), or
AATGTGGGATTTTCCCATGA (NF-kB; consensus sequences are underlined). Protein-DNA complexes were resolved on a native polyacrylamide gel.
The arrow or asterisk indicates shifted DNA and CNBP complexes or free probes, respectively. The probe was mixed with purified GST-CNBP protein in
1:15 molar ratios. (B and C) The interaction of CNBP with biotin-labeled double-stranded consensus sequences is masked by antibody-binding or unlabeled
dsDNA probes. Purified GST-HA-CNBP or GST-CNBP was pre-incubated with the «-HA antibody or unlabeled dsDNA (cold) probes for 1 h or 15 min
before adding the labeled dsDNA probes. The blue asterisks indicate the modification of biotin. (D) CNBP binding affinity with target motifs depends on
its DNA length. The dsDNA probe was mixed with purified GST-CNBP protein in 1:15 molar ratios. (E) The CNBP-target gene interaction occurs in
a sequence-specific manner. EMSA for putative CNBP-binding motifs (AGTTGAGA, CTGAAAAA) or mutant probes (Mut. 1—7) using recombinant
GST-CNBP. The dsDNA probe was mixed with purified GST-CNBP protein in 1:20 molar ratios. Mutation residues in motifs are indicated with blue lines
(wild-type sequences) and red letters (mutation sequences). Data are representative of three independent experiments.



ure 2B, lanes 6 and 12; Figure 2C, lanes 5 and 10). How-
ever, it did not bind to NF-kB probes, which do not con-
tain the consensus motif (Figure 2A, lane 11). Moreover, the
interaction between CNBP and a long-length probe con-
taining the CNBP-binding consensus sequences was clearly
observed, suggesting that CNBP binding to target motifs
depends on DNA consensus sequences (Figure 2D, lanes 5
and 10).

Importantly, the mutational analysis of both core consen-
sus sequences showed that mutating the adenine and gua-
nine at positions 6 and 7 of AGTTGAGA (Mut.3)” or the
consecutive four adenines at positions 4-7 of ‘CTGAAAAA
(Mut.6)’ resulted in a complete reduction of CNBP-binding
activity (Figure 2E, lanes 10 and 19). Additionally, when
thymine at the fourth position in an AGTTGAGA (Mut.2)’
motif or cytosine and thymine at the first and second posi-
tions in a ‘CTGAAAAA (Mut.5) motif were with a gua-
nine, which is one of the purines, the binding affinity of
CNBP to DNA probes increased over that of wild-type
probes (Figure 2E, lanes 9 and 18). Overall, we identified
the CNBP-binding elements in the proximal promoter re-
gions of sustained inflammatory genes, and this specific in-
teraction occurs in both single- and double-stranded DNA
in sequence-specific and signal-dependent manners.

CNBP directly regulates il-6 and il-12b expression by inter-
acting with the cis-regulatory elements

Because previous reports showed that CNBP binds to the
G-quadruplex (G4)-forming tandem repeats of G-rich se-
quences of target genes, thereby leading to transcriptional
regulation by rearranging nucleic acid secondary structures
(1,30), we first speculated that CNBP may act as a chaper-
one to regulate its target gene expression. However, in our
study, CNBP bound directly to 8-nt consensus sequences,
which might be too short to form G4s. Indeed, a Tag poly-
merase stop assay, which is a useful for examining the for-
mation of stable G4 structures in vitro, showed no arrest
products in the sample containing CNBP and the i/-6 tem-
plate, unlike G4-forming sequences (Supplementary Figure
S4A). These results suggest that, instead of acting as a chap-
erone, CNBP may function as a transcription factor to ac-
tivate inflammatory gene promoter and promote its tran-
scription.

In our subsequent studies on the role of CNBP in the
transcriptional regulation of inflammatory genes (il-1b, il-
6, il-12b, il-15, ccl3, ccl4, ccl5, ccl7, ccl9 and ccl22) during
LPS stimulation, we focused on i/-6 and i/-12b. These genes
possess previously identified TSSs and specifically contain
four (il-6) and two (il-12b) different CNBP-binding con-
sensus sites in their 5-upstream regions (—4312 to TSS
and —471 to TSS, respectively) (Figure 3A). To examine
the effect of CNBP on il-6 or il-12b mRNA levels, we
measured i/-6 or il-12b promoter activity in cnbp-depleted
and cnbp-overexpressed macrophages. After LPS expo-
sure, cnbp-depleted and cnbp-overexpressed macrophages
showed significantly less and more reporter activity than
control macrophages, respectively (Figure 3B and C). As
noted previously, -6 and il-12b mRNA levels were sig-
nificantly impaired by CNBP depletion in LPS-stimulated
macrophages (Figure 1D; see also Supplementary Figure

Nucleic Acids Research, 2017, Vol. 45, No. 6 3285

S2A), suggesting that CNBP is a positive regulator of il-
6 and il-12b expression. This was not due to the CNBP-
mediated #/-6 and il-12b mRNA stability or the effects of
NF-kB activity or its expression levels, which is an initial
key transcription factor for i/-6 and il-12b, because the tran-
scriptional inhibitor, actinomycin D, had no effect on il-
6 and il-12b mRNA levels and no differences in p65 pro-
moter activity or its expression levels were observed in cnbp-
depleted cells (Supplementary Figure S4B-D). Moreover,
CNBP enhanced il-6 and il-12b promoter activity even in
p65-deficient cells (Figure 3D), indicating that CNBP is ca-
pable of directly regulating i/-6 and il-12b mRNA produc-
tion.

We analyzed the regulatory elements of the il-6 pro-
moter in detail. Activity of the il-6 promoter region that
encompasses nucleotides —1624 to the TSS, which contains
three CNBP-binding motifs, was significantly increased in
an LPS-dependent fashion. This result was similar to that
of the reporter gene containing the distal region (—5562 to
TSS) (Figure 3E), suggesting that the proximal promoter re-
gion, rather than distal sites, is required for CNBP-mediated
il-6 expression. To determine which CNBP-binding motif
in the i/-6 promoter region is essential for its promoter ac-
tivity, we removed each consensus motif individually or in
combination (Figure 3F). Transactivation of all mutants
by CNBP considerably blocked promoter activity, suggest-
ing that each CNBP-binding motif in the proximal pro-
moter region is required for i/-6 expression (Figure 3G).
Thus, CNBP directly regulates il-6 and il-12b expression,
and CNBP-induced gene transcription depends on a spe-
cific consensus sequence that is responsible for CNBP bind-
ing.

The RGG domain of CNBP is essential for regulating il-6
expression

CNBP contains structural features, including seven zinc-
knuckle motifs and an RGG box, which is a proposed
RNA/DNA-binding motif. To examine if the RGG box is
involved in target DNA-binding capability and promoter
activities, we generated a construct encoding the first zinc
domain and RGG region of CNBP that corresponds to
amino acids 1-53 (A54—178), along with a deletion mu-
tant lacking either the RGG box (ARGG) or the N-terminal
region composed of amino acids 54—178 (A1-53) (Figure
4A). Similar to wild-type CNBP, the RGG-containing N-
terminal (CNBP-1—53) region bound to a double-stranded
DNA probe that contained the CNBP-binding sequence
(CTGAAAAA) (Figure 4B, lane 8). In contrast, the ARGG
and A1—53 mutants had significantly reduced DNA bind-
ing (Figure 4B, lanes 9 and 10). Furthermore, the ARGG
mutant of CNBP exhibited defects in i/-6 promoter activity
(Figure 4C), suggesting that the RGG box of CNBP is indis-
pensable for target DNA binding and promoter activation.

The cnbp gene undergoes alternative splicing to encode
four splice isoforms in mice. Isoform 1 (Isol) encodes a
full-length CNBP of 178 amino acid residues, which was re-
ferred to as “WT’ in this study. The amino acid sequence of
isoform 2 (Iso2) is similar to that of isoform 1 except lack-
ing one amino acid (G) at the C-terminal end of the RGG
box and six amino acids (FTSDRG) at the N-terminal end
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of the linker region between the first and second zinc finger.
Isoforms 3 and 4 are the same as isoforms 2 and 1, respec-
tively, with the exception of a sequence change where one
amino acid is deleted (Figure 4A). Because the RGG box of
CNBP is indispensable for target DNA binding, we focused
on CNBP isoform 2 (CNBP-Is02). Although the binding
affinities of the two consensus 8-nt sequences to CNBP-
Iso2 were slightly less than the binding affinity to CNBP-
Isol, CNBP-Is02 was clearly capable of binding CNBP-
binding consensus sequences and activating IL-6 expres-
sion, but not TNF-a expression, in a pattern similar to that
of full-length CNBP (Figure 4D—F). This indicates that the
glycine residue positioned in the last position of RGG box is
not involved in CNBP-mediated i/-6 expression. Taken to-
gether, we conclude that the entire sequence of the CNBP
RGG region is required for facilitating i/-6 expression.

Cnbp expression is induced by NF-kB activation and positive
autoregulation

DNA-protein complex pull-down analysis revealed the ex-
istence of 13 CNBP-binding sequences with a high coverage
read on their own proximal promoter regions (Figure 1B).
To assess whether this interaction changes over time after
LPS stimulation, we examined the kinetics of these binding
events in LPS-stimulated macrophages. CNBP bound to its
own promoter after 1 h of LPS stimulation, and its binding
remained constant throughout the 12 h exposure (Figure
5A). In addition, the binding of CNBP to the ¢nbp promoter
was detected after 1 h and exhibited significant increases
at 2 and 6 h, which is similar to that of CNBP binding to
the il-6 promoter (Figure SA). Consistently, no interaction
of CNBP with the tnf-a or tgf-bl promoter was observed.
These findings indicate a temporal characteristic of CNBP
activation and suggested that CNBP may function in sub-
sequent waves of target gene induction during LPS stimula-
tion. Next, we hypothesized that LPS-mediated NF-kB ac-
tivation may affect cnbp expression. Interestingly, the cnbp
promoter region is enriched with unique binding motifs for
NF-kB (Supplementary Figure SSA). Notably, the ChIP as-
say showed that NF-kB-p65 bound to the cnbp promoter,
and its interaction was observed after 30 min, peaked at 1 h,
and gradually decreased 2 h after LPS stimulation (Figure
5B). A similar pattern was observed for NF-kB-p65 inter-
acting with the i/-6, tnf-a promoter, but not tgf-b1 (Figure
5B). These results suggest that NF-kB-p65 binding events
occur rapidly in response to LPS, and the recruitment of
CNBP to the il-6 promoter or its own promoter occurs later.

Next, we determined if cnbp transcription is induced by
CNBP and NF-kB-p65 interactions with the promoter. Lu-
ciferase reporter activity from the cnbp promoter was af-
fected by NF-kB and CNBP, and CNBP mRNA or protein
levels significantly increased in LPS-stimulated cells (Fig-
ure 5C; see also Supplementary Figure S5B and C). We also
clearly observed that cnbp expression was impaired in p6.5-
deficient MEFs (Figure 5D). The expression of ¢cnbp was not
induced in p65-deficient MEF cells at 1 h after LPS stim-
ulation; however, a significant increase in ¢nbp expression
was observed at 6 or 12 h (Figure 5D). These results sug-
gest that NF-kB acts as the initial activator of cnbp tran-

scription, and CNBP binds to its own promoter to obtain
transcriptional activation at later time points.

Because il-6 expression is regulated by a major transcrip-
tion factor (NF-kB), we further characterized the regula-
tory network between CNBP and NF-«kB with regard to i/-6
expression. As reported previously (26), ChIP analysis re-
vealed that NF-kB-p65 bound to the /-6 promoter within
30 min after LPS stimulation (Figure 5B). Consistently, NF-
kB and IRF dissociate from target promoters and are ex-
ported from the nucleus at 1 h after LPS stimulation, ter-
minating activation (22,26,33-34). Interestingly, the expres-
sion of ‘sustained cytokines’ (e.g. ccl3, ccl4, ccl5, ccl9, il-1b
and i-6) (25), which we identified as CNBP-binding genes,
increased steadily at the early time points after LPS induc-
tion and eventually plateaued over the later time points,
when the interaction of CNBP with the i/-6 or its own pro-
moter clearly occurred. Based on previous reports and our
results, we hypothesized that il-6 expression may require
coordinated, temporal control of NF-kB and CNBP. To
confirm this possibility, we examined the effects of CNBP
depletion or overexpression on i/-6 expression during pro-
longed LPS stimulation. In cnbp-depleted macrophages,
persistent induction of i/-6 transcription through 6 h of LPS
treatment was severely impaired (>9-fold change) (Figure
5E). We also observed that the induction of short-term il-6
transcription (1 h) after LPS stimulation decreased in cnbp-
depleted macrophages, but this decrease was lower than
that of the late responses (6 h) (Figure 5E). In contrast,
cnbp-overexpressing macrophages exhibited a large increase
in il-6 expression after 6 h of LPS stimulation. Similar to
CNBP depletion, the induction of short-term i/-6 expres-
sion after LPS stimulation was slightly increased in cnbp-
overexpressing macrophages relative to wild-type cells (Fig-
ure SE). Moreover, il-6 expression was clearly observed even
in p65-deficient cells at 6 h after LPS stimulation. Further-
more, cnbp-overexpressing cells produced large amounts of
il-6 transcript (Figure 5F). Collectively, LPS activates NF-
kB, which binds directly to the promoters of i/-6 and cnbp
to activate moderate amounts of their production quickly.
Subsequently, increased levels of CNBP activate its own
transcription via autoregulation, enabling prolonged, direct
expression of i/-6, thereby leading to the sustained produc-
tion of IL-6 during persistent LPS stimulation.

LPS induces the translocation of CNBP to the nucleus by spe-
cific kinase-dependent phosphorylation and phosphorylation-
mediated dimerization

Because pathogenic infections stimulate the translocation
of transcription factors to the nucleus where they acti-
vate expression of the immune-related genes, we explored
the subcellular localization of CNBP in primary bone
marrow-derived macrophages (BMDMs) after LPS stimu-
lation. CNBP resided mostly in the cytosol of unstimulated
macrophages, but translocated to the nucleus upon LPS
stimulation (Figure 6A). To confirm the nuclear targeting
of CNBP in response to LPS, we separated protein lysates
into cytosolic and nuclear fractions. CNBP was unambigu-
ously detected in the nuclear fraction, which was consistent
with the results from the immunofluorescence assay (Fig-
ure 6B, lane 6). Markedly, deletion of the putative nuclear
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Figure 5. Transcriptional regulatory circuit involving CNBP, NF-kB, and IL-6. (A) CNBP binds to i/-6 and its own promoter after 1 h of LPS stimulation.
ChIP analysis in RAW macrophages after stimulation with LPS (80 ng ml~!) for 0, 0.5, 1, 2, 6 or 12 h. Eluted chromatin was used for PCR analysis of the
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the anti-p65 or anti-mouse IgG antibodies. (C) Cnbp promoter activity is dependent on NF-kB and CNBP. Luciferase assay of CNBP activity in MEFs
transfected with an empty vector (mock) or GFP-CNBP (left) and Myc-p65 (right) after stimulation with LPS (80 ng ml~") for 12 h. *P < 0.01 (Student’s
t-test). (D) RT-qPCR analysis of ¢nbp in WT or p65~/~ MEFs after treatment with LPS (80 ng ml~!) for 0, 1, 6 or 12 h. *P < 0.01 (Student’s -test). (E)
The effect of CNBP depletion or overexpression on the sustained expression of i/-6. RT-qPCR analysis of i/-6 mRNA transcripts in WT, cnbp-depleted
(K/d) or HA-CNBP-overexpressing macrophages stimulated with LPS (80 ng ml~') for the indicated times, normalized to the amount of gapdh. **P <
0.01 (Student’s ¢-test). (F) Amount of i/-6 mRNA expression in WT and p65-deficient MEFs expressing either mock or GFP-CNBP proteins, stimulated
with LPS (80 ng ml—1) for the indicated times. Expression was quantified by densitometry of bands and reported relative to gapdh. Densitometry of mRNA
bands were quantified by three independent experiments. *P < 0.05 and **P < 0.01 (Student’s ¢-test). Immunoblot analysis of CNBP or p65 expression
levels (right panels of C, E and F). Data are representative of three independent experiments and are presented as mean + s.d. in C, D, E and F.
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Figure 6. LPS induces the translocation of CNBP to the nucleus by phosphorylation-mediated dimerization. (A) CNBP translocates to the nucleus from
the cytosol in LPS-stimulated macrophages. Confocal microscopy of bone marrow-derived macrophages (BMDM:s) that were stimulated with 80 ng ml~!
LPS for 0 or 30 min and then stained with DAPI and immunolabeled with anti-p65 antibody or anti-CNBP antibody. Scale bar, 5 wm. (B) The NLS of
CNBP is important for the targeting of CNBP to the nucleus in response to LPS. Immunoblot analysis of CNBP or CNBP mutant (ANLS) in cytosolic
and nuclear fractions of RAW macrophages after treatment with LPS (80 ng m1~!) for 0 or 2 h. Tubulin and lamin A /C were analyzed as loading controls
for cytosolic and nuclear fractions, respectively. (C) C-terminal region of CNBP was aligned, and the conservation of residues is highlighted in shades of
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(Student’s #-test). Immunoblot analysis of wild-type GFP-CNBP or GFP-CNBPT!73/177A protein expression (right). (E) PKC, CK 1 or TAK 1 is responsible
for LPS-mediated CNBP phosphorylation. HEK 293T cells were transfected with FLAG-PKA, FLAG-CK1, Myc-TAK1 or FLAG-PKC, and cell lysates
were immunoprecipitated with anti-FLAG or anti-Myc antibodies. Phosphorylated CNBP was resolved by sodium dodecyl sulphate-polyacrylamide gel
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Dimerization of endogenous CNBP is induced by LPS stimulation. RAW macrophages were treated with LPS (80 ng ml~!) for 2 h. GA, glutaraldehyde.
(G) The formation of CNBP dimers was determined by co-immunoprecipitation (Co-IP). IP of Myc-CNBP from HEK 293T cells transfected with Myc-
CNBP and GFP-CNBP, followed by immunoblot analysis (IB) with antibody to Myc or GFP. Asterisks indicate the IgG heavy and light chains. (H)
The phosphorylation of CNBP is critical for its dimerization. The dimer forms of the total cell lysates (left) or nuclear fraction (right) of CNBP-HA were
detected by immunoblot analysis under non-reducing conditions after treatment with LPS (80 ng ml~!) for 2 h. Data are representative of three independent
experiments and are presented as mean =+ s.d. in D.



translocation signal CNBP (ANLS) exhibited a decrease in
LPS-mediated nuclear targeting when compared with wild-
type CNBP (Figure 6B, lanes 6 and 8). These results sug-
gest that the NLS of CNBP is important for the targeting
of CNBP to the nucleus in response to LPS.

The phosphorylation of master transcription factors is
a critical step in nuclear translocation, innate immune re-
sponse induction and cytokine production. Particularly,
zebrafish CNBP is phosphorylated by cAMP-dependent
protein kinase (PKA), and this phosphorylation occurs
on serine (Ser) 158 (35). Therefore, we hypothesized that
LPS may induce CNBP phosphorylation and result in
nuclear targeting. Although a serine residue (Ser'®®) is
found in zebrafish, the threonine (Thr) residue is highly
conserved in all known vertebrate sequences at equiva-
lent positions (35) (Figure 6C). We performed site-directed
mutagenesis of CNBP to replace Thr'”?, Thr'”” or both
Thr residues with an alanine residue(s), thus generating
CNBPTI73A - CNBPT!77A or CNBPTI3/177A | respectively
(Figure 6C). No statistically significant inhibition of /-6
promoter activity was observed when single-point mutants
(CNBPT!34 or CNBPT!77A) were analyzed (Supplementary
Figure S6A). Under LPS stimulation, the double-point mu-
tant (CNBPT!73/177A) showed greatly reduced promoter ac-
tivity of i/-6 when compared with wild-type CNBP (Figure
6D). This suggests that both putative phosphorylation sites
(Thr'” and Thr!””) are required for the transcriptional ac-
tivity of i/-6 in response to LPS.

To evaluate whether CNBP phosphorylation occurs on
Thr!”3 and Thr'””, we conducted an in vitro kinase assay in-
volving PKA, which is known to phosphorylate zebrafish
CNBP. PKA was involved in the phosphorylation of mouse
CNBP, but Thr'” and Thr'”” were not direct substrates for
PKA, as there was no significant difference in phosphoryla-
tion between wild-type CNBP and CNBPT!73/177A (Figure
6E). Therefore, we used a phosphorylation prediction algo-
rithm to identify putative kinases that are capable of CNBP
phosphorylation. Casein kinase 1 (CK1), tat-associated ki-
nase 1 (TAK1) and protein kinase C (PKC) were identi-
fied as putative kinases for phosphorylating CNBPT!73/177A
(Supplementary Figure S6B). As previously reported (36—
38), PKA, CKI1 and PKC kinases are involved in NF-
kB phosphorylation (Figure 6E). Notably, CNBP was ef-
fectively phosphorylated by all predicted kinases, and the
phosphorylation of the CNBPT!73/177A was dramatically in-
hibited (Figure 6E). These results demonstrate that CK1,
TAK1 or PKC is responsible for CNBP phosphorylation at
Thr!” and Thr!”’.

In many transcription factors, such as IRF3, signal-
dependent phosphorylation of the IRF3 serine cluster is es-
sential for its dimerization. The cluster subsequently enters
the nucleus, where it works with NF-kB to turn on type I
interferons and other cytokines (39). Thus, we examined
whether CNBP phosphorylation induces its dimerization
and subsequent translocation to the nucleus to activate tar-
get genes. Under non-reducing gel conditions, we observed
the appearance of a protein of 35~38 kDa, corresponding
to the predicted molecular weight of CNBP dimers (Supple-
mentary Figure S6C). After reacting with glutaraldehyde
(GA) in LPS-stimulated macrophages, the majority of en-
dogenous CNBP was detected at the predicted dimer size
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in reducing gel conditions (Figure 6F). To confirm these re-
sults, we used HEK 293T cells expressing GFP-CNBP and
Myc-CNBP. Consistent with the previous results, CNBP
clearly underwent dimerization (Figure 6G). Similar to the
results seen with CNBP phosphorylation, no significant in-
hibition of dimerization was observed with single-point mu-
tants (CNBPT!73A or CNBPT!77A) (Supplementary Figure
S6C). Interestingly, CNBP dimerization was strongly de-
pendent on its phosphorylation at Thr!”® and Thr!'”’, as the
dimerization of CNBPT!73/177A was impaired in response to
LPS (Figure 6H). Altogether, we conclude that the phos-
phorylation of CNBP at Thr!'73/Thr!'”” is critical for its
dimerization, which subsequently induces nuclear translo-
cation and immune response activation.

CNBP depletion-mediated reduced IL-6 production causes
defects of bacterial defense

Next, we validated the ability of CNBP to induce cytokine
production in response to LPS stimulation. Similar to our
previous data, this depletion impaired the LPS-induced
production of IL-6, but not TNF-a, in RAW macrophages,
BMDCs and BMDMs (Figure 7A). Additional shRNA
(shRNA #2)-expressing macrophages consistently showed
a severe reduction of IL-6 production when compared with
control cells (Figure 7B). To examine whether TLR-agonist
specificity is involved in CNBP-mediated cytokine produc-
tion, we assessed IL-6 production in macrophages that
were exposed to CpG-DNA, which activates the TLR9
signaling cascade (40). In cnbp-depleted macrophages, the
production of IL-6, but not TNF-«, was attenuated in
response to CpG-DNA (Figure 7C). Additionally, cnbp-
overexpressing macrophages showed a significant increase
in the level of 1L-6, but not TNF-a (Figure 7D). To con-
firm the effects of LPS-induced CNBP function in a bacte-
rial infection system, we examined il-1b, il-6, il-12b, il-15,
ccl3, ccl4, ccl5 and ccl9 gene expression in MEFs infected
by Shigella flexneri (M90T), a Gram-negative bacterium
that robustly induces inflammatory cytokine gene expres-
sion (41). Consistent with all the LPS-related dataset, ex-
pression of all tested genes was impaired in Shigella-infected
cnbp-depleted cells (Figure 7E; see also Supplementary Fig-
ure S7). We also assessed gene expression levels of these sus-
tained cytokines in MEFs infected by a non-invasive deriva-
tive of M90T (BS176). Compared with the M90T results,
only very small amounts of cytokine mRNA were observed
in BS176-infected and cnbp-depleted cells (Figure 7E).

Depletion of CNBP leads to an increased susceptibility to
bacterial infection in vivo

To determine the effect of CNBP-mediated IL-6 on the im-
mune system in vivo, we examined its physiological role us-
ing a zebrafish inflammation model, a powerful model sys-
tem for studying inflammatory and sepsis responses (42—
48). Zebrafish possess only innate immunity until 7 days
post-fertilization (dpf) and produce proinflammatory cy-
tokines that are similar to those in rodents and humans (46).
In addition, many key components of the TLR signaling
pathway are ubiquitously expressed in zebrafish (49). We de-
signed zebrafish cnbp-targeted morpholino oligos (MO#1
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Figure 7. CNBP depletion impairs IL-6 production, causing defects of bacterial defense. (A-D) CNBP expression affects the LPS (80 ng ml~!)- or
CpG-DNA (1 pM)-induced production of IL-6, but not TNF-a. ELISA of IL-6 and TNF-«a expression in culture supernatants of CNBP-depleted or
-overexpressed RAW macrophages, BMDCs or BMDMs. *P < 0.05 and **P < 0.01 (Student’s ¢-test). (E) CNBP depletion impairs mRNA expression
of sustained inflammatory cytokines after bacterial infection. MEFs were transduced with retrovirus expressing either GFP shRNA or CNBP shRNA,
and then cells were infected with Shigella flexneri for 1 h. The mRNA expression level of indicated genes was performed by RT-PCR. Band intensity from
RT-PCR results was quantified using densitometry, and results were normalized to gapdh. *P < 0.01 (Student’s ¢-test). Immunoblot or RT-PCR analysis
of transduction efficiency (right panels of A-E). Data are representative of at least two independent experiments and are presented as mean =+ s.d. in A-E.

and MO#2) and injected them into the fertilized embryos
(Supplementary Figure S8A). The concentrations of MOs
for injection were decided according to a previous report
demonstrating no off-target and/or toxicological effects
(50). We found that the cnbp MOs efficiently reduced cnbp
expression by producing alternatively spliced forms of cnbp
in the MO-injected embryos (morphants) (Supplementary

Figure S8B). In comparison with the controls, cnbp mor-
phants exhibited morphological abnormalities such as a
small brain, heart edema and curved tail that did not af-
fect the morphants’ survival for at least one week (Supple-
mentary Figure S8C). To examine i/-6 mRNA expression in
cnbp-depleted zebrafish under inflammatory conditions, we
injected LPS into the yolk of zebrafish larvae at 3 dpf. Con-



sistent with the in vitro results, cnbp morphants exhibited a
significant decrease in il-6 mRNA levels (Figure 8A).

Next, we examined the recruitment of macrophages and
neutrophils to LPS-infected sites because leukocyte infil-
tration is a characteristic of inflammation. Infiltration of
macrophages in ¢nbp morphants was severely defective rel-
ative to control morphants (Figure 8B). Furthermore, neu-
trophil infiltration was also impaired at the LPS-injected
sites of cnbp morphants (Supplementary Figure S§D). Sim-
ilar to LPS injection, neutrophil infiltration to the Shigella-
infected site was severely impaired in cnbp morphants (Fig-
ure 8C). To ascertain the effect of impaired leukocyte in-
filtration on the cnbp-silenced innate immune response, we
compared the survival rates between control and cnbp mor-
phants after infections with M90T. We intravenously in-
jected the bacteria at 1 x 10° CFU, an appropriate sub-
lethal dose (47), into zebrafish larvae. The results showed
that cnbp morphants had decreased survivability 24 h after
the infection, whereas control morphants exhibited more
than 90% survival (Figure 8D). BS176 infection was lit-
tle affected the survival rates of c¢nbp morphants. From
these results, we hypothesized higher mortality in the cnbp
morphants might be due to increased bacterial burden re-
sulting from impaired leukocyte infiltration. Therefore, we
counted CFU of Shigella in control and cnbp morphants.
We observed a larger number of CFU of M90T, even of
BS176, in cnbp morphants, suggesting a defect in bacterial
clearance by CNBP depletion during inflammation (Fig-
ure 8E). Moreover, injecting cnbp morphants with wild-type
cnbp mRNA rescued il-6 mRNA production during LPS
stimulation and highly increased the survivability of cnbp-
depleted zebrafish after Shigella infection, similar to control
morphants (Figure 8F and G). Taken altogether, we con-
clude that CNBP-mediated inflammatory cytokine gene ex-
pression is essential for the activation of innate immune sig-
naling during bacterial infections.

DISCUSSION

The central finding of our study is that CNBP performs
dual functions to activate transcription of immune response
genes in response to LPS stimulation. These functions oc-
cur in a time-dependent manner. Specifically, we found that:
(i) CNBP binds to specific DNA sequences in the pro-
moters of sustained inflammatory genes, such as il-1b, il-
6, il-12b, il-15, ccl3, ccld, ccl5, ccl7, ccl9 and ccl22, thus
inducing the expression of these genes directly; (i) NF-
kB rapidly activates cnbp expression by binding to an NF-
kB-binding consensus sequence in the proximal cnbp pro-
moter region; (iii) CNBP activates its own expression later
in the response to LPS by binding persistently to its own
promoter, producing a positive feedback mechanism of au-
toregulation and robust levels of CNBP induce maximal
transcription of i/-6 during a prolonged LPS stimulation;
(iv) LPS stimulates the translocation of CNBP into the nu-
cleus by TAK1/PKC/CK1-dependent phosphorylation of
Thr!” and Thr!”” and phosphorylation-mediated dimeriza-
tion; and (v) CNBP deficiency significantly attenuates cy-
tokine production, and cnbp-depleted zebrafish are severely
susceptible to Shigella flexneri infection. Collectively, these
observations support a role for CNBP as a critical transcrip-
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tion factor and a key regulator of the prolonged expression
of sustained cytokine IL-6 during persistent LPS stimula-
tion or Gram-negative bacterial infection (Supplementary
Figure S9).

Our findings provide critical insight into the role of
CNBP in the temporal control of immune gene expression
to promote appropriate host responses to infection. Au-
toregulatory feed-forward circuits are used by eukaryotic
cells to convert a graded input into a binary response in eu-
karyotic gene networks. Therefore, positive feedback loops
are highly conserved in vertebrate evolution (51-53). Here,
we show that LPS signals for translocation of NF-«B to the
nucleus, where it rapidly starts to induce expression of i/-6
and cnbp. However, because NF-kB is generally involved in
a modest increase of i/-6 in the primary response to infec-
tions, NF-kB-induced cnbp expression is crucial for robust
and stable i/-6 expression during persistent LPS stimulation.
Moreover, elevated levels of CNBP by NF-«kB sequentially
activate its own expression by binding to the 5 regulatory
element of its promoter, which subsequently produces high
levels of CNBP to promote sustained i/-6 expression. Inter-
estingly, CCAAT /enhancer-binding protein-8 (C/EBP9) is
involved in sensing transient and persistent TLR4-mediated
signals in a different manner (26). Thus, there may be a
tight correlation between CNBP and C/EBPS that involves
autoinduction and stable expression of sustained cytokines
during persistent infections, thereby enabling effective re-
programming of immune cell function and governing dis-
tinct functional modules in a transcriptional regulatory net-
work.

Post-translational modification of NF-«B subunits, par-
ticularly by phosphorylation, is essential for efficient target
gene transcription (54). In particular, the p65 subunit con-
tains 12 phospho-acceptor sites, which can be differentially
phosphorylated in a signal-dependent manner. These mod-
ifications control NF-kB-mediated transcription by imped-
ing or promoting its association with histone deacetylase-1
(HDACT) (55,56), altering the binding of key components
of the transcriptional machinery (57,58), or regulating p65
stability and nuclear import (59,60). Similarly, CNBP also
contains various putative phosphorylation sites including
threonine (Thr) residues 173 and 177. As we have shown,
CNBP can be phosphorylated by TAK 1, PKC and CK1. It
is possible that specific kinase-dependent CNBP phospho-
rylation at different sites may affect its functional activity,
subcellular localization and binding networks in transcrip-
tional circuits during infections and various pathological
conditions, such as cancers and autoimmune diseases.

As shown previously, cnbp expression is very low in the in-
testine compared to other rat tissues (61). Because the gut
interfaces with a dense, long-term, resident microbial com-
munity (62), the intestinal immune cell population plays an
important role in maintaining immune tolerance through
the activation of regulatory T cells and the restriction of
TLR signaling (63,64). In particular, patients with inflam-
matory bowel disease exhibit sustained TLR-driven inflam-
matory responses, which exacerbate tissue injury and in-
testinal tumorigenesis (64). Based on our findings, we spec-
ulate that the induction of negative transcriptional regula-
tors by intestinal cells may contribute to the low expres-
sion level of CNBP in the intestine. This serves to dampen
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any type of sustained inflammation that may be evoked
by persistent signals from resident microbiota. Addition-
ally, aberrant CNBP may correlate with inflammatory dis-
eases, which could be characterized by excessive CNBP ex-
pression. Thus, our study provides further insight into the
molecular pathologies of autoimmune diseases and vari-
ous cancers, thereby contributing to the development of im-
proved therapeutic strategies for these diseases.
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