(Takizawa et al. 2001). Regulation of the DNA methylation
is thus very important for astrocyte differentiation, which is
programmed to start at a relatively late stage of brain
development. However, there is not enough information
about the role of DNA methylation in the regulation of
lineage specification of neural stem cells during the eatly
period of neural development when the neuroectoderm is
formed. In order to solve this problem, we established an
in vitro neural differentiation-inducing culture system using
mouse embryonic stem (ES) cells (Shimozaki et al. 2003).
Neural differentiation from the ES cells was found to occur
in a manner similar to that observed in neurogenesis in vivo
(Kawasaki et al. 2000; Shimozaki et al. 2003). Here, we
report that the CpG dinucleotide in the STAT3 binding site in
the GFAP promoter exhibits a high incidence of cytidine-
methylation in undifferentiated ES cells. We also show that
the high incidence of methylation of this cytidine is
maintained in ES cell-derived neuroectoderm-like cells, but
it undergoes demethylation when the cells become competent
to differentiate into GFAP-positive astrocytes. This is the first
report to analyze DNA methylation and demethylation of a
specific site in a gene promoter expressed in somatic tissues
derived from ES cells.

Materials and methods

Cell culture and animals

Undifferentiated ES cells (D3, CP1, CGRS8, CCE and OEf1P) were
maintained in an undifferentiated state on gelatin-coated dishes as
described previously (Shimozaki et al. 2003). For in vitro differen-
tiation, we used the OEf1P ES cells, which are derived from E14tg2a
cells, and contain an [IRES-puromycin-pA cassette in the downstream
of the Oct3/4 gene (Niwa et a/., unpublished). For sphere formation,
ES cells were cultured on poly-hydroxy-ethyl methylacrylate (poly-
HEMA)-coated dishes in Glasgow minimum essential medium
(G-MEM) medium supplemented with 10% knockout serum
replacement Gibco-BRL, Rockville MD, USA) [for neural spheroids
(NSs)] or 10% fetal bovine serum [for embryoid bodies (EBs)], 2 mm
glutamine, | mM pyruvate, 0.1 mM nonessential amino acids and
0.1 mm 2-mercaptoethanol. Medium changes were performed on
day 4 and then every 2 days thereafter. After the sphere culture, the
aggregates were washed with phosphate-buffered saline, and then
treated with trypsin-EDTA (Gibco-BRL) to dissociate the cell
aggregates. The dissociation was stopped by treatment with a trypsin
inhibitor and the cells were plated onto poly L-omithine/fibronectin-
coated dishes. The cells were cultured for4 days in N2-supplemented
Dulbecco’s modified Eagle’s medium/F-12 medium containing
10 ng/mL of basic fibroblast growth factor (R & D Systems,
Minneapolis, MN, USA) in the presence or absence of 10% fetal
bovine serum with or without 80 ng/mL of leukemia inhibitory factor
(LIF, Gibco-BRL). The cells in the first 4-day monolayer culture
starting from NS4 were cultured in the N2-medium described above
containing 10% knockout serum replacement with or without LIF.
Time-pregnant ICR mice were used to prepare neuroepithelial cells,
fibroblasts and hepatocytes. Mice were treated according to the
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guidelines of the Kumamoto University Center for Animal Resources
and Development. Neuroepithelial cells were prepared from the
telencephalons of E14.5 mice and cultured as described previously
(Nakashima et al. 1999b). Fibroblasts were prepared from the ventral
skin of E14.5 niice. For preparation of hepatocytes, the livers of
El4.5 mice were minced and cultured for 16 h on collagen I-coated
dishes in GMEM supplemented with 10% fetal bovine serum, 2 mum
glutamine, 1 mM pyruvate, 0.1 mM nonessential amino acids and
0.1 mm 2-mercaptoethanol. After washing with phosphate-buffered
saline, the cells attached to the dishes were cultured.

Immunocytochemistry

Immunofluorescent staining was performed with the following
antibodies: an anti-microtubule-associated protein 2 (MAPZ2) mono-
clonal antibody (Sigma, St Louis, MO, USA) and an anti-GFAP
polyclonal antibody (Dako, Carpinteria, CA, USA). The following
secondary antibodies were used: an Alexa 488-conjugated goat anti-
mouse IgG antibody (Molecular Probes, Eugene, OR, USA), and a
rhodamine-conjugated donkey anti-rabbit [gG antibody (Chemicon,
Temecula, CA, USA). The cells were counterstained with Hoechst
33258 to identify the nuclei. Images were obtained using an AX70
fluorescence microscope (Olympus, Tokyo).

RNA analysis

For RT-PCR analysis, we performed oligo-dT-primed reverse
transcription on aliquots (5 ig) of total RNA and used 1/100 of
the resultant single-stranded cDNA products for each PCR
amplification. The primer sets with which all cDNAs were amplified
in a quantifiable range are listed in Table 1.

Bisulfite sequencing
The genomic DNA from each culture was prepared as described

" (Clark et al. 1994). For bisulfite sequencing, 5 pig of genomic DNA

was digested with Sacl. After denaturing with 0.3 M NaOH, the
samples were treated with 3.1 M sodium bisulfite and 0.5 mm
hydroquinone at 55°C for 16 h. The samples were incubated with
3 M NaOH and neutralized by the addition of 3 M ammonium
acetate. After purification, the DNA samples containing the STAT3
recognition sequence were amplified by PCR and sequenced as
described previously (Takizawa ef al. 2001). The average methyla-
tion frequency in every cell type was calculated based on the
frequency values derived from the two independent bisulfite
sequencing experiments. Eleven to 14 sequencing analyses were
performed for each bisulfite-treated sample.

Immunoblotting

Cells were lysed by sonication in NP-40 lysis buffer: 0.5% NP-40,
10 mm Tris-HCl pH 7.4, 150 mm NaCl, | mm pAPMSF (Wako
Pure Chemicals, Osaka, Japan), 10 pg/mL aprotinin (Sigma), 2 mm
sodium orthovanadate (Wako Pure Chemicals) and 5 mm EDTA.
The lysates were immunoprecipitated with anti-STAT3 antibodies
(Transduction Laboratories, Lexington, KY, USA). Immunoprecip-
itates and lysates were subjected to sodium dodecyl sulfate—
polyacrylamide gel electrophoresis and subsequent immunoblotting
with antibodies against STAT3 (Transduction Laboratories) and
tyrosine-phosphorylated STAT3 (Cell Signaling, Beverly, MA,
USA). Detection was performed using the ECL detection system
(Amersham, Piscataway, NJ, USA).
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Table 1 Gene-specific PCR primers

Size of

Gene Forward primer Reverse primer product (bp)
Fgfs AAAGTCAATGGCTCCCACGAA AGAGGCTGTAGAACATGATT 464
AFP CAAAGCATTGCACGAAAATG TAAACACCCATCGCCAGAGT 471
Emx2 TTCGAACCGCCTTCTCGCCG TGAGCCTTCTTCCTCTAG 188
Otx1 GCAGCGACGGGAGCGCACCA TGCTGCTGGCGGCACTTGGC 180
Mash1 CGTCCTCTCCGGAACTGAT TCCTGCTTCCAAAGTCCATT 483
CK-17 CCTGCTCCAGATTGACAATG CTTGCTGAAGAACCAGTCTTC 380
Brachyury ATGCCAAAGAAAGAAACGAC AGAGGCTGTAGAACATGATT 834
GAPDH ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA 452
Results

The critical STAT3 binding site in the glial fibrillary
acidic protein gene promoter is methylated in embryonic
stem cells

In the mouse, rat and human GFAP gene prdmoters, a STAT3
recognition element (TTCCGAGAA, —1518 to —~1510 in the
mouse prototer; Fig. 1) is well conserved, and this element
is critical for expression of the GFAP gene (Bonni ef al.
1997; Nakashima et al. 1999b). We investigated the methy-
lation status of this STAT3 binding site in the GFAP gene
promoter in five ES cell lines using a bisulfite sequencing
method (Clark et al. 1994). Each ES cell line exhibited a
high frequency of methylation of the cytosine residue in the
CpG dinucleotide in the STAT3 recognition element in the
GFAP gene promoter (Fig. 1). Methylation of this CpG site
has been demonstrated to inhibit the expression of GFAP. It
is reasonable to note that these ES cells did not express the
GFAP gene (data not shown), even though the cells were
maintained with a STAT3-activating cytokine, LIF.

Establishment of an in vifro neural inducing system
from embryonic stem cells

We wanted to analyze the DNA methylation status in ES
cells that were in the process of development. For this
purpose, ES cells that had been maintained in the presence of
LIF and fetal bovine serum were dissociated from culture

-1518 4 -1510
TTCCGAGAA ]
) GFAP gene

STAT3 binding site
Methylation Frequency in the STAT3 Binding Site in the GFAP Promoter
ES celis D3 CP1 CGR8 CCE OEf1P
Methylated CpG 18 22 20 20 21
n 23 22 22 24 24
Parcent 82.6 % 100 % 90.9 % 83.3 % 87.5%

Fig. 1 Methylation frequency of the STAT3 binding site in the glial
fibtillary acidic protein (GFAP) promoter of several embryonic stem
(ES) cell lines. The asterisk indicates the CpG methylation site in the
STAT3 binding site (-1518 to -1510) In the GFAP promoter. The
primary data from the experiments are summarized in the table.

dishes, and washed several times to remove residual LIF and
fetal bovine serum. The ES cells were then cultured in serum-
free LIF-deficient medium (neural spheroid, NS culture) or
serum-containing LIF-deficient medium (embryoid body, EB
culture) on poly-HEMA-coated dishes to make floating
cultures. After 4 days, the shapes of the spheres formed in
the serum-free LIF-deficient medium (NS4; Fig. Sla) and the
serum-containing LIF-deficient culture (EB4; Fig. Slc) were
very similar. However, after 8 days (data not shown) and
14 days (Figs S1b and d), the shapes of the spheres in the NS
and EB cultures were different. In contrast to the neuro-
sphere-like structures in the serum-free LIF-deficient medium
(NS14; Fig. S1b), the cell aggregates in the serum-containing
LIF-deficient culture (EB14; Fig. S1d) exhibited embryoid
body-like spheres. We examined the expressions of several
differentiation marker genes in each culture by RT-PCR
analysis. In the serum-free LIF-deficient culture, NS14
spheres expressed the neural marker genes Emx2 (Simeone
et al. 1992), Otx] (Acampora et al. 1998) and Mashl (Ma
et al. 1997), but not markers for other cell lineages, namely
AFP (Dziadek and Adamson 1978) (visceral endoderm), CK-
17 (McGowan and Coulombe 1998) (epidermis), and
Brachyury (Wilkinson et al. 1990) (mesoderm) (Fig. 2). In
contrast, in the serum-containing LIF-deficient culture, EB14
spheres expressed all the differentiation marker genes tested,
as the formation of embryoid bodies after withdrawal of LIF/
gpl30 signaling leads to the formation of a variety of
differentiated cell populations, which can include all the
embryonic and adult cell populations (Bradley er al. 1984;
Doetschman ef al. 1985).

To obtain GFAP-positive astrocytes from ES cells, the
spheres were subjected to monolayer cultures and stimulated
with LIF, as LIF/gp130 signaling effectively induces GFAP-
expressing astrocytes from neural progenitors. In this
experiment, the spheres formed in the floating cell cultures
were dissociated with trypsin, and then plated onto poly
L-ornithine/fibronectin-coated dishes in serum-free N2
medium (N2-supplemented Dulbecco’s modified Eagle’s
medium/F-12 with basic fibroblast growth factor and LIF)
(for NS cultures) or serum-containing N2 medium without
LIF (for EB cultures) for 4 days. We did not detect any
GFAP-positive astrocytes after a 4-day monolayer culture
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Fig. 2 Differentiation profiling of embryonic stem (ES) cells in sus-
pension culture at days 4 and 14. Total RNA was exiracted from each
culture, and subjected to RT-PCR analysis of the genes indicated on
the left.

starting from NS4 (Fig. 3a). The 4-day monolayer culture
starting from NS4 was subjected to dissociation with trypsin
followed by another 4-day monolayer culture (Fig. 3e). The
cells were then stained for neuronal (MAP2) or astrocytic
(GFAP) markers. Most of the cells were positive for MAP2,
whereas none were positive for GFAP. A few GFAP-positive
astrocytes were observed after the first 4-day monolayer
culture starting from the 14 day-sphere culture (NS14)
(Fig. 3b). Interestingly, when the cells that had been cultured
under this condition were dissociated and subjected to
another 4-day monolayer culture, many astrocytes expressing
GFAP were detected, whereas only a few MAP2-positive
neurons were observed (Fig. 3f). When the cells dissociated
from the spheres formed in the serum-containing medium
were used for subsequent monolayer cultures, quite different
results were obtained. There were no cells expressing MAP2
or GFAP after either the first or the second 4-day monolayer
cultures prepared from EB4 (Figs 3¢ and g). Only a few
MAP2- or GFAP-positive cells were observed after mono-
layer cultures prepared from the EB14 culture that contained
serum (Figs 3d and h). These results suggested that the
preference of the cell-fate determinator, e.g. for neuronal or
astrocytic differentiation, may have been affected by the
culture conditions.

DNA demethylation in ES cell-derived neural cells 435

We calculated the percentages of MAP2-positive neurons
and GFAP-positive astrocytes in the above cultures with or
without LIF. After the first 4-day monolayer culture of NS4,
only a small number of GFAP-positive astrocytes appeared,
even in the presence of the astrocytic differentiation-inducing
cytokine LIF (Fig. 3i). In contrast, effective astrogenesis was
induced by LIF after the second 4-day monolayer culture of
the NS14 culture (48.2%; Fig. 3j). After the second 4-day
monolayer culture of the NS4 culture, cells showed continu-
ous neuronal differentiation, but not astrogenesis despite the
stimulation by LIF (Fig. 3j). Given that GFAP expression is
dependent on STAT3 activation, it was possible that STAT3
was not activated in these monolayer cells upon LIF
stirnulation. However, as shown in Fig. 3(k), STAT3 protein
was expressed and activated in response to LIF stimulation in
these in vitro differentiated cells. This result suggests that a
mechanism other than failure of STAT3 activation underlies
the prevention of GFAP expression in these cells,

Demethylation confers responsiveness to gliogenic
signaling on neural progenitors from embryonic stem
cells

We next examined the CpG methylation status of the STAT3
binding site in the GFAP gene promoter in the cells cultured
using the above methods. As shown in Fig. 4(a) (white
columns), NS4 exhibited high rates of methylation (95.9%)
and the high methylation frequency was maintained during
the 4-day monolayer culture (96.3%). These results correlate
well with the observation that astrocytes did not appear in
these two cell populations. Interestingly, the CpG methyla-
tion of this particular STAT3 binding site in NS14 was also
very frequent (78.4%; but less than NS4), but became
significantly decreased when subjected to the 4-day mono-
layer culture (41.7%) (black columns; Fig. 4a). As shown in
Fig. 3(j), the second monolayer of NS14 cells cultured with
LIF produced 48.2% GFAP-positive astrocytes. In contrast,
EB4 and EB14 cultures did not show the change in
methylation status because EB cultures contained many
non-neural cells in which the STAT3 binding site of the
GFAP promoter would be hypermethylated. These results
suggest the importance of the relationship between astro-
genesis and DNA methylation, and that the relationship is
well controlled from the pluripotent embryonic stem cell
stage.

Finally, to clarify the difference in regulation of the DNA
methylation in the STAT3 recognition site in the GFAP
promoter between neural and other non-neural cells in vivo,
we examined the methylation frequency in E14.5 mouse
telencephalons, skin and liver. Skin and liver cells, either
freshly prepared or cultured for 4 days, showed a high
frequency of DNA methylation (Fig. 5). In contrast to these
non-neural cells, the methylation frequency of this site in
neuroepithelial cells was relatively lower (48.7%), and
became even lower (16.7%) after culture for 4 days. In
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Fig..8 Culture stage-specific neurogenesis and astrogenesis under
the NS neural-inducing sphere culture conditions. NS and EB aggre-
gates were dissociated and seeded onto ornithine/fibranectin (O/F)-
coated dishes with letikemia inhibitory factor (LIF) in the absence of
serum (for NSs) or without LIF in the presence of serum (for EBs) for
4 days (first 4-day manolayer culture: (a) from 4-day NS spheres; (b)
fram 14-day NS spheres; (c) from 4-day EB sphetes; (d) from 14-day
EB spheres. The first 4-day monolayer cultures without LIF starting
~ from spheres were subjected to dissociation with trypsin followed by
another 4-day monolayer culture with LIF in the absence of serum (for
NSs; e, f) or without LIF in the presence of serum (for EBs; g, h). Cells
were stained with anti-MAP2 (microtubule-associated protein 2) anti-
bodies (green), anti~-GFAP (glial fibrillary acidic protein) antibodies ]

E14.5 mouse neuroepithelial cells from embryonic brain, it
was reported that the CpG methylation of the STAT3 binding
site in the GFAP promoter was dramatically demethylated
after 4-day culture (Takizawa et al. 2001). The methylation
rates in adult tissues (muscle, heart and liver) were calculated
previously in the same report, and revealed to be highly
methylated. In the present study, we further suggested that
there was machinery for cell fate-specific maintenance of
methylation as well as demethylation of this particular CpG
site. These results suggest that the CpG methylation of the
STAT3 binding site in the GFAP gene promoter is well
controlled, that is, the CpG dinucleotide is cytidine-methy-
lated in early embryogenesis, and then demethylation occurs
during the development of neuroepithelial cells while

OBTATE o oo s s s o s s

(red) and Hoechst 33258 (blue). Scale bar, 50 um. (i, ) NS/EB
aggregates or the 4-day monolayers were cultured with or without LIF
in the absence of serum (for NSs) or without LIF in the presence of
serum (for EBs) for 4 days (i: cells after the first 4-day monolayer
culture; : cells after the second 4-day-monolayer culture). Cells were
stained with anti-MAP2 and anti-GFAP antibodies and the frequencies
of the positive cells were calculated. Vertical bats indicate the SD. (k)
STAT3 activation in each sphere culture, Sphere cells cultured in the
presence (EB4, EB14) or absence (NS4, NS14) of serum were dis-
sociated and attached to O/F-coated dishes. Lysates from these cells
after incubation with or without LIF (80 ng/mL) for 10 min were sub-
jected to western blotting, and probed with antibodies against tyrosine-
phosphorylated STAT3 or STATS.

methylation is maintained for the development of other cell
lineages.

Discussion

ES cells can contribute in vivo to the formation of all tissues
when introduced into blastocysts, and can be induced in vitro
to acquire the specific phenotypes of the various types of
differentiated cell populations. We used OEfIP ES cells that
carry the IRES-puromycin resistance gene construct under
the Oct3/4 gene, as these cells are easily selected as
pluripotent stem cells by puromycin. Furthermore, this ES
line showed effective neural differentiation among the lines
tested under our culture periods and conditions. In the
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Fig. 4 Culture stage- and condition-specific CpG demethylation of the
STATS binding site in the glial fibrillary acidic protein (GFAP) promo-
ter. The STAT3 recognition sequence in the GFAP promoter was
investigated for its methylation status using a bisulfite sequencing
method in NS/EB aggregates or the cells cultured as monolayers for
4 days starting from each aggregate after dissociation with trypsin.
The 4-day monolayer starting from the NS aggregates was cultured in
serum-free medium, and starting from the EB aggregates it was cul-
tured in serum-containing medium. The average of two independent
bisulfite-sequencing experiments with a minimum of 11 clones is
shown in the graph. (a} NS4 (white columns) and NS14 (black col-
umns). (b) EB4 (white columns) and EB14 (black columns).
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Fig. 5 Neural-specific CpG demethylation of the STAT3 binding site in
the gliat fibrillary acidic protein (GFAP) promoter. CpG methylation of
the STATS binding site of the GFAP promoter was analyzed using a
bisulfite sequencing method in freshly prepared E14.5 mouse skin
(white columns), liver (gray columns) and telencephalon (black col-
umns), or after 4 days of in vitro culture. The average of two inde-
pendent bisulfite-sequencing experiments with a minimum of 11
clones is shown in the graph.

present study, we established an effective neural inducing
system from ES cells, in which neural progenitors are easily
enriched, presumably because non-neural cells tend to die in
the serum-free LIF-deficient floating culture on the poly-
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HEMA-coated dishes. Our results suggest that the second
4-day monolayer culfure is important for neural progenitors
to become responsive to astrogenic signals, and we showed
that the ability of ES cell-derived neural progenitors to
differentiate into astrocytes was dependent on both the
sphere and monolayer culture periods (Figs 3a-h). The
combination of a relatively long (14-day) floating culture and
two successive 4-day monolayer cultures seems to be
important for effective astrogenesis in our culture system.
The floating culture condition in which cells become
aggregated might induce a ‘signal that is involved in the
maintenance and/or change in the differentiation competence
of neural progenitors. Dissociation of the aggregates and
subsequent monolayer culture might contribuie to the
development of astrocytes. :

DNA methylation is one of the best-studied epigenetic
modifications of DNA in all unicellular and multicellular
organisms. DNA methylation levels in different lineages
change temporally during mammalian development. The
DNA of the zygote is substantially methylated. During early
development, the genome undergoes global demethylation,
and in the epiblast lineage it becomes globally re-methylated
de novo after implantation (Jaenisch 1997). ES cells
correspond to a stage of development after the blastocyst
stage. The DNA of ES cells is relatively highly methylated,
and has high de novo methylation activity (Stewart et al.
1982). In this report, we showed that the STAT3 binding site
in the GFAP gene promoter is highly methylated in ES cells.
Demethylation of this site is only programmed when
pluripotent cells are committed to a neural lineage that is
capable of producing astrocytes. Neural stem cells in the
early stage of development have limited ability to differen-
tiate (Qian e# al. 2000), whereas those in the later stage have
much potential, and differentiate into neurons, astrocytes and
oligodendrocytes (McKay 1997; Gage 2000). This limitation
of differentiation potential in the early stage of development
could be due to DNA methylation, as the DNA methylation
is thought to repress gene expression. The specific site of
DNA demethylation could lead to a chromatin rearrangement
suitable for binding transcription factors activated by cell-
extrinsic signals with several sequential steps.

LIF/gp130 signaling is very important for the induction of
GFAP-positive astrocytes. Therefore, the DNA demethyla-
tion of the Cp@G dinucleotide in the STAT3 binding site in the
GFAP gene promoter is required for neural progenitors to
proceed with astrogenesis in response to LIF/gp130 signa-
ling. The STAT3 binding site in the GFAP gene is methylated
in non-neural cell lineages, and this high frequency of DNA
methylation is maintained to the final development of mice
(Figs 4b and 5) (Takizawa et al. 2001). However, the neural
cell fate-specific DNA demethylation and the maintenance of
DNA methylation of the STAT3 binding site in the GFAP
promoter were not affected by the addition of LIF in either
cells differentiated from ES cells or skin, liver and neuro-
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epithelial cells from E14.5 mouse embryos (data not shown).
To investigate whether GFAP can be induced by LIF in ES
cells when this CpG site is demethylated, we tried to culture
ES cells with 5-aza-2’-deoxycytidine (5-Aza-CdR), a deme-
thylation reagent. However, due to the high sensitivity of ES
cells to the toxic effects of this reagent, the cells readily died
and we could not obtain conclusive results (data not shown).
It remains unknown whether demethylation in ES cells is
directly related to their cell death.

We also investigated the methylation status in the promo-
ter of another astrocyte marker, S100f. Interestingly, the
incidence of CpG methylation of a specific site in the S1003
promoter was very high in ES cells, but the CpG methylation
frequency in this site was low in ES cell-derived neural
progenitors that have the ability to undergo astrogenesis
(Namihira et al. unpublished result). These data suggest that
astrocyte gene-specific demethylation is not confined to the
GFAP gene promoter, but is also applicable to the S100(3
gene promoter. The CpG methylation status of the whole
genome of ES cells, as analyzed by digestion with a
methylated DNA sequence-sensitive restriction enzyme,
Hpall, was not dramatically changed in this culture (Fig. S2).
Therefore, it is suggested that site-specific demethylation
occurs in our neural inducing culture system rather than
demethylation in the whole genome. Recently, it was
reported that the zinc-finger factor REST/NRSF can mediate
both active repression of neuronal-specific genes via recruit-
ment of specific HDACs and gene silencing by recruitment
of CoREST complexes to specific promoters in a cell type-
and promoter-specific DNA methylation-dependent manner
(Lunyak ef al. 2002). In the control of chromatin during
neural differentiation, histone modification and DNA methy-
lation are thought to have a close relationship that would be a
key to solving the above problems. Although the mechanism
for the regulation of DNA methylation and demethylation
caused by cell differentiation is not well understood, the
in vitro neural inducing system used in this report should
contribute to further studies to define the molecules/mech-
anism concerned with the regulation.

Acknowledgements

We thank Y. Noguchi and M. Ohta for secretarial assistance, and
K. Kaneko and Y. Saiki for technical help. We are grateful to
H. Niwa for the OEf1P cells. This work was supported by a Grant-
in-Aid from the Ministry of Education, Science, Sports and Culture
of Japan, the Human Frontier Science Program, and the Virtual
Research Institute of Aging of Nippon Boehringer Ingelheim.

Supplementary material

The following material is available from:
http://www.blackwellpublishing.com/products/journals/
suppmat/JNC/INC3031/JNC3031sm.htm

Fig. 81 Morphology of embryonic stem (ES) cells in
suspension culture at days 4 and 14.

Fig. S2 CpG methylation status of the whole genome of
embryonic stem (ES) cells in differentiation cultures.

References

Acampora D., Avantaggiato V., Tuorto F., Briata P, Corte G. and
Simeone A. (1998) Visceral endoderm-restricted translation of
Otx1 mediates recovery of Otx2 requirements for specification of
anterior neural plate and normal gastrulation. Development 125,
5091-5104.

Bird A. P. and Wolffe A. P. (1999) Methylation-induced repression ~
belts, braces, and chromatin. Cell 99, 451454,

Bonni A., Sun Y., Nadal-Vicens M., Bhait A., Frank D. A,, Rozovsky L.,
Stahl N., Yancopoulos G. D. and Greenberg M. E. (1997) Regu-
lation of gliogenesis in the central nervous system by the JAK-
STAT signaling pathway. Science 278, 477-483.

Bradley A., Evans M., Kaufinan M. H. and Robertson E. (1984) For-
mation of germ-line chimaeras from embryo-derived teratocarci-
noma cell lines. Nature 309, 255-256.

Clark S. 1., Harrison J.,"Paul C. L. and Frommer M. (1994) High sen-
sitivity mapping of methylated cytosines. Nucl. Acids Res. 22,
2990-2997.

Doetschman T. C., Eistetter H., Katz M., Schmidt W. and Kemler R.
(1985) The in vitro development of blastocyst-derived embryonic
stem cell lines: formation of visceral yolk sac, blood islands and
myocardium. J. Embryol. Exp. Morph. 87, 27-45.

Dziadek M. and Adamson E. (1978) Localization and synthesis of alp-
hafoetoprotein in post-implantation mouse embryos. J. Embryol.
Exp: Morph. 43, 289-313.

Gage F. H. (2000) Marnmalian neural stem cells. Science 287, 1433~
1438.

Jaenisch R. (1997) DNA methylation and imprinting: why bother?
Trends Genet. 13, 323-329.

Kawasaki H., Mizuseki K., Nishikawa S., Kaneko S., Kuwana Y.,
Nakanishi S., Nishikawa S. 1. and Sasai Y. (2000) Induction of
midbrain dopaminergic neurons from ES cells by stromal cell-
derived inducing activity. Newron 28, 31-40.

Lunyak V. V., Burgess R., Prefontaine G. G. et al. (2002) Corepressor-
dependent silencing of chromosomal regions encoding neuronal
genes. Science 298, 1747-1752.

Ma Q., Sommer L., Cserjesi P. and Anderson D. J. (1997) Mashl and
neurogeninl expression patterns define complementary domains of
neuroepithelium in the developing CNS and are correlated with
regions expressing notch ligands. J. Neurosci. 17, 3644-3652.

McGowan K. M. and Coulombe P. A. (1998) Onset of keratin 17
expression coincides with the definition of major epithelial lineages
during skin development. J. Cell Biol. 143, 469-486.

McKay R. (1997) Stem cells in the central nervous system. Science 276,
66-71.

Nakashima K., Yanagisawa M., Arakawa H. and Taga T. (1999a) Ast-
rocyte differentiation mediated by LIF in cooperation with BMP2.
FEBS Lett. 457, 43-46.

Nakashima K., Yanagisawa M., Arakawa H., Kimura N., Hisatsune T.,
Kawabata M., Miyazono K. and Taga T. (1999b) Synergistic
signaling in fetal brain by STAT3-Smadl complex bridged by
p300. Science 284, 479-482.

Nakashima K., Wiese S., Yanagisawa M., Arakawa H., Kimura N.,
Hisatsune T., Yoshida K., Kishimoto T., Sendtner M. and Taga T.
(1999¢) Developmental requirement of gp130 signaling in neuronal
survival and astrocyte differentiation. J. Newrosci. 19, 5429-5434,

© 2005 International Society for Neurochemistry, J. Neurochem. (2005) 93, 432-439

-167-



Qian X., Shen Q., Goderie S. K., He W., Capela A., Davis A, A. and
Temple S. (2000) Timing of CNS cell generation: a programmed
sequence of neuron and glial cell production from isolated murine
cortical stem cells. Newron 28, 69-80.

Rajan P. and McKay R. D. (1998) Multiple routes to astrocytic differ-
entiation in the CNS. J. Newrosci. 18, 3620-3629.

Shimozaki K., Nakashima K., Niwa H. and Taga T. (2003) Involvement of
Oct3/4 in the enhancement of neuronal differentiation of ES cells in
neurogenesis-inducing cultures. Development 130, 2505-2512.

Simeone A., Gulisano M., Acampora D., Stornaiuolo A., Rambaldi M.
and Boncinelli E. (1992) Two vertebrate homeobox genes related
to the Drosophila empty spiracles gene are expressed in the
embryonic cerebral cortex. EMBO J. 11, 2541-2550.

Stewart C. L., Stuhlmann H., Jahner D. and Jaenisch R. (1982) De novo
methylation, expression, and infectivity of retroviral genomes

DNA demethylation in ES cell-derived neural cells 439

introduced into embryonal carcinoma cells. Proc. Nat! Acad. Sci.
USA 79, 4098-4102.

Takizawa T., Nakashima K,, Namihira M., Ochiai W,, Uemura A.,
Yanagisawa M., Fujita N., Nakao M. and Taga T. (2001) DNA
methylation is a critical cell-intrinsic determinant of astrocyte
differentiation in the fetal brain, Dev. Cell 1, 749-758.

Teter B., Rozovsky I., Krohn K., Anderson C., Osterburg H. and Finch
C. (1996) Methylation of the glial fibrillary acidic protein gene
shows novel biphasic changes during brain development. Glia 17,
195-205.

Wilkinson D. G., Bhatt S, and Herrmann B. G. (1990) Expression pattern
of the mouse T gene and its role in mesoderm formation. Nature
343, 657-659.

© 2005 International Society for Neurochemistry, J. Neurochem. (2005) 93, 432-439

-168-



Immunity 24, 41-51, January 2006 ©20086 Elsevier Inc. DOI 10.1016/L.iImmuni.2005.11.004

IkBNS Inhibits Induction of a Subset
of Toli-like Receptor-Dependent Genes

and Limits Inflammation

Hirotaka Kuwata,” Makoto Matsumoto,' Koli Atarashi,’
Hideald Morishita,' Tomohire Hirotani,®

Ritsuko Koga,’ and Kiyoshi Takeda'*

' Department of Molscular Genetics

Medical Institute of Bioregulation

Kyushu University

3-1-1 Maldashl, Higashi-ku

Fukuoka 812-8582

Japan

2Department of Gastroenterology and Hepatology
Graduate School of Medicine

Osaka University

2-2 Yamada-oka, Suita

Osaka 565-0871

Japan

Summary

Toll-like receptor (TLR)-mediated immune responses
are downregulated by several mechanisms that affect
signaling pathways. However, it remains elusive how
TLR-medlated gene expression is differentially modu-
lated. Here, we show that IkBNS, a TLR-induclble nu-
clear IxB protein, negatively regulates Induction of a
subset of TLR-dependent genes through inhibition of
NF-xB activity. IkBNS-deficient macrophages and den-
dritic cells show Increased TLR-mediated expresslon
of genes such as IL-6 and IL-12p40, which are Induced
iate after TLR stimulation. In confrast, lkBNS-deficient
cells showed normal induction of genes that are In-
duced early or induced via IRF-3 activation. LPS stimu-
lation of |«BNS-deficient macrophages prolonged
NF-xB actlvity at the specific promoters, indicating
that IkBNS medlates termination of NF-xB activity at
selective gene promoters. Moreover, lkBNS-deficlent
mice are highly susceptiible to LPS-induced endotoxin
shock and intestinal Inflammation. Thus, IkBNS regu-
lates inflammatory responses by Inhlbiting the indue-
tion of a subset of TLR-dependent genes through mod-
ulation of NF-«B activity.

Introduction

Toll-like receptors (TLRs) are implicated in the recog-
nition of specific patterns of microbial components
and subsequent induction of gene expression. TLR-
dependent gene expression Is Induced through acti-
vation of two distinct signaling pathways mediated by
the Toll/IL-1 receptor (TIR) domain-containing adaptors
MyD88 and TRIF. These signaling pathways finally
culminate in the activation of several transcription
factors, such as NF-xB and IRF families (Akira and
Takeda, 2004)., The MyD88-dependent gene induction
is achieved by an early phase of NF-xB and IRF-5 acti-
vation in macrophages (Kawai et al., 1999; Takaoka

“Correspondence: kiakeda@bioreg.kyushu-u.ac.jp
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et al, 2005). The TRIF-dependent gene induction
Is mainly regulated by IRF-3 (Sakaguchi et al., 2003;
Yamamoto et al., 2003).

TLR-mediated gene expression regulates activation
of not only innate immunity but also adaptive immunity,
which provides antigen-specific responses against
harmful pathogens (iwasaki and Medzhitov, 2004; Pa-
sare and Medzhitov, 2004). However, TLR-mediated ac-
tivation of innate immunity, when in excess, triggers de-
velopment of autoimmune disorders and inflammatory
diseases, such as SLE, cardiomyopathy, atherosclero-
sis, diabetes mellitus, and inflammatory bowel diseases
(Bjorkbacka et al., 2004, Eriksson et al., 2003; Kobayashi
et al., 2003; Lang et al., 2005; Leadbetter et al., 2002; Mi-
chelsen et al., 2004). Excessive activation of TLR4 by LPS$
induces endotoxin shock, a serious systemic disorder
with a high mortality rate. Therefore, TLR-dependent in-
nate immune responses must be finely regulated, and
underlying mechanisms are now being examined exten-
sively (Liew et al., 2005). Several negative regulators of
TLR-mediated signaling pathways have been proposed.
Cytoplasmic molecules, such as an alternatively spliced
short form of MyD88 (MyD88s), IRAK-M, SOCS1, A20,
Pi3-kinase, and TRIAD3A, are all involved in negative
regulation of TLR pathways (Boone et al., 2004; Burns
et al.,, 2003; Chuang and Ulevitch, 2004; Fukao et al.,
2002; Kinjyo et al., 2002; Kobayashi et al., 2002; Naka-
gawa et al, 2002). Membrane bound SIGIRR, ST2,
TRAILR, and RP105 are also implicated in these pro-
cesses (Brint et al., 2004; Diehl et al., 2004; Divanovic
et al., 2005; Wald et al., 2003).

TLR-dependent gene induction is also regulated by
nuclear IkB proteins, such as kB¢, Bcl-3, and IkBNS.
I«BY is indispensable for positive regulation of a subset
of TLR-dependent genes, such as IL-6 and IL-12p40
(Yamamoto et al., 2004). In contrast, Bel-3 and IkBNS
seem to be involved in negative regulation of TLR-de-
pendent gene induction. Bel-3 was shown to be involved
in selective inhibition of TLR-dependent TNF-« produc-
tion (Kuwata et al., 2003; Wessells et al., 2004). An in vitro
study indicated that I«kBNS Is induced by IL-10 or
LPS and selectively inhibits i1L-6 production in macro-
phages (Hirotani et al., 2005). Thus, nuclear IxB proteins
differentially regulate TLR-dependent gene expres-
sion. However, the physiological role of IxBNS is still
unclear,

In this study, we analyzed TLR-dependent inflamma-
tory responses in IkBNS-deficlent mice. We found that
IkBNS is involved in selective inhibition of a subset of
MyD88-dependent genes, including IL-8, IL.-12p40, and
IL-18. In [kBNS-deficient macrophages, LPS-induced
activation of NF-xB was prolonged. Accordingly, icBNS-
deficlent mice showed increased production of these
cytokines accompanied by high sensitivity to LPS-
induced endotoxin shock. Furthermore, IkBNS-deficient
mice were highly susceptible to intestinal inflammation
caused by disruption of the epithelial barrier. These find-
ings indicate that IxBNS inhibits the induction of a group
of TLR-dependent genes, thereby preventing excessive
inflammation.
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Figure 1. Targeted Disruption of the Mouse /kbns Gene

GAPDH

(A) Maps of the |cBNS wild-type genome, targeting vector, and predicted targeted gene, Open and closed boxes denote the noncoding and cod-

Ing exons, respectively. Restriction enzymes: 8, Scal.

(B) Southern blot analysis of offspring from the heterozygote intercrosses, Genomic DNA was exiracted from mouse tails, digested with Scal,
electrophoresed, and hybridized with the probe indicated in {A). The approximate size of the wild-type band is 4.9 kb, and the mutated band is

- 3.8 kb,

{C) Peritoneal macrophages were cultured with or without 100 ng/mi LPS for 1 hr (L and M, respectively), and total RNA was extracted, electro-
phoresed, transferred to nylon membrane, and hybridized with the mouse IkBNS full-length cDNA probe. The same membrane was rehybridized

with a GAPDH probe.

Results

Targeted Disruption of the IkBNS Gene
To study the functional role of IkBNS In TLR-dependent
responses, a null mutation in the lkbns allele was intro-
duced through homologous recombination in embry-
onic stem (ES) cells (Figures 1A and 1B). IkBNS ™™ mice
were born alive and grew healthy until 20 weeks of
age. We performed Northern blot analysis to confirm
that the mutation causes inactivation of the lkbns gene.
LPS robustly induced 1kBNS mRNA in wild-type macro-
phages, but not in IkBNS™~ macrophages (Figure 1C).
A previous report indicated that IxBNS is invoived in
negative selection of thymocytes (Fiorini et al., 2002).
Therefore, we first analyzed lymphocyte composition
In lymphoid organs such as thymus and spleen by flow
cytometry (Figures S1A and $1B). Total cell number
and CD4/CD8 or CD3/B220 populations in thymus and
spleen were not altered in IkBNS™™ mice. Splenic
T cells from I<BNS ™'~ mice showed similar levels of pro-
liferative responses to IL.-2 and IL-7 as did wild-type
T cells. Moreover, IkBNS™™ T cells proliferated to al-
most equal degrees in response to anti-CD3 antibody
compared to wild-type T cells (Figure S1C). These re-
sults indicate that T cell development and functions
were generally unaffected in IkBNS™~ mice.

Increased IL-6 and IL-12p40 Production

in l«kBNS-Deficient Cells :

Since IkBNS expression was induced within 1 hr of LPS
stimulation in macrophages (Figure 1B), we stimulated
peritoneal macrophages with various concentrations
of LPS and analyzed for production of TNF-« and IL-8
(Figure 2A). In macrophages from IkBNS ™~ mice, LPS-
induced TNF-a production was comparable to wild-type
cells, but IL-6 production was significantly increased.
We then analyzed whether IcBNS ™/~ macrophages pro-
duce increased amounts of IL-8 in response to other
TLR ligands, since IxBNS mRNA was induced by several
TLR ligands as well as the TLR4 ligand LPS in a MyD88-
dependent manner (Figure S2A). Peritoneal macro-
phages were stimulated with mycoplasmal lipopeptides
(TLRS ligand), PamyCSK, (TLR1 ligand), peptidogiycan
(TLR2 ligand), and imiquimod (TLR7 ligand), and ana-
tyzed for production of TNF-« and IL-6 (Figure 2B). In re-
sponse to these TLR ligands, the production of IL-8,
but not TNF-a, was increased in [KBNS™~ mice. We
next analyzed the response of bone marrow-derived
dendritic cells (DCs). DCs from IkBNS™ mice produced
similar amounts of TNF-a and increased amounts of IL-6
in response to LPS compared to wild-type DCs (Fig-
ure 2C). In addition, DCs showed LPS-induced produc-
tion of IL.-12p40 and IL-12p70, and production of these
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Figure 2. Increased Production of IL-6 and IL-12p40 in IkBNS™~ Macrophages and Dendritic Cells

-{A) Peritoneal macrophages were stimulated with the indicated concentration of LPS for 24 hr. Concentrations of TNF-a and IL-6 in the culture
supernantants were analyzed by ELISA. Data are mean & SD of triplicate cultures in a single experiment, representative of three independent

experiments.

{B) Peritoneal macrophages were cuttured with 1 or 10 ng/ml of TLRS ligand (MALP-2), 1 or 10 ng/ml TLR1 ligand (PamsCSK), 1 or 10 pg/mi TLR2
ligand (peptidoglycan; P&N), or 1 or 10 ug/mi TLR7 ligand {imiquimod) for 24 hr. Concentrations of TNF-a and IL.-6 In the culture supematants

were analyzed by ELISA. *; not detected.

(C) Bone marrow-derived DCs were stimulated with the Indicated concentration of LPS for 24 hr. Concentrations of TNF-o, IL-6, IL-12p40, and
IL-12p70 in the culture supernatants were analyzed by ELISA. Data are mean = SD of triplicate cultures in a single experiment, representative

of three independent experiments.,

cytokines was significantly increased in IkBNS™~ DCs.
Bone marrow-derived DCs and splenic B celis were
analyzed for LPS-induced surface expression of CD86
or MHC class Il (Figure S2B). LPS-induced augmenta-
tion of surface expression of these molecules was not
altered in IkBNS™~ mice. Thus, macrophages and
DCs from IkBNS™ mice showed selective increases
in TLR-dependent production of iL-6 and IL-12p40.

Enhanced Inductlon of a Subset of TLR-Dependent
Genes in IxBNS-Deficient Macrophages

We further analyzed LPS-induced mRNA expression of
TLR-dependent genes in IkBNS ™/~ macrophages. Peri-
toneal macrophages were stimulated with LPS for 1,
3, or 5 hr, and total RNA was extracted. Then, mRNA
expression of TNF-a and IL-6 was first analyzed by
quantitative real-time RT-PCR (Figures 3A and 3B).
LPS-induced TNF-u mRNA expression in IkBNS™/~
macrophages was similar to wild-type cells. In the case
of IL.-8 mRNA, expression levels were comparable be-
tween wild-type and I«BNS™/~ macrophages until 3 hr
of LPS stimulation. After 3 hr, IL-68 mMRNA levels de-

-171-

creased in wild-type cells. However, I<BNS ™~ cells dis-
played further enhanced expression of IL-6 mRBNA.
TNF-a mRNA was robustly induced within 1 hr of LPS
stimulation, and its expression promptly ceased in wild-
type cells. In contrast, IL.-6 mMRNA expression was in-
duced late compared to TNF-o. Because LPS-induced
IkBNS mRNA expression showed similar pattemns
as TNF-a mRNA, we hypothesized that LPS-inducible
IxBNS blocks mRNA expression of genes that are in-
duced late (Figure 3C). Accordingly, we analyzed mRNA
expression of other genes that are induced early (ll-18,
11-23p19, or Ikbz) or late (Il-12p40, l-18, or Csf3) in re-
sponse to LPS. LPS-induced mRNA expression of [l-18
(IL-1B), I-23p 19 (IL-23p19), and kbz (IkBY) was similarly
observed between wild-type and IkBNS™~ macro-
phages (Figure 3A). LPS-induced expression of fl-
12p40 (IL-12p40), /I-18 (I..-18) and Csf3 (G-CSF) was ob-
served at normal levels in I<kBNS™~ macrophages at
the early phase of LPS stimulation (within 3 hr of LPS
stimulation) (Figure 3B). However, at the late phase of
LPS stimulation (after 3 hr of LPS stimulation), mRNA ex-
pression of these genes was significantly enhanced in
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Figure 3. LPS-Induced Expression of Several TLR-Dapendent Genes In IkBNS ™'~ Macrophages

Peritoneal macrophages from wild-type and IkBNS™~ mice were stimulated with 100 ng/mi LPS for the Indicated periods. Total RNA was ex-
tracted, and then subjected to quantitative reaktime RT-PCR analysis using primers specific for Tnf, ll-18, I-23p19, Ikbz (A), lI-6, 11-12p40,
H-18, Csf3 (B), Ixbns (C), Cxcl10, Cel2, Cel5 (D), and J1-10 (E). The fold difference of each sample relative to EF-1a levels Is shown. Representative

of three independent experiments.

IkBNS ™~ cells. We also analyzed LPS-induced expres-
sion of Cxcl10 (IP-10), Cci2 (MCP-1), and Ccl5 (RANTES),
which are induced by the TRIF-dependent activation of
IRF-3 (Figure 3D). LPS-induced expression of these
genes was not altered in IkBNS™~ macrophages. An
anti-inflammatory cytokine IL-10 is induced by TLR
stimulation and thereby inhibits TLR-dependent gene
induction (Moore et al., 2001). Therefore, we next ad-
dressed LPS-induced IL-10 mRNA expression (Fig-
ure 3E), LPS-induced IL-10 mRNA expression was com-
parable between wild-type and IkBNS ™~ macrophages.
In addition, LPS-induced production of iL-10 protein
was not compromised in IkBNS™~ DCs (Figure $2C).
These findings indicate that the enhanced LPS-induced
expression of a subset of TLR-dependent genes was not
dus to the impalred IL-10 production in 1kBNS ™~ mice.

Prolonged NF-xB Activity in I«BNS-Deficient Cells
Gene expression of Cxcl10 (IP-10), Cci2 (MCP-1), and
Ccl5 (RANTES) was mainly regulated by the transcription

factor IRF-3 in the TRIF-dependent pathway, whereas
TNF-q, IL-6, and IL-12p40 gene expression was mainly
regulated by the MyD88-dependent activation of NF-xB
(Akira and Takeda, 2004; Yamamoto et al., 2003). In addi-
tion, previous in vitro studies indicated that overexpres-
sion of IkBNS leads to compromised NF-«B activity
through selective assoclation of 1«BNS with p50 subunit
of NF-«B (Fiorini et al., 2002; Hirotani et al., 2005). There-
fore, we next analyzed LPS-induced activation of NF-«B.
LPS-induced degradation of lcB« was not compromised
in IkBNS ™" macrophages {Figure S3A). Next, peritoneal
macrophages or bone marrow-derived macrophages
were stimulated with LPS and DNA binding activity was
analyzed by EMSA (Figure 4A; Figure S3B). LPS stimula-
tion resulted in enhanced DNA binding activity of NF-«<B
in both wild-type and IkBNS ™/~ macrophages to similar
extents within 1 hr. After 1 hr of LPS stimulation, NF-xB
activity decreased in wild-type cells. However, NF-xB
activity sustained and even at 3 hr of LPS stimulation
significant DNA binding activity was still observed in
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Figure 4. Persistent LPS-Induced Activation of NF-xB in IkBNS ™/~ Macrophages

(A) Peritoneal macrophages from wild-type and KBNS ™~ mice were stimulated with 100 ng/ml LPS. At the indicated time points, nuclear ex-
tracts were prepared, and NF-xB activation was analyzed by EMSA using a NF-xB specific probe,

(B) Peritoneal macrophages were stimulated with LPS. At the indicated time points, nuclear fractions were isolated and subjected to Western

blotting using anti-p65 Ab, anti-p50 Ab, anti-cRel Ab, or anti-polll Ab.

(C) Macrophages were stimulated with LPS for the indicated periods. Then, cells were stained with anti-p65 Ab or anti-p50 Ab (red) as well as
DAPI (blue), and analyzed by confocal microscopy. Merged images are shown.

KBNS/~ cells. We next analyzed nuclear localization of
NF-«B subunits. Peritoneal macrophages were stimu-
lated with LPS for the indicated periods, and nuclear
fractions were analyzed for expression of p65, p50, and
- c-Relbyimmunoblotting (Figure 4B). In wild-type macro-
phages, nuclear translocation of p65 was observed
within 30 min of LPS stimulation, and nuclear localized
p65 gradually decreased thereafter. In contrast, nuclear
localized p65 was still significantly observed evenat 3 hr
of LPS stimulation in IkBNS™/~ cells. in addition, sus-
tained nuclear localization of p50, but not c-Rel, was ob-
served in IkBNS™™ macrophages (Figure 4B). Nuclear
localization of NF-xB subunits was also analyzed by im-
munofluorescent staining of macrophages (Figure 4C).
Without stimulation, p65 and p50 were localized in the
cytoplasm, but not in the nucleus, in both wild-type
and IkBNS™/~ macrophages. LPS stimulation resulted
in nuclear staining of both p65 and p50 at 1 hr. Nuclear
staining of p65 and p50 gradually decreased after 1 hr
of LPS stimulation and was only faintly observed at 2 hr
of stimulation in wild-type cells. However, nuclear local-
ization of p65 and p50 was still evident at 2 hr of LPS stim-
ulation in IkBNS™~ cells. These findings indicate that
LPS-induced NF-«xB activity was prolonged in IcBNS ™/~
macrophages. NF-«B activity is terminated by degrada-
tion of promoter-bound p65 {Natoli et al., 2005; Saccani
et al, 2004). We used RAW264.7 macrophage cell line
and performed pulse-chase experiments with #s.la-
beled amino acids to analyze p65 turnover (Figure S3C).
In these cells, labeled p65 was accumulated into the nu-
cleus until 2 hr of LPS stimulation, and then p65 was de-
graded. In RAW cells constitutively expressing IxBNS,
nuclear accumulation of labeled p65 was similarly ob-
served until 1 hr of LPS stimulation. However, the p65
turnover was observed more rapidly and labeled p65
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disappeared at 2 hr after LPS stimulation (Figure S3C).
These findings indicate that IkBNS mediates the degra-
dation of p65. The MyD88-dependent pathway mediates
activation of MAP kinase cascades as well as NF-«B
activation. Therefore, LPS-induced phosphorylation of
p38, ERK1, ERK2, and JNK was analyzed by Western
blotting (Figure S3D). LPS-induced activation of these
MAP kinases was not compromised in IkBNS ™'~ macro-
phages.

Regulation of p65 Activity at the IL-6 Promoter

by IkBNS

We next addressed how IkBNS selectively downregu-
lates induction of genes that are induced late. We uti-
lized the IL-6 and TNF-a promoters, which are represen-
tatives of genes activated late and early, respectively.
Wild-type macrophages were stimulated with LPS and
analyzed for recruitment of endogenous IkBNS to the
promoters by chromatin immunoprecipitation (ChiP) as-
say (Figure 5A). Consistent with previous findings using
IkBNS overexpressing macrophage cell lines (Hirotani
et al., 2005), endogenous IkBNS was recruited to the
IL-6 promoter, but not the TNF-o promoter, in LPS-stim-
ulated macrophages. We next addressed LPS-induced
recruitment of p65 to the promoters in wild-type and
IkBNS™~ macrophages (Figure 5B). Recruitment of
p65 to the TNF-u promoter peaked at 1 hr of LPS stimu-
lation and gradually decreased thereafter in a similar
manner in both wild-type and IkBNS™~ cells. Recruit-
ment of p65 to the IL-6 promoter was observed to similar
extents until 3 hr of LPS stimulation in wild-type and
KBNS/~ macrophages. After that, it decreased in wild-
type macrophages. In contrast, p65 recruitment was still
evident, rather enhanced, even after 5 hr of LPS stim-
ulation in IkBNS ™/~ macrophages. Thus, p65 activity at
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the IL-6 promoter, but not at the TNF-a promoter, was
prolonged in LPS-stimulated IkBNS™/~ macrophages.
Taken together, these findings indicate that TLR-induc-
ible IkBNS is responsible for termination of NF-«B activ-
ity through its recruitment to specific promoters.

High Sensitivity to LPS-Induced Endotoxin Shock

in lkBNS-Deficient Mice

To study the in vivo role of IxBNS, we examined LPS8-in-
duced endotoxin shock. Intraperitoneal injection of LPS
resulted in marked increases in serum concentrations of
TNF-a, IL-6, and [L-12p40 (Figure 6A), TNF-a level was
comparable between wild-type and IkBNS™~ mice,
which rapidly peaked at around 1.5 hr of LPS administra-
tion. In the case of IL-6 and 1L-12p40 levels, concentra-
tions of both cytokines were almost equally elevated
within 3 hr of LPS injection. After 3 hr, levels of both cy-
tokines gradually decreased in wild-type mice. How-
ever, concentrations of IL-6 and 1L-12p40 sustained,
rather enhanced, in IkBNS™/~ mice after 3 hr. Thus, per-
sistently high concentrations of LPS-induced serum IL-6
and lL-12p40 were observed in 1kBNS™/ mice. Further-
more, high sensitivity to LPS-induced lethality was ob-
served in IkBNS™~ mice (Figure 6B). All IkBNS™~
mice died within 4 days of L.LPS challenge at a dose of
which almost all wild-type mice survived over 4 days.
These findings indicate that IkBNS ™~ mice are highly
sensitive to LPS-induced endotoxin shock.

0 1 3 8§ 0 1 3 &

Figure 5. IkBNS Regulation of p65 Activity at
the IL-6 Promoter

(A} Wild-type bone marrow-derived macro-
phages were stimulated with 100 ng/ml of
LPS for the indicated periods, and chromatin
immunoprecipitation (ChIP) assay was per-
formed with anti-IkBNS Ab or control 1g. The
immunoprecipitated TNF- promoter {upper
panel) or IL-6 promoter (lower panel) was an-
alyzed by PCR with promoter-specific pri-
mers. PCR amplification of the total input
DNA in each sample is shown {Input). Repre-
sentative of three independent experiments.
The same result was obtained when perito-
neal macrophages were used.

(B) Macrophages from wild-type or IkBNS ™~
mice were stimulated with LPS for the indi-
cated periods. Then, ChiP assay was per-
farmed with anti-p65 Ab or control Ig. The im-~
munoprecipitated TNF-x promoter (upper
panel) or IL-6 promoter {lower panel) was an-
alyzed by PCR with promoter-specific pri-
mers. Representative of three independent
experiments.
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High Susceptibility to DSS-Induced Colitis

in IkBNS ™" Mice

In a previous report, IkBNS was shown to be constitu-
tively expressed in macrophages residing in the colonic
lamina propria, which explains one of the mechanisms
for hyporesponsiveness to TLR stimulation in these cells
(Hirotani et al., 2005). Therefore, we next stimulated
CD11b"* cells isolated from the colonic lamina propria
with LPS and analyzed for production of TNF-o and IL-
6 (Figure S4). In CD11b* cells from wild-type mice,
LPS-induced production of these cytokines was not sig-
nificantly observed. In cells from IkBNS ™~ mice, IL-6
production was increased even in the absence of stimu-
lation, and LPS stimulation led to markedly enhanced
production of IL-6, but not TNF-c. In the next experi-
ment, in order to expose these cells to microflora and
cause intestinal inflammation, mice were orally adminis-
tered with dextran sodium sulfate (DSS), which is toxic
to colonic epithelial cells and therefore disrupts the ep-
ithelial cell barrier (Kitajima et al., 1999). IkBNS™~ mice
showed more severe weight loss compared with wild-
type mice (Figure 7A). Histological analyses of the colon
indicated that the inflammatory lesions were more se-
vere and more extensive in IxBNS ™~ mice (Figures 7B
and 7C). Thus, IkBNS™~ mice are highly susceptible to
intestinal inflammmation. Thi-oriented CD4* T cell re-
sponse was shown to be associated with DSS colitis
(Strober et al, 2002). Therefore, we analyzed IFN-y
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Figure 6. High Susceptibility to LPS-Induced Endotoxin Shock in IKBNS™/~ Mice

Age-matched wild-type (n = 6) and IkBNS~/- (n = 6) mice were intraperitoneaily injected with LPS (1 mg). (A) Sera were taken at 1.5, 3,6, and 9 hr
after LPS injection. Serum concentrations of TNF-a, IL-8, and IL-12p40 were determined by ELISA. Results are shown as mean * SD of serum

samples from six mice. (B} Survival was monitored for 5 days.

production from splenic CD4* T cells of wild-type and
IkBNS ™/~ mice before and after DSS administration
(Figure 7D). DSS administration led to a mild increase
in IFN-y praduction in wild-type mice. In nontreated
IkBNS ™~ mice, IFN-y production was slightly increased
compared with nontreated wild-type mice. In DSS-fed
IkBNS™'™ mice, a significant increase in IFN-y produc-
tion was observed compared to DSS-fed wild-type mice.
These results indicate that IkBNS™~ mice are suscepti-
ble to intestinal inflammation caused by exposure to
microflora.

Discussion

In the present study, we characterized the physiological
function of IkBNS. Induced by TLR stimulation, I<BNS is
involved in termination of NF-«B activity and thereby in-
hibits a subset of TLR-dependent genes that are in-
duced late through MyD88-dependent NF-«B activation.
Accordingly, kBNS™ ™ mice show sustained production
of IL-6 and IL-12p40, resulting in high susceptibility to
LPS-induced endotoxin shock. Furthermore, IkBNS™~
mice are susceptible to intestinal inflammation accom-
panied by enhanced Th1 responses.

1xBNS was originally identified as a molecule that me-
diates negative selection of thymocytes (Fiorini et al.,
2002). However, IBNS ™~ mice did not show any defect
inT cell development. Requirement of IxBNS in negative
selection of thymocytes should be analyzed precisely
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using peptide-specific TCR transgenic mice, such as
mice bearing the H-Y TCR, in the future (Kisielow et al.,
1988},

Recent studies have established that TLR-dependent
gene induction is regulated mainly by NF-xB and IRF
families of transcription factors (Akira and Takeda,
2004; Honda et al., 2005; Takaoka et al., 2005). In TLR4
signaling, the TRIF-dependent pathway is responsible
for induction of IFN-B and IFN-inducible genes through
activation of IRF-3, whereas the MyD88-dependent
pathway mediates induction of several NF-xB depen-
dent genes (Beutler, 2004). A study with mice lacking
1xBE, another member of nuclear IkB proteins, has dem-
onstrated that the MyD88-dependent genes are divided
into at least two types; one is induced early and inde-
pendent of IxB¢, and another is induced late and depen-
dent on IkB{ (Yamamoto et al., 2004). The IkB{-regu-
lated genes include IL-8, 1L.-12p40, IL-18, and G-CSF,
which are all upregulated in LPS-stimulated KBNS ™™
macrophages. Thus, I<kBNS seems to possess afunction
quite opposite to IkBY, IkBNS is most structurally related
to kB (Fiorini et al., 2002; Hirotani et al., 2005). But, 1«BY
has an additional N-terminal structure, which seemingly
mediates the induction of target genes (Motoyama et al.,
2005). Thus, nuclear kB proteins 1«B{ and 1«BNS posi-
tively and negatively regulate a subset of TLR-induced
NF-«B-dependent genes, respectively.

Recently, negative regulation of TLR-dependent gene
induction was extensively analyzed (Liew et al., 2005).
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" {A) Wild-type (n = 15) and 1xBNS ™~ mice (n = 15) were given 1.5% DSS in drinking waterfor 6 days and weighed everyday. Data are mean = SD. *,

p < 0.05.

{B) Histologic examination of the colons of wild-type and IkBNS ™'~ mice before or & days after initiation of DSS administration. H&E staining is

shown. Representative of six mice examined. Magnification, 20,

(C) The colitis scores shown for individual wild-type {circle) and IkBNS ™~ mica (square) before (open) and after (closed) DSS treatment were total
scores for individual sections as described in the Experimental Procedures section. Mean score for each group is also shown (black bar).

(D) CD4* T cells were purified from spleen of wild-type or IkBNS™/~ mice sither treated or nontreated with DSS. Then, CD4* T cells were cultured
in the presence or absence of plate bound anti-CD3 Ab for 24 hr. Concentration of IFN-v in the culture supernatants was measured by ELISA.

So far, characterized negative regulators are mainly in-
volved in blockade of TLR signaling pathways in the cy-
toplasm or on the cell membrane. Accordingly, these
negative regutators globally inhibit TLR-dependent
gene induction. The nuclear IkB protein IkBNS is unique
in that this molecule negatively regulates induction of
a set of TLR-dependent genes by directly affecting
NF-<B activity in the nucleus. Thus, TLR-dependent in-
nate immune responses are regulated through a variety
of mechanisms.

IkBNS-mediated inhibition of a set of TLR-dependent
genes is probably explained by recruitment of IkBNS to
the specific promoters. IkBNS was recruited to the IL-6
promoter, but not to the TNF-a promoter. In addition,
LPS-induced recruitment of p65 to the TNF-o promoter
was observed within 1 hr, whereas p65 recruitment to
the IL-6 promoter was observed late, indicating that
NF-kB activity was differentially regulated at both pro-
moters, NF-xB activity at the TNF-« promoter is regu-
lated in an I«BNS-independent manner, whereas the
activity at the IL.-6 promoter was I[kBNS-dependent. In-
deed, p65 recruitment to the TNF-o promoter was ab-

served similarly in wild-type and 1kBNS™™ macro-
phages, but the recruitment to the IL-6 promoter was
sustained in IkBNS ™~ cells. Previous reports indicate
that IkBNS selectively associates with p50 subunit of
NF-xB and affects NF-<xB DNA binding activity (Fiorini
et al., 2002; Hirotani et al., 2005). Consistent with these
observations, KBNS™/~ macrophages showed pro-
longed LPS-induced NF-«<B DNA binding activity and
nuclear localization of p65. Taken together, these find-
ings indicate that I«BNS, which is rapidly induced by
TLR stimulation, might be recruited to gene promoters
through association with p50, and contribute to termina-
tion of NF-«xB activity. Termination of NF-«xB activity has
been shown to be induced by IKKa-mediated degrada-
tion of promoter-bound p65 (Lawrence et al., 2005).
However, consistent with a recent report, we were not
able to detect LPS-induced degradation of p65 in perito-
neal macrophages and bone marrow-derived macro-
phages (Li et al., 2005). However, we could detect
LPS-induced p65 degradation in the RAW264.7 macro-
phage cell line. In these cells, when constitutively
expressed IxBNS, LPS-induced p65 turnover was
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accelerated, indicating that I«BNS is involved in the deg-
radation of promoter-bound p65. In the case of the
TNF-a promoter, it is possible that NF-«B activity Is al-
ready terminated when IkBNS expression is Induced,
and therefore kKBNS is no longer recruited to the
TNF-o. promoter. Alternatively, an unidentified mecha-
nism that regulates selective recruitment of IxBNS to
gene promoters might exist. The mechanisms by which
IkBNS is recruited to the specific promoters through as-
sociation with p50 remain unclear and would be a sub-
ject of further investigation.

Analyses of IkBNS™~ mice further highlighted the
in vivo functions of IkBNS in limiting systemic and intes-
tinal inflammation. 1kBNS™~ mice succumbed to sys-
temic LPS-induced endotoxin shock possibly due to
sustained production of several TLR-dependent gene
products such as IL-6 and IL-12p40. Furthermore,
IkBNS ™~ mice are more susceptible to intestinal inflam-
mation induced by disruption of the epithelial barrier.
Abnormal activation of innate immune cells caused by
deficiency of IL-10 or Stat3 leads to spontaneous devel-
opment of colonic inflammation (Kobayashi et al., 2003;
Kuhn et al., 1993; Takeda et al., 1999). IkBNS™~ mice
did not develop chronic colitis spontaneously until 20
week-old of age (our unpublished data). In Stat3 mutant
mice, TLR-dependent production of proinflammatory
cytokines increased over 10-fold compared to wild-
type cells, which might contribute to the spontaneous in-
testinal Inflammation (Takeda et al., 1999). In IkBNS™~
mice, increase in TLR-dependent production of proin-
flammatory cytokines such as IL-6 and IL-12p40 was
mild compared to Stat3 mutant mice. In this case, the co-

.lonic epithelial barrier might contribute to prevention of
- excessive inflammatory responses In IkBNS™~ mice.
However, when the barrier function of epithelial cells
was disrupted by administration of DSS, IkBNS™~
mice suffered from severe intestinal inflammation ac-
companied by enhanced Th1 responses. IkBNS was
shown to be expressed in CD11b* cells residing in the
colonic lamina propria (Hirotani et al., 2005). Therefore,
in the absence of IkBNS, exposure of innate immune
cells to intestinal microflora might result in increased or
sustained production of proinflammatory cytokines such
as IL-12p40, which induces exaggerated intestinal in-
flammation and Thi cell development. Thus, IkBNS Is re-
sponsible for the prevention of uncontrolled inflamma-
tory responses in vivo.

In this study, we have shown that IxBNS is a selective
inhibitor of TLR-dependent genes possibly through ter-
mination of NF-«xB activity. Furthermore, IkBNS was re-
sponsible for prevention of inflammation through inhibi-
tion of persistent proinflammatory cytokine production.
Future study that discloses the precise molecular mech-
anisms by which the nuclear 1«B protein selectively in-
hibits TLR-dependent genes will provide basis for the
development of new therapeutic strategies to a variety
of inflammatory diseases. '

Experimental Procedures

Generatlon of IkBNS-Deficlent Mice

The lkbns gene consists of eight exons (Figure 1A). The targeting
vector was designed to replace a 1.8 kb fragment contalning exons
5-8 of the lkbns gene witha neomycin-resistance gene {n6o). A short
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arm and a long arm of the homology reglon from the E14.1 ES ge-
nome were amplified by PCR. A harpes simplex virus thymidine ki-
nase gens (HSV-TK) was Inserted Into the 3’ end of the vector. After
the targsting vector was electroporated Iinto ES cells, G418 and gan-
cyclovir doubly resistant clones were selected and screened for ho-
mologous recombination by PCR and verifled by Southern blot anal-
ysls using the probe indicated In Figure 1A. Two Independently
ldentifled targeted ES clones were microinjected into C57BL/6 blas-
tocysts. Chimeric mice were mated with C57BL/6 female mice, and
heterozygous Fi progenles were Intercrossed to obtain IkBNS™/~
mice. Mice from thase Independent ES clones displayed Identical
phenotypas. All animal experiments were conducted according to
guldelines of Anlmal Care and Use Committee at Kyushu University.

Reagents

LPS (E. coll 055:B5) was purchased from Sigma. Peptideglycan was
from Fluca. PamaCSK,, MALP-2, and imiquimod were from Invivo-
gen. Antlbodles agalnst p85 (C-20; s¢c-372), pS§0 (H-119; sc-7178 or
NLS; sc-114), c-Rel (C; sc-71), and RNA polymerase II (H-224;
sc-9001) were purchased from Santa Cruz. Rabbit antl-lkBNS
Ab was generated against synthetic peptide (1-MEDSLDTRLY
PEPSLSQVC-18) corresponding to N-terminal region of mouse
IkBNS (MBL, Nagoya, Japan), and antl-IkBNS serum was affinity-pu-
tiflad using a column contalning peptide-conjugated Sepharose 48.

Preparation of Macrophages and Dendritic Cells

For isolation of peritoneal macrophages, mice were Intraperitoneally
Injected with 2 ml of 4% thloglycollate medium (Sigma). Peritoneal
exudate cells were Isolated from the peritoneal cavity 3 days post In-
Jection. Calls were incubated for 2 hr and washed three times with
HBSS. Remalning adherent cells were used as peritoneal macro-
phages for the experiments. To prepare bone marrow-derived mac-
rophages, bone marrow cells were prepared from femora and tibla
and passed through nylon mesh. Then cells were cuitured in RPMI
1640 medium supplemented with 10% FCS, 100 pM 2-ME, and 10
ng/mt M-CSF (GenzymeTechne). After 6-8 days, the cells were
used as' macrophages for the experiments. Bone marrow-derived
DCs were prepared by culturing bone marrow cells in RPMI 1640
medium supplemented with 10% FCS, 100 uM 2-ME, and 10 ng/ml
GM-CSF (GenzymeTechne). After 6 days, the cells were used as
DCs.

Meaasurement of Cytokine Production

Peritoneal macrophages or DCs were stimulated with various TLR Ji-
gands for 24 hr. Culture supernatants were collscted and analyzed
for TNF-a, IL-8, IL-12p40, IL-12p70, or IL-10 productlon with en-
zyme-linked Immunosorbent assay (ELISA). Mice were Intrave-
nousty injected with 1mg of LPS and bled at the Indicated perlods.
Serum concentrations of TNF-a, IL-6, and IL-12p40 were determined
by ELISA. ELISA kits were purchased from QenzymeTechne and
R&D Systerns, For measurement of IFN-y, CD4" T cells were purifisd
from spleen cells using CD4 microbeads (Miitenyl Biotec) and stim-
ulated by plate bound anti-CD3s antibody (145-2C11, BD PharMin-
gen) for 24 hr. Concentrations of IFN-y in the supernatants were de-
termined by ELISA (GenzymeTechne).

Quantitative Real-Time RT-PCR

Total RNA was Isolated with TRizol reagent (Invitrogen, Carisbad,
Ch), and 2 ug of RNA was reverse transcribed using M-MLV reverse
transcriptase (Promsga, Madison, WI) and oligo (dT) primers
({Toyobo, Osaka, Japan) after treatment with RQ1 DNase | (Promega).
Quantitative real-time PCR was performed on an ABI 7700 (Applied
Blosystems, Foster City, CA) using TagMan Universal PCR Master
Mix {Applled Blosystems). All data were normalized to the corre-
sponding elongation factor-1o (EF-1¢) expression, and the fold dif-
farence relative to the EF-1a level was shown. Amplification condl-
tlons were: 80°C (2 min), 95°C (10 min), 40 cycles of 95°C (15 s), and
60°C (60 s). Each experiment was performed independently at least
three times, and the resuits of one representative experiment are
shown. All primers were purchased from Assay on Demand (Applled
Blosystems). '
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Electrophoretic ¥obility Shift Assay

Macrophages were stimulated with 100 ng/ml LPS for the indicated
periods. Then, nuclear proteins were extracted, and incubated with
an end-labeled, double-stranded oligonucleotide contalning an NF-
kB binding site of the IL.-8 promoter n 25 ul of binding buffer (10 mM
HEPES-KOH, [pH 7.8}, 60 mM KCJ, 1 mM EDTA [pH 8.0}, 5 mM MgCl,
and 10% glycerol) for 20 min at room temperature and loaded on
a native 5% polyacrylamide gel. The DNA-protein complexes were
visualized by autoradiography.

Woestern Blotting

Cells were lysad with RIPA buffer (60 mM Tris-HCI {pH 7.5], 150 mM
NaCl, 1% Triton X-100, 0.5% Na-dsoxycholate) contalning protease
Inhibitors {Complete Minl; Roche). The lysates were separated on
SDS-PAGE and transferred to PVDF membrane. The membranes
were Incubated with anti-lkBa Ab, antl-ERK Ab, antl-p38 Ab, antl-
JNK Ab (Santa Cruz Blotechnology), antl-phospho-p38 Ab, anti-
phospho-ERK Ab, or antl-phospho-JNK Ab (Cell Signaling Tech-
nology}. Bound Abs were detected with SuperSignal West Pico
Chemiluminescent Substrate (Plerce).

Immunofivorescence Staining

Macrophages were stimulated with 100 ng/ml LPS for the indicated
periods, washed with Tris-buffered saline (TBS), and fixed with 3.7%
formaldehyde In TBS for 15 min at room temperature. After perme-
abllization with 0.2% Triton X-100, cells were washed with TBS
and incubated with 10 ng/ml of a rabbit antl-p50 or anti-p65 Ab
(Santa Cruz Blotechnology) in TBS containing 1% bovine serum al-
bumin, followed by Incubation with Alexa Fluor 594-conjugated goat
antl-rabblt immunoglobulin G (IgG; Molecular Probes, Eugene, OR).
To stain the nucleus, cells were cuitured with 0.5 pg/mi 4, 6-dlami-
dino-2-phenylindole (DAPI; Wako, Osaka, Japan). Stained cells
were analyzed using an LSM510 model confocal microscope (Carl
Zelss, Oberkochem, Germany).

Chromatin Immunopreclpitation

Chromatin Immunoprecipitation (ChiP) was performed essentially
with a described protocol (Upstate Biotechnology, Lake Placid,
NY). in brief, paritoneal macrophages from wild-type and IkBNS™~
- mice were stimulated with 100 ng/ml LPS for 1, 3, or 5 hr, and
then fixed with formaldehyde' for 10 min. The cells were lysed,
sheared by sonlcation using Bloruptor (CosmoBio), and incubated
overnight with specliic antlbody followed by incubatlon with protein
A-agarose saturated with salmon sperm DNA (Upsate Blotechnol-
ogy). Precipitated DNA was analyzed by quantitative PCR (35 cycles)
using primers 6'- CCCCAGATTGCCACAGAATC -% and §- CCAGT
GAGTGAAAGGGACAG -3 for the TNF-« promoter and §'- TGTGTG
TCGTCTGTCATGCG-¥ and §'- AGCTACAGACATCCCCAGTCTC -3/
for the IL.-6 promoter.

Induction of DSS Colitis

Mice recsived 1.6% (wit/vol) DSS (40,000 kDa; ICN Blochemicais), ad
fibitum, In thelr drinking water for 6 days, then switched to regular
drinking water. The amount of DSS water drank per animal was re-
corded and no differences In intake between stralns were observed.
Mice were welghed for the determination of percent weight change.
This was calculated as: percentage weight change = (welght at day
X-day 0/welght at day 0) % 100, Statistical significance was deter-
mined by paired Student's t test. Differences were considered to
be statistically significant at p < 0.05.

Histological Analysis

Colon tissues were fixed In 4% paraformaldehyde, rolled up, and
embedded In paraffin In a Swiss roll orlentation such that the entire
length of the intestinal tract could be ldentifled on single sections.
After sectloning, the tissues were dewaxed In ethanol, rehydrated,
and stained hematoxylin and eosin to study histological changes af-
ter DSS-Induced damage. Histological scoring was performed in
a blinded fashlon by a pathologist, with a combined score for inflam-
matory cell Infiltration (score, 0-3) and tissue damage (score, 0-3)
(Araki et al., 2006). The presence of occasional inflammatory celis
in the lamina propria was assigned a value of 0; increased numbers
of inflammatory cells inthe lamina prapria as 1; confluence of Inflam-
matory cells, extending Into the submucosa, as 2; and transmural

extenslon of the Inflitrate as 3. For tissue damage, no mucosal dam-
age was scored as 0; discrete lymphoepithellal lesions were scored
as 1; surface mucosal erosion or focal ulceration was scored as 2;
and extensive mucosal damage and extenslon into deeper struc-
tures of the bowel wall were scored as 3. The combined histological
score ranged from 0 {no changes) to 6 (extensive cell Inflltration and
tissue damage).

Suppiemental Data

Supplemental Data Include four figures and are avallable with this
article online at http://www.immunity.com/cgi/content/fuil/24/1/
41/DCY/.
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The Nuclear IkB Protein IxBNS Selectively Inhibits
Lipopolysaccharide-Induced IL-6 Production in Macrophages
of the Colonic Lamina Propria’

Tomonori Hirotani,*’ Pui Y. Lee,*7 Hirotaka Kuwata,* Masahiro Yamamoto,**
Makoto Matsumoto,® Ichiro Kawase,” Shizuo Akira,** and Kiyoshi Takeda®*

Macrophages play an important role in the pathogenesis of chronic colitis. However, it remains unknown how macrophages
residing in the colonic lamina propria are regulated. We characterized colonic lamina proprial CD11b-positive cells (CLPM ).
CLPM¢ of wild-type mice, but not IL-10-deficient mice, displayed hyporesponsiveness to TLR stimulation in terms of cytokine
production and costimulatory molecule expression. We compared CLPM¢ gene expression profiles of wild-type mice with IL-
10-deficient mice, and identified genes that are selectively expressed in wild-type CLPM¢. These genes included nuclear 1«B
proteins such as Bcl-3 and IxBNS. Because Bcl-3 has been shown to specifically inhibit LPS-induced TNF-« production, we
analyzed the role of IxBNS in macrophages. Lentiviral introduction of IxBNS resulted in impaired LPS-induced IL-6 production,
but not TNF-« production in the murine macrophage cell line RAW264.7. IxBNS expression led to constitutive and intense DNA
binding of NF-xB p50/p50 homodimers. IxBNS was recruited to the IL-6 promoter, but not to the TNF-a promoter, together with
p50. Furthermore, small interference RNA-mediated reduction in IkBNS expression in RAW264.7 cells resulted in increased
LPS-induced production of IL-6, but not TNF-«. Thus, IxBNS selectively suppresses LPS-induced IL-6 production in macro-
phages. This study established that nuclear 1B proteins differentially regulate LPS-induced inflammatory cytokine production in

macrophages.
nflammatory bowel diseases (IBD)* including Crohn’s dis-
I ease and ulcerative colitis are chronic immune-mediated dis-
orders for which pathogenesis and etiology are poorly under-
stood (1). A number of animal models of mucosal inflammation
- have been developed to analyze the pathogenesis of IBD (2, 3). In
the course of analyzing these models, many types of cells includ-
ing T cells, B cells, and epithelial cells have been shown to con-
tribute to the pathogenesis of colitis. Among these cell popula-
tions, T cells have been shown to possess effector and regulatory
functions in the development of chronic colitis. Both CD4™ Thi
and Th2 cells are critically involved in mucosal immunity as ef-
fector cells, and disrupting the balance of Th1/Th2 polarization
leads to the development of chronic mucosal inflammation (4).
Crohn’s disease is considered to be a Thl-dependent inflammatory
disease, whereas ulcerative colitis is a Th2-dependent disease (3).
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In addition, regulatory T cells, such as CD25"CD4™ T cells, TGF-
B-producing Th3 cells, and IL-10-producing type 1 regulatory T
cells, all have regulatory functions in prevention of chronic mu-
cosal inflammation and even in amelioration of established colitis
(5, 6). B cells also have regulatory functions in mucosal inflam-
mation observed in TCR-a-deficient mice (7). Thus, important
roles of adaptive immunity comprising T cells and B cells in mu-
cosal inflammation are well characterized.

However, recent accumulating evidence demonstrates that in-
nate immunity plays crucial roles in controlling Ag-specific adap-
tive immunity (8—11). Accordingly, the involvement of innate im-
munity in the development of chronic colitis has been proposed.
Abnormal activation of innate immune cells has been shown to
initiate the development of chronic colitis in mice lacking Stat3
specifically in macrophages and neutrophils (12). The phenotype
observed in the Stat3 mutant mice was very reminiscent of that
observed in IL-10-deficient mice, indicating that major target cells
of IL-10 in suppressing chronic mucosal inflammation are cells of
macrophage lineage (12-14). The mechanisms by which abnormal
activity of innate immune cells leads to the development of chronic
colitis were further analyzed. In the absence of Stat3, innate im-
mune cells showed increased levels of inflammatory cytokine pro-
duction through TLR, which are essential for the recognition of
microbial components in innate immune cells. Among these cyto-
kines, IL-12p40 is responsible for the exaggerated Thi cell devel-
opment and thereby induces Thl-dependent chronic colitis (15).
Thus, critical involvement of TLR-dependent activation of innate
immunity has clearly been shown in triggering chronic mucosal
inflammation. In addition to TLR-mediated activation of innate
immunity, NOD2, which is responsible for TLR-independent rec-
ognition of microbial components, has been implicated in the
pathogenesis of Crohn’s disease in human (16-18). Thus, mole-
cules critically involved in innate immune responses, such as TLRs
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and NOD?2, are associated with the pathogenesis of colitis. How-
ever, it remains unclear how activities of these innate immune cell
populations are regulated in the intestinal mucosa.

In this study, we isolated CD1 lb-positive cells from the colonic
lamina propria (CLPM¢), and analyzed their responsiveness to
TLR ligands. CLPM¢ of wild-type mice, but not IL-10-deficient
mice, showed hyporesponsiveness to TLR ligands. Theretore, we
compared CLPM¢ gene expression profiles in wild-type mice with
[L-10-deficient mice, which led to identification of genes that are
specifically expressed in CLPM¢@ of wild-type mice, but not in
CLPM¢ of IL-10-deficient mice or wild-type peritoneal macro-
phages. We further analyzed whether these gene products are ca-
" pable of inhibiting TLR-mediated responses in macrophages, and
found that a member of the 1xB family of proteins, I«kBNS, inhibits
LPS-induced IL-6 production in macrophages.

Materials and Methods

Reagents and cell culture

LPS from Escherichiu coli (055:B5) was purchased from Sigma-Aldrich.
The mouse macrophage cell line (RAW264.7) and human embryonic kid-
ney 293T cells were cultured in DMEM supplemented with 10% FBS, 100
ug/ml streptomycin, and 10 U/ml penicillin G, Mouse peritoneal macro-
phages were collected by peritoneal lavage with HBSS at 3 days after i.p.
injection of 2 ml of 4% sterile thioglycolate into 8- to 12-wk-old mice.
Peritoneal macrophages were cultured in RPMI 1640 medium with 10%
FBS, 100 pg/ml streptomycin, and 10 U/ml penicillin G.

Mice

C57BL/6 mice were purchased from the Central Laboratory of Experimen-
tal Animals (Tokyo, Japan). [L-10-deficient mice were purchased from The
Jackson Laboratory. All experiments using these mice were approved by
and performed according to the guidelines of the animal ethics committee
of Kyushu University and Osaka University.

Isolation of CLPM¢

CLPM¢ was isolated using a protocol modified from an EDTA perfusion
method (19). Mice were anesthetized and their peritoneal and pleural cav-
ities were opened for systemic perfusion from left ventricle with 15 ml of
HBSS containing 20 mM EDTA. Following perfusion, colons were re-
moved, cut into pieces of 2~3 cm in length, resuspended in HBSS, and
shaken with a microbead beater (Biospec Products) at 5000 rpm for 50 s to
remove epithelial cells. The colon pieces were then washed with RPMI
1640, mechanically minced and resuspended in RPMI 1640 supplemented
~with 10% FBS, 2 mg/ml collagenase type II (Invitrogen Life Technolo-
gies), 1 mg/ml dispase (Invitrogen Life Technologies), 15 mg/ml DNase
(Boehringer), 100 pg/ml streptomycin, and 10 U/ml penicillin G for 30
min at 37°C in a shaking incubator. After filtration of digested tissue with
40-pm nylon mesh, isolated cells were washed with PBS and CDl11Ib-
positive cells were purified using MACS selection system using CD11b
MicroBeads (Miltenyi Biotec) following manufacturer’s instructions.

Measurement of inflammatory cytokines

The cells (5 X 10%) were cultured in 96-well plates with 10 or 100 ng/ml
LPS for 24 h. The concentrations of TNF-e, IL-6, and IL-12p40 in the
culture supernatants were determined by ELISA according to the manu-
facturer’s instructions (Genzyme Techne).

Flow cytometry

Single cell suspension of colonic lamina propria was stained with PE-
conjugated anti-CD11b Ab (BD Pharmingen) and biotin-conjugated anti-
TLR4/MD-2 Ab (eBioscience), followed by FITC-conjugated streptavidin.
Stained cells were analyzed on a FACSCalibur (BD Biosciences).

DNA microarray

Total RNA from wild-type or IL-10-deficient lamina proprial CD1 1b-pos-
itive cells was extracted with an RNeasy kit (Qiagen). followed by mRNA
purification with an Oligotex mRNA kit (Amersham Pharmacia Biotech).
Double-stranded ¢cDNA was synthesized from | g of mRNA with the
SuperScript Choice System (Invitrogen Life Technologies) primed with
T7-0ligo(dT) 24 primer. These cDNA were used to prepare biotin-labeled
cRNA by an in vitro transcription reaction using T7 RNA polymerase in
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the presence of biotinylated ribonucleotides, according to the manufactur-
er's protocol (Enzo Diagnostics). The cRNA products were purified using
an RNeasy kit (Qiagen), fragmented, and hybridized to Affymetrix Murine
Genome U74Av2, Bv2 and Cv2 microarray chips, according to the man-
ufacturer’s protocol (Affymetrix). The hybridized chips were stained,
washed, and scanned with a GeneArray scanner (Affymetrix).

RT-PCR

Total RNA (1 pg) was primed with random hexamers, followed by reverse
transcription with Superscript II (Invitrogen Life Technologies). PCR anal-
ysis was performed using recombinant TagDNA polymerase (Takara
Shuzo). Conditions for the reactions were 30 s of denaturation step at 94°C,
30 s of annealing step at 60°C, and 1 min of elongation step at 72°C for
25-30 cycles. Specific primers used were: IkBNS, sense 5'-GCTGTATC
CTGAGCCTTCCCTGTC-3' and antisense 5'-GCTCAGCAGGTCTTC
CACAATCAG-3'; 1xB{, sense 5'-GCTCAACCTGGCTTACTTCTAC
GG-3' and antisense 5'-CGGAAGCCTTCTGCTTGTTGCTTC-3'; Bel-3,
sense 5'-GATGCCCATTTACTCTACCCCGAC-3' and antisense 5'-GC
CGGACCATGTCTGGTAATGTGG-3';CD163,sense 5'-CTTCTTGGAG
GTGCTGGATCTCCTG-3' and antisense 5'-GCTCCCTCTAAGCAAAT
CACACCG-3’; macrophage scavenger receptor 2, sense 5'GGTGCTGG
AAACAGCTCTTGGAC-3' and antisense 5'-GCTCAGCAGGTCTTCCA
CAATCAG-3’; B-actin, sense 5-CTATGTGGGTGACGAGGCCCAGAG-3’
and antisense 5'-GGGTACATGGTGGTACCACCAGAC-3'.

Real-time PCR

RAW?264.7 cells and murine peritoneal macrophages were treated with 10
ng/ml IL-10 (Genzyme) for 1, 2, 4, or 6 h. Total RNA was isolated with
TRIzol (Invitrogen Life Technologies) and treated with DNasel (Promega).
Reverse transcription was performed using MMLV Reverse Transcriptase
(Promega) and oligo(dT) primers (Promega). Finally these solutions were
directly used as templates for PCR. Quantitative real-time PCR was per-
formed on an ABI 7000 sequence detection system (Applied Biosystems)
using TagMan universal PCR Master Mix (Applied Biosystems), as pre-
viously described (20). TagMan probes mix for IkBNS was purchased
from Applied Biosystems. All data were normalized to EFl-« expression
in the same cDNA set.

Lentiviral introduction of IkBNS into macrophages

The lentiviral vector, CSII-EF-MCS-IRES-hrGFP (cPPT-containing SIN
vector plasmid with multiple cloning sites for cDNA insertion followed by
the IRES-GFP sequence under the control of the EF-1a promoter), was
used to generate CSII-EF-IxBNS. Woodchuck hepatitis virus posttransla-
tional regulatory element was ligated at the 3’ end of GFP. The lentiviral
vectors were cotransfected into 293T cells with pMDLg/pRRE (packaging
plasmid), pRSV-Rev (Rev expression plasmid), and pMD.G (VSV-G ex-
pression plasmid). Infectious lentiviruses in the culture supernatants were
harvested at 48 h after transfection. RAW cells (5 X 10°) were cultured
with the lentiviruses for 24 h, and then the culture medium was replaced.
After 48 h, the cells expressing human recombinant GFP were sorted by
FACSVantage SE (BD Biosciences).

Northern blot analysis

The cells were stimulated with 100 ng/ml LPS. Total RNA was extracted
using TRIzol reagent (Invitrogen Life Technologies), electrophoresed,
transferred to a nylon membrane, and hybridized with cDNA probe.

Western blot analysis

Cells (2 X 10% were lysed with lysis buffer containing with 20 mM Tris-
HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, and Complete Mini
(Roche). The lysates were separated on SDS-PAGE and transferred to
polyvinylidene fluoride membrane. The membranes were incubated with
anti-Flag M2 Ab (Sigma-Aldrich), anti-IkBa Ab, anti-ERK Ab, anti-p38
Ab (Santa Cruz Biotechnology), anti-phospho-p38 Ab, and anti-phospho-
ERK Ab (Cell Signaling Technology). Bound Abs were detected with an
ECL system (PerkinElmer).

Immunoprecipitation

The cell lysates were precleared with protein G-Sepharose beads (Amer-
sham Pharmacia Biotech) and then incubated with protein G-Sepharose
beads together with anti-Flag M2 Ab, anti-pS0 Ab, and anti-p65 Ab (Santa
Cruz Biotechnology). Immunoprecipitates were separated on SDS-PAGE,
transferred to polyvinylidene fluoride membrane, and incubated anti-Flag
M2 Ab, anti-p50 Ab, or anti-p65 Ab. Bound Abs were visualized with an
ECL system (PerkinElmer). -
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