Zinc finger protein ZBTB20 promotes toll-like
receptor-triggered innate immune responses by
repressing /kBa gene transcription
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Toll-like receptor (TLR) signaling is critical in innate response
against invading pathogens. However, the molecular mechanisms
for full activation of TLR-triggered innate immunity need to be
fully elucidated. The broad complex tramtrack bric-a-brac/poxvirus
and zinc finger (BTB/POZ) family is a class of transcription factors
involved in many biological processes. However, few BTB/POZ
proteins were reported to function in innate immune response. Zinc
finger and BTB domain-containing 20 (ZBTB20), a member of BTB/POZ
family, functions in neurogenesis and represses a-fetoprotein
gene transcription in liver. However, the immunological functions
of ZBTB20 remain unknown. Here, we found that myeloid cell-
specific ZBTB20 KO mice were resistant to endotoxin shock and
Escherichia coli-caused sepsis. ZBTB20 deficiency attenuated TLR-
triggered production of proinflammatory cytokines and type | IFN
in macrophages, which attributed to higher abundance of IxBa pro-
tein and impaired activity of NF-xB. Furthermore, ChIP and next
generation high-throughput DNA sequencing assay showed that
ZBTB20 specifically bound to IkBax gene promoter (+1 to +60 region)
after TLR activation. ZBTB20 could inhibit /kBx gene transcription,
govern IkBa protein expression, and then promote NF-kB activation.
Therefore, transcriptional repressor ZBTB20 is needed to promote
full activation of TLR signaling and TLR-triggered innate immune
response by selectively suppressing the suppressor IkBa gene
transcription.

Toll-like receptors (TLRs) are important pattern recognition
receptors that can detect the conserved structures in pathogens
and initiate protective innate immune responses (1). After the
recognition of pathogen-associated molecule patterns, TLRs recruit
adaptor molecules, such as myeloid differentiation protein 88 and
toll-interleukin 1 receptor domain-containing adaptor protein-
inducing IFN-p (TRIF), to activate subsequent signaling pathways
and induce the production of proinflammatory cytokines and type I
IEFN (2). On stimulation, most TLRs recruit myeloid differentiation
protein 88 and use the downstream molecules, such as IL-1
receptor-associated kinases, TNF receptor-associated factor 6,
and TGF-B-activated kinase 1, to activate inhibitor of kB kinases
(IKKs). The IKK complex can phosphorylate IkBa and lead to
the degradation of IkBa by ubiquitination. Then, NF-xB, which
has been inhibited by IxBa, is released to translocate into nu-
cleus and initiate the transcription of genes encoding various
proinflammatory mediators (3). Apart from that, TLR3 and TLR4
can signal through a TRIF-dependent pathway, which activates
TNF receptor-associated factor family member-associated NF-xB
activator binding kinase 1 to phosphorylate IFN regulatory factor 3
(IRF3), leading to the production of type I IFN. In addition, TRIF
can also interact with TNF receptor-associated factor 6 and mediate
NF«B activation, leading to the proinflammatory cytokine pro-
duction and enhanced type I IFN production (4).

Although full activation of TLR signaling is critical for host
defense to eliminate the invading microbial pathogens, excessive
activation of TLRs pathways may contribute to the pathogenesis
of inflammatory and autoimmune diseases (5, 6). Thus, TLR
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signaling is tightly regulated to maintain the immunological
homeostasis. Previous studies have shown that the TLR pathway
is positively or negatively regulated by various signaling mole-
cules (7-9). However, the underlying molecular mechanism
through which TLR response is properly initiated and fully ac-
tivated still needs to be further clarified.

The broad complex tramtrack bric-a-brac/poxvirus and zinc
finger (BTB/POZ) family is a class of nuclear DNA binding
transcription factors that is involved in a variety of biological
processes, including development, differentiation, tumorigenesis,
and chromatin remodeling (10, 11). However, up to now, few
BTB/POZ zinc finger proteins were reported to function in in-
nate immune response. Zinc finger and BTB domain-containing
20 (ZBTB20), also known as HOF and zinc finger protein 288
(12, 13), is identified in human dendritic cells (DCs) and named
as dendritic cell-derived BTB/POZ zinc finger (14). ZBTB20 is
a unique member of BTB/POZ family and functions primarily as
a transcriptional repressor by the N-terminal BTB/POZ domain
and conserved C-terminal C,H, Kriippel-type zinc finger. By
generating ZBTB20 KO mice, we show that ZBTB20 is a unique
regulator that directly binds to the a-fetoprotein (Afp) promoter
and controls postnatal AFP repression (15). Moreover, it can
regulate B-cell function through transcriptional suppression of
fructose-1,6-bisphosphatase 1 and thus, becomes crucial for
postnatal survival and glucose homeostasis in mice (16, 17). In
addition, ZBTB20 is essential for the specification of CAl field
identity in the developing hippocampus (18).

Our previous studies show that ZBTB20 is widely expressed in
human hematopoietic tissues, including DCs, monocytes, B cells,
and T cells (14). However, the precise role of ZBTB20 in im-
mune response, especially in TLR-triggered innate response, has
not been established yet. Here, we found that myeloid cell-
specific ZBTB20 KO mice were resistant to endotoxin shock and
Escherichia coli-caused sepsis, which was caused by the attenu-
ated production of proinflammatory cytokines and type I IFN in
TLR-triggered or bacterial-challenged macrophages. Further-
more, ZBTB20 specifically bound to /kBa gene promoter, re-
pressed IkBa gene transcription, and then inhibited IxkBa protein
expression, thus promoting NF-kB activation and leading to
the enhanced TLR-triggered cytokine production. Therefore,
ZBTB20 can act as a transcriptional repressor of the inhibitory
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gene IkBa, promoting full activation of TLR-triggered innate
immune responses.

Results

Generation of Myeloid Cell-Specific ZBTB20 KO Mice. ZBTB20 null
mice, generated by homologous recombination, displayed a stark
phenotype characterized by postnatal growth retardation, met-
abolic dysfunction, and lethality (16). To specifically investigate
the function of ZBTB20 in immune cell, especially in macro-
phages, we created myeloid cell-specific ZBTB20 KO mice
(MZB20KO mice) using the LysM-Cre/loxP recombination sys-
tem, which allowed for specific and highly efficient Cre-mediated
deletion of loxP-flanked target genes in myeloid cells, mainly
including mature macrophages and granulocytes. MZB20KO
mice were generated by repeated mating of ZBTB207¥1°* mice
(15) with LysM-cre mice (19). MZB20KO (ZBTB2(/ ¥ flovlysM-Cre)
and control mice (ZBTB20%¥1°%) were viable, fertile, and nor-
mal in size, and they displayed no gross physical or behavioral
abnormalities. Efficient deletion of Zbtb20 gene in MZB20KO
peritoneal macrophages was confirmed at the mRNA and pro-
tein levels (Fig. S1). No deletion was detected in T cells, and slight
deletion was observed in splenic DCs from MZB20KO mice (Fig.
S1). MZB20KO and control mice also had similar numbers of
splenic or bone marrow-derived macrophages, DCs, and perito-
neal macrophages (Fig. S2). Therefore, MZB20KO mice have
normal myeloid development and macrophage differentiation.

ZBTB20 Deficiency Protects Mice from LPS and Bacterial Challenge. To
investigate the role of ZBTB20 in the TLR-triggered innate
immune response, we challenged MZB20KO mice with TLR
ligands LPS, the synthetic RNA duplex poly(I:C), or the CpG
oligodeoxynucleotide (ODN). MZB20KO mice produced sig-
nificantly less TNF, IL-6, and IFN-p than control littermates in
response to LPS, poly(I:C), or CpG ODN challenge (Fig. 14).
Accordingly, MZB20KO mice exhibited prolonged survival
compared with control littermates after lethal LPS challenge
(Fig. 1B). MZB20KO mice were also more resistant to lethal
challenge with high-dose poly(I:C) (Fig. S3). To further confirm
the effects of ZBTB20 deficiency on TLR-triggered cytokine
production in vivo, bone marrow cells from MZB20KO or con-
trol mice were transplanted into lethally irradiated WT mice.
The LPS-induced in vivo production of TNF, IL-6, and IFN-f
was much less in the reconstituted MZB20KO chimeras than
control chimeras (Fig. 1C). These data show that MZB20KO
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Fig. 1. ZBTB20 deficiency protects mice from challenge with TLR ligands. (A)
ELISA of TNF, IL-6, and IFN- in the serum of MZB20KO or control mice (n = 3
per genotype) 2 h after i.p. administration of PBS and LPS, poly(l:C), or CoG ODN
(CpG; at a dose of 10, 15, or 20 mg/kg body weight, respectively). *P < 0.05,
**P < 0.01 (Student t test). (B) Survival of MZB20KO or control mice (n = 10 per
genotype) given i.p. injection of LPS (15 mg/kg body weight). P < 0.01 (Wilcoxon
test). (C) ELISA of TNF, IL-6, and IFN-B in serum from control mice (n = 3 per
genotype) lethally irradiated and reconstituted for 8 wk with bone marrow cells
from MZB20KO or control mice followed by challenge with PBS or LPS and
analysis 2 h later. **P < 0.01 (Student t test). Data are from three independent
experiments (mean + SEM).
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mice exhibit impaired TLR-triggered inflammatory responses
and are more resistant to endotoxin shock, indicating that ZBTB20
plays an important role in the full activation of TLR-triggered
innate immune responses.

To assess the role of ZBTB20 in the host innate response to
pathogen infection, MZB20KO mice were challenged with intact
Gram-negative E. coli or Gram-positive Listeria monocytogenes.
After infection with E. coli, the production of TNF and IL-6 in
serum of MZB20KO mice was significantly less than the pro-
duction in serum of their control littermates (Fig. 24). Accord-
ingly, MZB20KO mice had a smaller load of E. coli bacteria
in the blood (Fig. 2B), consistent with published finding that
proinflammatory cytokines promote the dissemination of E. coli
(20). After infection with L. monocytogenes, MZB20KO mice also
produced fewer proinflammatory cytokines and had a greater
bacterial load in the spleen and liver (Fig. 2 C and D). These data
indicate that ZBTB20 deficiency attenuates the inflammatory in-
nate response of host and protects mice from lethal challenge by
endotoxin shock and bacteria-caused sepsis.

Impaired Cytokine Production in TLR-Triggered ZBTB20-Deficient
Macrophages. Macrophages are the main mediator of TLR-
triggered inflammatory responses in vivo (1). Next, we assessed
whether ZBTB20 deficiency attenuated the production of pro-
inflammatory cytokines and type I IFN in TLR-triggered mac-
rophages. In accordance with the in vivo observations, peritoneal
macrophages from MZB20KO mice had lower expression of
TNF, IL-6, and IFN-f mRNA and protein than macrophages
from control littermate mice in response to LPS, poly(I:C), or
CpG ODN (Fig. 34 and Fig. S4). In addition, there was no sub-
stantial difference between MZB20KO and control mice in the
expression level of TLR4, TLR3, or TLR9 protein in peritoneal
macrophages (Fig. S5), which excluded the possibility that the
attenuation of TLR response achieved by ZBTB20 deficiency was
simply because of lower expression of TLRs. To further confirm
that the impaired TLR-triggered inflammatory response in vivo was
caused by ZBTB20 deficiency in macrophages, we adoptively
transferred bone marrow-derived macrophages from MZB20KO or
control mice into WT mice depleted of endogenous macrophages
by pretreatment with clodronate liposomes. Mice reconstituted
with MZB20KO macrophages produced less proinflammatory
cytokines and IFN-p in response to LPS, poly(I:C), or CpG ODN
challenge than mice reconstituted with macrophages from control
mice (Fig. 3B).

We further observed the effect of ZBTB20 knockdown on
cytokine production by TLR-activated macrophages. The en-
dogenous expression of ZBTB20 in peritoneal macrophages was
markedly diminished by Zbrb20-specific siRNA (Fig. 3C).
Zbtb20-specific siRNA resulted in significantly less production
of TNF, IL-6, and IFN-f in peritoneal macrophages stimulated
with LPS, poly(I:C), or CpG ODN (Fig. 3D). Consistently,
overexpression of ZBTB20 significantly promoted the pro-
duction of TNF, IL-6, and IFN-f in macrophages induced by
LPS, poly(I:C), or CpG ODN, respectively (Fig. 3E). Therefore,
ZBTB20 significantly promotes TLR-triggered production of
proinflammatory cytokines and type I IFN in macrophages.

Impaired TLR-Induced NF-xB Activation in ZBTB20-Deficient Macro-
phages. We further investigated the effect of ZBTB20 defi-
ciency on TLR-activated downstream signal pathways in mac-
rophages, including the MAPK, NF-kB, and IRF3 pathways.
There was no substantial difference of phosphorylation of ERK,
JNK, and p38 induced by LPS, poly(I:C), or CpG ODN between
macrophages from MZB20KO or control mice (Fig. 44 and Fig.
S6), suggesting that ZBTB20 did not affect TLR-triggered acti-
vation of the MAPK pathway. In the NF-«xB pathway, LPS-induced
phosphorylation of IKKo/p remain unchanged in MZB20KO
macrophages, whereas the protein expression level of IkBa was
substantially higher in MZB20KO macrophages than control
macrophages at 45 and 60 min after LPS stimulation (Fig. 44). A
high abundance of IxBa can result in less translocation of NF-kB to
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Fig. 2. ZBTB20-deficient mice are more resistant to E. coli infection but
more susceptible to L. monocytogenes infection. (A) ELISA of TNF and IL-6 in
the serum and (B) analysis of bacterial loads in the blood of MZB20KO or
control mice (n = 4 per genotype) 2, 4, and 8 h after i.p. infection with 1 x
107 E. coli 0111:B4. (C) ELISA of TNF and IL-6 in the serum and (D) analysis of
bacterial loads in the spleen and liver of MZB20KO or control mice (n = 4 per
genotype) after treatment with PBS or infection with 1 x 10* L. mono-
cytogenes. Serum was obtained 4 h after infection. In B and D, each symbol
represents an individual mouse; small horizontal lines indicate the mean.
**P < 0.01 (Student t test). Data are from three independent experiments
with similar results (mean + SEM).

the nucleus and impaired activation of transcription (21). As
shown in Fig. 4, LPS-induced phosphorylation and nuclear trans-
location of the NF-xB subunit p65 were lower in MZB20KO
macrophages than control macrophages. We obtained similar
results in MZB20KO macrophages stimulated with poly(I:C) or
CpG ODN (Fig. S6). Both NF-xB and IRF3 activations contribute
to TLR-mediated transcriptional activation of type IIFN gene (22,
23). We then detected the impact of ZBTB20 on TLR-triggered
activation of IRF3. ZBTB20 deficiency did not affect TLR-
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induced phosphorylation of IRF3 (Fig. 44). Thus, these data in-
dicate that ZBTB20 deficiency-impaired production of TNF and
IL-6 was caused by the high abundance of IxBa and the attenuated
activation of NF-kB, whereas the impaired production of IFN-f
was also caused by the attenuated activation of NF-xB but not
IRF3, suggesting that ZBTB20 promotes TLR-triggered innate
immune response by inhibiting IkBa expression and subsequently
enhancing NF-«xB activation.

ZBTB20 Binds to /xBa Promoter. Considering that ZBTB20 could
bind to the Afp promoter and repress Afp gene transcription
(15), we investigated the innate gene promoter ZBTB20 to which
it could potentially bind. ChIP followed by the next generation
high-throughput DNA sequencing (ChIP-Seq) assay was per-
formed with antibody to ZBTB20 in LPS-stimulated or un-
treated macrophages. Among the target genes that we detected,
IxBa (encoding by Nfkbia) attracted our attention, because our
above results had indicated that ZBTB20 controlled IkBa pro-
tein expression. The ChIP-Seq results showed that the binding
site (peak region) of ZBTB20 on the IkBa gene was located in
the chr12:56593075-56593640 region. Another ChIP assay with
specific primers for the binding site confirmed that ZBTB20 was
recruited to the IkBa gene promoter after stimulation of mac-
rophages with LPS, poly(I:C), or CpG ODN (Fig. 5 4 and B).
We also explored the signal mechanism underlying the recruit-
ment of ZBTB20 to the IkBa promoter after TLR activation. As
shown in Fig. 5C, inhibition of NF-kB efficiently impaired the
recruitment of ZBTB20 to the /xBa promoter, whereas inhibition
of MAPK kinase 1/ERK, JNK, or p38 had little effect. These data
indicate that TLR activation causes recruitment of ZBTB20 to the
IxBa promoter, which is mainly dependent on the NF-xB pathway.

ZBTB20 Represses IkBax Gene Transcription. Given that ZBTB20
was identified as a transcriptional repressor (15, 17) and that
ZBTB20 was found to bind to the IkBa promoter and control
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Fig. 3. ZBTB20 promotes TLR-triggered production of
proinflammatory cytokines and type | IFN in macro-
phages. (A) ELISA of cytokines in supernatants of
MZB20KO or control macrophages left unstimulated
(Med) or stimulated for 6 h with LPS (100 ng/mL), poly(l:
Q) (10 pg/mL), or CpG ODN (CpG; 0.3 pM). (B) ELISA of
cytokines in serum from control mice first depleted of
endogenous macrophages and then transplanted with
1 x 107 MZB20KO or control bone marrow-derived mac-
rophages 6 h before challenge with LPS, poly(l:C), or
CpG ODN (measured 2 h after challenge). (C) Immuno-
blot analysis of the expression of ZBTB20 and p-actin in
lysates of macrophages 48 h after transfected with
control siRNA (Ctrl) or siRNA specific for Zbtb20 (siRNA).
(D) ELISA of cytokines in supernatants of macrophages
transfected as in C and 48 h later, left unstimulated or
stimulated for 6 h with LPS, poly(l:C), or CpG ODN. (E)
ELISA of cytokines in supernatants of WT macrophages
given mock transfection (mock) or transfected with
vectors for the expression of ZBTB20 and 36 h later,
stimulated for 6 h with LPS, poly(l:C), or CpG ODN. *P <
0.05, **P < 0.01. Data are from (A, B, D, and E) three
independent experiments (mean + SEM) or (C) repre-
sentative of three independent experiments with similar
results.
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Fig. 4. ZBTB20 deficiency impairs TLR-triggered activation of NF-xB but not
MAPK and IRF3 pathway in macrophages. (A) Immunoblot analysis of
phosphorylated (p-) or total protein in lysates of MZB20KO or control mac-
rophages stimulated for 0-60 min with LPS (100 ng/mL). (B) Immunoblot
analysis of p65 among nuclear proteins from macrophages stimulated with
LPS; lamin A served as a loading control. Data are representative of three
independent experiments with similar results.

IxBa protein expression, we wanted to know whether ZBTB20
repressed IkBa gene transcription. We first determined whether
ZBTB20 could repress IkBa-driven transcriptional activity by
using a transiently transfected luciferase reporter assay in
HEK293 cells. ZBTB20 exerted up to an eightfold repression of
the reporter IkBa-2000Luc, driven by —2,000 to +121 of the IxkBa
gene, in a dose-dependent manner (Fig. 64). However, it had no
significant effects on IkBf-, IKKa-, or IKKj-driven reporters (Fig.
6B). In addition, ZBTB20 deficiency did not impair the mRNA
expression of IFN-stimulated gene 15 and inflammatory protein
10 induced by IFN-p as well as IL-10 mRNA expression induced
by TGF-B1 in macrophages (Fig. S7). These results suggest that
ZBTB20-mediated repression of gene transcription and expres-
sion is gene-specific but not global and extensive. To localize the
potential region in the IxBa gene mediating transcriptional re-
pression by ZBTB20, we made serial 5’ deletions of the IxkBa gene
promoter in the IxkBa reporter constructs and analyzed the effects
of ZBTB20 on their activity (Fig. 6C). Serial deletion of the
fragment from —2,000 to —1 or from +61 to +121 of the IxBa
gene did not significantly alter the repressive effects of ZBTB20
on the resultant IkBa reporters, whereas the +1 to +60-region
deletion significantly impaired the repressive effects of ZBTB20
on the resultant IkBa reporters, suggesting that the ZBTB20-
responsive region might be located in the +1 to +60 region of the
IxBa promoter (Fig. 6C). Our ChIP-Seq results also showed that
the binding site (peak region) of ZBTB20 on /kBa gene was lo-
cated in the chr12:56593075-56593640 region, which contained 5’
UTR (+1 to +121 region), the first exon, and part of first intron.
Together, these data indicate that the minimal /xBa promoter
(+1 to +60 region) contains a cis-acting element mediating ZBTB20
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repressive activity. We further observed differences of the mRNA
expression kinetics of IkBa in TLR-activated macrophages from
MZB20KO and control mice. The IkBa mRNA level in
MZB20KO macrophages was significant higher than the level in
control macrophages stimulated with LPS, poly(I:C), or CpG
ODN, whereas the basal level of IxkBa mRNA had no differences
between MZB20KO and control macrophages (Fig. 6 D-F),
which was consistent with the difference of the IkBa protein level
in TLR-activated MZB20KO and control macrophages (Fig. 44
and Fig. S6). Furthermore, the mRNA expression levels of TNF,
IL-6, and IFN-B induced by LPS in MZB20KO macrophages
were significantly lower than the levels in control macrophages
(Fig. S8). These data indicate that ZBTB20 is recruited to the
IxkBa gene promoter after TLR signaling activation and gene-
specifically represses IkBa gene transcription, which results in the
lower abundance of IkBa protein, the enhanced NF-kB activa-
tion, and the more production of proinflammatory cytokines and
type I IFN in macrophages.

Discussion

Various signaling molecules are involved in the tight positive or
negative regulation of the TLR pathway to maintain the immu-
nological balance. However, the great majority of regulatory
machinery for TLR signaling was focused on the changes of
signaling protein function, the interaction of proteins, and the
degradation of protein. Little attention was paid to the tran-
scriptional regulation of TLR signaling molecules. Here, we have
provided evidence that deficiency in zinc finger protein ZBTB20
impairs TLR-triggered production of proinflammatory cytokines
and type I IFN in macrophages, which attributed to the high
abundance of IkBa protein and attenuated NF-«B activation, and
protects mice from lethal challenge with TLR ligands and live
Gram-negative bacteria. ZBTB20 was also found to bind IxBa
gene promoter on TLR activation and inhibit /kBa gene tran-
scription, governing IxBa protein expression. Therefore, we show
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Fig. 5. ZBTB20 directly binds to /kBa promoter. (A and B) ChIP analysis of the
recruitment of ZBTB20 to /kBa promoter in macrophages left unstimulated or
stimulated for 30 min with LPS, poly(1:C), or CpG ODN; /kBa promoter sequences in
input DNA and DNA recovered from antibody-bound chromatin segments were
detected by (A) semiquantitive PCR or (B) quantitative PCR. The graph represents
fold enrichment of ZBTB20 bound at the /kBa promoter region. (C) ChiP analysis
of the recruitment of ZBTB20 to the /kBa promoter in macrophages pretreated
with DMSO, PD98059 (10 M), SP600125 (10 pM), SB203580 (10 M), or pyrroli-
dine dithiocarbamate (100 pM) for 30 min and then left unstimulated or stimu-
lated for 30 min with LPS, poly(1:C), or CpG ODN. (B and C) All values generated by
quantitative PCR analysis were normalized to control IgG precipitations. **P <
0.01. Data are (A) representative of three independent experiments with similar
results or (B and C) from three independent experiments (mean + SEM).
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Fig. 6. ZBTB20 represses lkBa gene transcription. (A) Luciferase activity assay in
lysates of HEK293 cells cotransfected with different doses of ZBTB20 expressing
plasmids, 1kBx-2000 Luc reporter plasmid (—2,000 to +121 region of the /kBa
promoter), and pTK-Renilla-luciferase. (B) Luciferase activity assay in lysates of
HEK293 cells cotransfected with ZBTB20 expressing plasmids, kBa, IkBp, IKKa, or
IKKp gene promoter-driven luciferase reporter plasmid, and pTK-Renilla-
luciferase. (C) Luciferase activity assay in lysates of HEK293 cells cotransfected
with ZBTB20 expressing plasmids, IkBa reporter plasmid driven by /kBa pro-
moter —2,000 to +121, 5’ truncations at —1,000, —500, —250, —125, -1, +61 to +
121, or —125 to +60, and pTK-Renilla-luciferase. (D-F) Quantitative PCR analysis
of IkBa mRNA level in macrophages from MZB20KO or control mice stimulated
with LPS, poly(l:C), or CpG ODN for the indicated times. Results are presented as
fold induction relative to IkBo mRNA level in control cells without agonist
stimulation. *P < 0.05, **P < 0.01. Data are from three independent experi-
ments (mean + SEM).

that the transcriptional repressor ZBTB20 is required for the full
activation of TLR signaling and present a model for the activa-
tion and regulation of TLR-triggered innate immune responses.

NF-kB signaling is one of the particularly crucial pathways
activated when cells are exposed to a variety of stimuli, especially
including pathogen-associated molecular patterns recognized by
TLRs (24). Under rested conditions, the short-lived inhibitor
IxBa binds to NF-xB in the cytoplasm, which prevents trans-
location of NF-kB to the nucleus and subsequent activation of
transcription. After infection with a pathogen or stimulation with
TLR ligand, IxkBa is phosphorylated by IKKo/p, which results in
ubiquitination and degradation of IkBa. NF-kB then translocates
into the nucleus and facilitates transcription of NF-kB-regulated
genes, including 116, Tnf, and Ifubl (24, 25). NF-kB signaling is
eventually terminated through cytoplasmic resequestration of
NF-kB, which depends on newly synthesized and expressed IkBa.
Newly synthesized IxBa also enters the nucleus and binds NF-
kB, thereby enhancing its dissociation from the DNA (the af-
finity of NF-xB to IkBa seems to be higher than its affinity to kB
sites on DNA) and causing its reexportation to the cytoplasm by
means of a nuclear export sequence present on IkBa (21, 26).
The IkBa promoter contains six NF-kB binding sequences; thus,
IxBa gene transcription and synthesis are controlled by autor-
egulation of NF-kB signaling (26). However, except for NF-kB,
no other molecule was reported to regulate IkBa gene tran-
scription. Our result identified ZBTB20 as a transcriptional re-
pressor of the IxBa gene, the important suppressor of NF-«xB
pathway, which presents a positive regulatory machinery for
NF-kB signaling. The aberrant activation of NF-kB is in-
volved in many kinds of inflammatory or autoimmune diseases
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(27); therefore, ZBTB20 may act as a potential target for
drug discovery or therapeutic approach for NF-kB-associated
human diseases.

The BTB/POZ domain is an evolutionary conserved protein—
protein interaction domain. In most cases, this domain is associated
with the C,H, Kriippel-type zinc finger domain in tran-
scription factors involved in transcriptional regulation. The
proteins comprising these two domains are defined as members
of the so-called POK (POZ and Kriippel) family, also known as
the ZBTB (Zinc finger and BTB domain) family (28). Both in
human and mouse genomes, about 43 genes encode POK pro-
teins, including the cancer-associated proteins promyelocytic
leukemia zinc finger, ZBTB7, and ZBTB20 (10, 29). POK pro-
teins have been implicated in many biological processes, in-
cluding B-cell fate determination and cell cycle progression.
Consequently, dysfunction of POK proteins has been involved in
tumorigenesis and developmental disorders (10, 30). However,
few POK proteins were reported to function in immune re-
sponse, especially in innate immune response. Only promyelo-
cytic leukemia zinc finger was found to activate transcription of
a subset of IFN-stimulated genes and contribute to the antiviral
activity of IFN (31). Our results show that ZBTB20 promotes
TLR-triggered innate immunity by repressing /kBa gene tran-
scription, providing insight into the roles of POK proteins in
innate immune response. POK transcription factors generally
interact with DNA through their zinc finger motifs to bring about
chromatin modification and/or restructuring and localized tran-
scriptional activation or repression (the majority of POK pro-
teins are transcription repressors) (10, 29). The binding sites of
most POK proteins in target genes promoters are sequence-
nonspecific, whereas Kaiso binds the sequence-specific element
(TCCTGCnA) and methylated CpG dinucleotides in target gene
promoters, although the mechanism underlying transcription
repression through the sequence-specific sites is unclear (32).
Our current study identified that the binding site of ZBTB20 was
located in the +1 to +60 region of the IxBa promoter, and our
previous study identified that ZBTB20 could bind to the AFP
promoter directly at the —108 to —53 region (15). However, the
DNA sequences of these two binding regions in the /kBa and Afp
promoters had nothing in common, indicating that ZBTB20 may
bind the target gene promoter through the sequence-nonspecific
sites to regulate gene expression. In addition, our data indicate
that TLR activation causes recruitment of ZBTB20 to the IxBa
promoter mainly through the NF-xB pathway. Activation of the
NF-kB pathway by TLR and other unknown machinery may be
involved in the induction of chromatin structure changes of the
IxBa promoter, which is remodeled into an open and accessible
conformation that allows the specific binding of ZBTB20. In
addition, it is possible that other unknown intermediates medi-
ating the specific binding of ZBTB20 to the IxkBa promoter exist
that need to be investigated in the future.

Except for C,H,-type POK zinc finger proteins, the zinc finger
protein family comprises many other subfamily members, in-
cluding C, type and Cg type (28). They possess zinc finger motifs
and play important roles in many physiological and pathological
processes. In recent years, some attention was given to the
function of zinc finger proteins in innate immune response.
Growth factor independent 1 was found to control TLR-triggered
inflammatory response by antagonizing NF-kB p65 and inhibit
p65-mediated transcriptional transactivation of cytokine gene
(33, 34).The CCCH-zinc finger protein family members Zc3h12b,
Zc3h12c, and Zc3h12d negatively regulate LPS-induced in-
flammatory cytokine production by inhibiting cytokine target
gene promoter activation (35). In addition, Zc3h12a is also an
RNase essential for controlling immune responses by regulating
IL-6 and IL-12p40 mRNA decay (36). These studies focused on
transcription regulation of inflammatory cytokine genes or mRNA
decay, whereas our current work provides evidence that ZBTB20
binds the promoter of suppressor gene IkBa and represses its
transcription; then, it facilitates TLR-triggered cytokine production,
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thus presenting a different regulatory mechanism for zinc finger
protein to function in innate immune response.

In conclusion, our results have shown that ZBTB20 specifically
binds to the IkBa gene promoter and represses IkBa gene tran-
scription; then, it inhibits IxkBa protein expression and
enhances NF-kB activation, finally leading to the enhanced TLR-
triggered innate immune response. Therefore, transcriptional re-
pressor ZBTB20 is needed to promote the full activation of TLR
signaling. Our findings provide regulatory machinery with sup-
pressing suppressor for zinc finger proteins in the innate immune
responses.

Materials and Methods

Mice. The LysM-cre mice (B6.129P2-Lyzs"™"e/fo) - 004781) were from Jackson
Laboratories and bred in specific pathogen-free conditions; 6- to 8-wk-old
littermate mice were used in the experiments (body weight and sex bal-
anced). All animal experiments were performed in accordance with the Na-
tional Institutes of Health Guide for the Care and Use of Laboratory Animals,
with the approval of the Scientific Investigation Board of the Second Military
Medical University.

RNA Interfering. The sequence of siRNA targeting Zbtb20 was 5-GAATCT-
ACTCCGCACTCTA-3'. The control small RNA sequence was 5-TTCTCCG-
AACGTGTCACGT-3". siRNA duplexes were transfected into mouse peritoneal
macrophages using INTERFERin reagent (Polyplus) (37).

Establishment of the Endotoxin Shock Model and the Bacterial Sepsis Model.
The establishment of the endotoxin shock and bacterial sepsis models was
performed as described previously (38). Details are described in S/ Materials
and Methods.
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Bone Marrow Transplantation. Bone marrow cells (1 x 10”) from MZB20KO or
control mice were transplanted into lethally irradiated WT C57BL/6J mice
(cumulative dose of 10 Gy) through tail vein injection. After 8 wk, ZBTB20
expression in macrophages was analyzed by immunoblot (39).

ChIP and ChIP-Seq Assay. Chromatin was immunoprecipitated according to
the instructions of the EZ ChIP Kit (Millipore) with modifications. Cells (1 x
107) were treated for 30 min with LPS, poly(I:C), or CpG ODN and then fixed
for 10 min at room temperature with formaldehyde. Cells were then col-
lected and lysed in SDS lysis buffer. Equal amounts of lysates were used for
immunoprecipitation of chromatin with anti-ZBTB20 or IgG (Santa Cruz).
DNA was purified with a DNA purification column according to the manu-
facturer’s instructions (Qiagen). Occupancy was assessed by semiquantitive
or quantitiative PCR for samples precipitated with a specific antibody vs.
samples precipitated with the control IgG (40). The primers were 5'-
AAAGTTCCCTGTGCATGACC-3’ (sense) and 5-CTGGCAGGGGATTTCTCAG-3'
(antisense). The ChIP DNA was also sequenced to saturation with ChIP-Seq,
and data processing was performed as described previously (41).

Statistical Analysis. The statistical significance of comparisons between two
groups was determined with Student t test. The statistical significance of
survival curves was estimated according to the method of Kaplan and Meier,
and curves were compared with the generalized Wilcoxon test. P values of
less than 0.05 were considered statistically significant.

Additional methods are described in S/ Materials and Methods.
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