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Fig. 1. Schematic drawing of time course of BrdU labeling. A-C:
For slice culture experiments, newly generated cells were labeled by
three methods: (A) incubation in culture medium containing 1 pM
BrdU for 1 day after 7 days of in vitro culture (DIV), (B) an ip
injection of bromodeoxyuridine (BrdU) into P5 rats at the time point
of 30 min before slice preparation, or (C) incubation in culture me-
dium containing 1 pM BrdU for 30 min from the beginning of cul-
ture. Fourteen days after the BrdU treatment, the cultured slices
were fixed. D: For the in vivo experiments, rats on postnatal day 5
(P5) were given an intraperitoneal injection of BrdU and fixed 14
days after the injection (P19).

positive oligodendrocytes and BrdU/Ki67-double-posi-
tive proliferating cells were very low (data not shown).
As it has been reported that in in vivo conditions
about two-thirds of precursor cells differentiate into neu-
rons in the early postnatal period (Namba et al.,, 2005)
and in the adult hippocampus (Kempermann et al.,
2003), the results indicate that neuronal production is
very low in proliferative neural precursor cells after 7
days in culture.

In Vivo- and Early In Vitro—Labeled Cul-
tures. To search for suitable labeling methods of neural
precursor cells that lead to efficient neuronal production,
we attempted to use two different methods: in vivo—la-
beled (Fig. 1B) and early in vitro-labeled (Fig. 1C) cul-
tures. Further, to precisely ascertain the efficiency of
neuronal production, we compared the results of these
two cultures with those of living age-matched rats.
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PS5 BrdU-DIVO—DIV14
(in vivo labeling)

DIVO Brdu—DIVi4

(in vitro labeling)

P5 BrdU—P19

Fig. 2. Phenotypic analysis of BrdU-positive cells in a cultured slice
that was treated with BrdU for 1 day after 7 days of in vitro culture
(A), for 30 min before (in vivo BrdU treatment, C and D) or after
(in vitro BrdU treatment, B, E, and F) the beginning of culture and
fixed 14 days after treatment and of rats injected with BrdU on P5
and fixed 14 days (P19) after injection (G and H). A, B: Most
BrdU-labeled cells were negative for neuronal marker Hu when
newly generated cells were labeled during DIV7-8 (A). However,
the newly generated cells labeled at the beginning of culture were
positive for Hu (B). C-F: In the cultured slices, more than half the
BrdU-positive cells in the GCL were positive for neuronal markers
such as Hu (C and E, arrows), PSA-NCAM/NeuN (D and F,
arrows), and NeuN (D, arrowheads). A small population of BrdU-
positive cells in the GCL was positive for astrocytic. marker S1008
(C and E, arrowhead). G, H: Fourteen days after BrdU injection in
vivo, about two-thirds of the BrdU-positive cells in the GCL were
positive for neuronal markers such as Hu (G, arrows) and NeuN (H,
arrowheads). Scale bar = 10 pm applies to B in A, to D1-H1 in C1,
and to D2-H2 in C2.

To determine whether the in vitro condition itself
affects the capacity for neuronal differentiation, in the
first in vivo—labeled cultures, proliferative neural precur-
sor cells were labeled in vivo, and then hippocampal sli-
ces were cultured to allow the in vivo—labeled precursors
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Fig. 3. Quantitative analysis of neurogenesis in cultured slices and in
vivo. A: In the late in vitro—labeled culture, newly generated cells
were labeled by BrdU during DIV7-8. Only about 10% of these
BrdU-labeled cells were positive for the neuronal marker Hu. B, C:
Comparison of neurogenic ability in the cultured slices and in vivo.
Cultured slices were treated with BrdU before (in vivo labeled, Fig.
1B) or after (in vitro labeled, Fig. 1C) initiation of the culture. For
the in vivo experiments, P5 rats were injected with BrdU and fixed
14 days after the injection (Fig. 1D). B: In the cultured slices, about

to differentiate into neurons in vitro. P5 rats were
injected with BrdU 30 min before slice preparation (Fig.
1B), and hippocampal slices were cultured for 14 days.
At the end of the culture period, most BrdU-labeled
cells were in the GCL (56.9% = 3.3%, n = 21 slices
from 3 rats; Fig. 4). More than half the BrdU-labeled
cells in the GCL expressed immature and mature neuro-
nal marker Hu (60.1% * 3.7%), and the other cells
were S100B positive (27.7% * 3.0%) and double nega-
tive (12.8% * 2.3%, n = 21 slices from 3 rats; Figs. 2C,
3B). In the living age-matched rats injected with BrdU
on P5 and fixed on P19, most of these BrdU-labeled
newly generated cells were in the GCL on P19 (Fig. 4).
The BrdU-labeled cells in the GCL were mainly positive
for Hu (79.1% * 0.8%), with a small proportion positive
for S100B (13.0% %= 1.5%) or double negative (7.4% =
1.1%, n = 5 rats; Figs. 2G, 3B). Although the pro-
portion of Hu-positive neuronal cells in the early
in vitro—slice culture was smaller by 19% than that in
age-matched rats (P < 0.05), the proportion was 7-fold
higher than that in the late in vitro culture (P < 0.001).
These results suggest that neural precursor cells labeled
in vivo can differentiate into neurons more efficiently in
cultured slices than in a late in vitro—labeled culture and
that the in vitro condition itself is not the cause of the
low rate of neuronal differentiation.

To determine whether precursor cells labeled early
in the culture can differentiate into neurons, the hippo-
campal slices were labeled in vitro with BrdU for 30
min at the beginning of the culture and were cultured
for 14 days to allow the in vitro—labeled precursors to
differentiate into neurons in vitro. Similar to the results
in the in vivo—labeled cultures, most BrdU-labeled cells

60% of the BrdU-positive cells in the GCL expressed Hu and about
30% of the BrdU-labeled cells were positive for S100B. C: To clarify
the degree of neuronal maturation, the percentage of BrdU-labeled
cells that coexpressed immature (PSA-NCAM) and/or mature
(NeuN) neuronal markers in the granule cell layer and hilus was
quantified. The percentage of mature neurons (NeuN+/BrdU+) in
the cultured slices was lower than that in vivo. However, the per-
centage of immature neurons (PSA+/NeuN+/BrdU+ and PSA+/
NeuN-/BrdU+) was higher than that in vivo.

were in the GCL after 14 divisions (62.6% * 3.8%, n =
10 slices from 4 rats; Fig. 4). More than two-thirds of
the BrdU-labeled cells in the GCL expressed immature
and mature neuronal marker Hu (58.5% * 3.1%), and
the others were S100B positve (26.5% * 2.4%) and
double negative (12.8% * 2.3%, = 10 slices from 4 rats;
Figs. 2B,E, 3B). These results suggest that neural precur-
sors labeled early in cultures can differentiate into neu-
rons efficiently.

Further, the neuronal maturation of the BrdU-
labeled cells was assessed by a mature neuronal marker,
NeulN, and an immature neuronal marker, PSA-NCAM
(Seki and Arai, 1993; Seki, 2002). In the in vivo—labeled
cultures, most of the BrdU-labeled cells in the GCL
were positive for both PSA-NCAM and NeuN (43.7%
* 3.2%, n = 10 slices from 3 rats), and a minority of
the cells were positive only for PSA-NCAM (3.2% =
1.1%) or for NeuN (12.7% % 3.6%; n = 10 slices from
3 rats; Figs. 2D, 3C). Similarly, in the early in vitro—
labeled cultures, most of the BrdU-labeled cells were
positive for both PSA-NCAM and NeuN (40.5% =
3.7%), and a minority of the cells were positive only for
PSA-NCAM (6.6% * 1.5%) or for NeuN (15.7% =
3.9%, n = 10 slices from 3 rats; Figs. 2F, 3C). There
was almost no difference in the efficiency of neuronal
production between the two labeling methods per-
formed just before or soon after initiation of the cul-
tures. However, the proportion of NeuN-positive
mature neurons in these two cultures was significantly
smaller than that in the living age-matched rats (54.5%
* 7.1%) that were labeled with BrdU on P5 and fixed
on P19. Conversely, the proportion of immature neu-
rons in these two cultures was higher than that in the
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Fig. 4. Distribution of Ki67-positive (P5) cells (A) and BrdU-labeled
cells in rats injected with BrdU on PS5 and fixed 14 days (P19, D)
days after injection and in the cultured slices treated with BrdU for
30 min before (in vivo BrdU treatment, B) or after (in vitro BrdU
treatment, C) the beginning of culture and fixed 14 days after treat-
ment. Dotted lines indicate GCL and the CA3 field of the pyramidal
cell layer. A: Ki67-positive proliferating cells were found throughout
the entire dentate gyrus on P5. B-D: Most of the newly generated
(BrdU-labeled) cells were in the GCL, suggesting that the newly
generated cells migrated toward the GCL in the cultured slices (B,
C) and in vivo (D). E: Time-lapse imaging showing migration of
hilar precursor cells to the GCL. Retrovirus vector—bearing EGFP
gene was directly injected into the hilus. The red lines passing
through the hippocampal crest and the CA3 pyramidal cell layer indi-
cate the border of the suprapyramidal and infrapyramidal regions.
Scale bar == 100 um in A applies to B, C, and D; 50 pm in E1.

age-matched rats (16.5% = 2.2% BrdU+/PSA+/
NeuN+ cells and 10.9% % 3.7% BrdU+/PSA+ cells, n
= 3 rats; Figs. 2H, 3C). These results suggest that neural
precursor cells labeled early in culture can differentiate
into neurons efficiently under culture conditions,
although maturation of differentiated neurons was some-
what delayed in the two cultures.
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Fig. 5. Phenotypic and morphological analysis of RV-positive cells
(GFP-positive cells) in cultured slices treated with RV at the begin-
ning of the culture and fixed 14 days after treatment. A: Most GFP+
cells were in the GCL and extended axons (mossy fibers), indicated
by an asterisk. B: Most GFP-positive cells in the GCL (70.8%)
expressed Hu, a neuronal marker. These cells extended apical den-
drites (arrow) and some basal dendrites or axons (arrowhead), sug-
gesting that these Hu-/GFP-positive cells possessed the features of
typical immature granule cells. C: About one-fifth of the GFP-posi-
tive cells were positive for the astrocytic marker S1008 (arrow).
These possessed highly branched processes. D: A small population of
the GFP-positive cells in the GCL was negative for both Hu and
S100B. The density of the branched processes of GFP-single-positive
cells was lower than that of the S100B-/GFP-positive cells. E: GFP-
positive cell in the GCL expressed Hu (arrows in inset) and extended
apical dendrites. F: Apical dendrite (arrowhead in E) showing a few
spines (arrowheads). G: GFP-positive axons (mossy fibers) found in
the CA3 region of the PCL, with arrowheads showing some boutons
(sr, stratum radiatum; so, stratum oriens). B2, C2, and D2 are merged
images of B3-4, C3-4, and D3-4, respectively. Scale bar = 20 pm
for E and G;10 um for B1, C1, D1, and F; and 5 pm for B2-4, C2-
4, and D2-4.

Retrovirus-EGFP Labeling

To examine whether newly generated cells develop
into normal-shaped granule cells, we labeled dividing
cells with our modified high-titer retroviral vector (RV)
carrying enhanced green fluorescent protein (GFP;
Namba et al,, 2005). Because the BrdU-labeling ex-
periments showed that early in vitro labeling induced
efficient neuronal differentiation of precursor cells, retro-
virus labeling was performed at the beginning of the
slice cultures.
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Similar to the results with BrdU-labeled cells, most
retroviral-labeled cells (GFP-positive cells) were in GCL
(75.1%, n = 489 cells; Fig. 5A) after14 divisions, and
these cells expressed Hu (70.8%, n = 367 cells; Fig. 5B).
Other GFP-labeled cells in the GCL were positive for
S1008 (17.2%) or not positive for either marker (12.0%;
Fig. 5C,D). The retrovirus labeling clearly demonstrated
that GFP-/Hu-positive neuronal cells extended dendrites
with a few spines (Fig. 5B,E,F) and also gave rise to
axons with boutons toward the CA3 region of the
pyramidal cell layer (Fig. 5A,G). To assess the in vitro
maturation of the newly generated GFP-/Hu-double-
positive cells in detail, the length and branching points
of the dendrites were examined and compared with
those that matured in vivo in living rats. In the GFP-la-
beled granule cells that matured in vitro, mean total den-
drite length was 301.6 * 15.7 ym, and mean number of
branching points was 5.45 = 0.31 (n = 11 cells). These
values were higher in GFP-labeled granule cells that
matured in living animals that were labeled with retrovi-
rus-GFP on P5 and fixed on P19 (mean length 614.3 £
14.8 pm, mean number of branching points 7.36 =
0.20, n = 11 cells). These results suggest that new cells
generated in slice cultures develop into normal dentate
granule cells, but their maturation can be somewhat
delayed compared with in vivo maturation.

Time-Lapse Imaging

One advantage of slice culture experiments is being
able to observe the migration of labeled cells using the
same slices. In’ the present study, we tried to examine
whether the migration of neural precursors suggested by
the BrdU experiments (Fig. 4) could be observed in the
present culture system. Retrovirus-EGFP was injected
into the hilus of P5 rats. Hippocampal slices (n = 14 sli-
ces from 10 rats) were cultured 3 days after the retroviral
injection on P5 and were observed every day. A small
population of EGFP-labeled cells was distributed in the
hilus at DIV 0 (Fig. 4E1), and theredfter, the labeled
cells increased in number from DIV 1 to DIV 5. Simul-
taneously, a distinct population of labeled cells appeared
in the subgranular zone and granule cell layer, and the
numbers of these labeled cells increased (Fig. 4E2-5).
Finally, the labeled cells developed apical dendrites at
DIV 5 (Fig. 4E6). The time-lapse imaging directly dem-
onstrated that the neural precursors migrated from the
hilus to the granule cell layer.

DISCUSSION

In research on postnatal neurogenesis using organo-
typic hippocampal slice cultures, it is important to know
the extent to which cultured slices possess neurogenic
capacity. In the present study, we have shown that at
the beginning of the cultures, neural precursor cells had
a high neurogenic capacity that was similar to that of
age-matched rats. However, after 7 days in culture, the
neural precursor cells lost their high neurogenic capacity,
although they still exhibited a low rate of neuronal pro-

duction. This indicates that although cultured hippocam-
pal slices are generally used in electrophysiological and
pharmacological studies after 1-2 weeks in culture
(Okada et al., 1995), the late in vitro labeling of prolifer-
ative precursors has the disadvantage of requiring a high
rate of proliferating activity of neural precursors for anal-
ysis. On the other hand, because in vivo and early in
vitro labeling of proliferative neural precursors allows
efficient neuronal differentiation of labeled precursors,
these types of labels are suitable methods for studies that
need a greater chance to observe neuronal production in
organotypic hippocampal slice cultures.

Late In Vitro—Labeled Culture

The findings of the present experiments indicate
that in late in vitro labeling, only a small number of pro-
liferative neuronal precursors differentiated into neurons,
with most becoming nonneuronal cells. In this regard,
previous reports have shown that nonneuronal cells such
as astrocytes, microglia, and fibroblasts continue to pro-
liferate in organotypic hippocampal slice cultures (del
Rio et al., 1991; Gahwiler et al., 1997; Raineteau et al.,
2004). This suggests that the cellular composition of cells
proliferating in cultured hippocampal slices is consider-
ably different than that in vivo. Proliferative activity is
also reported to be reduced over the first 7 days in cul-
ture (Hajos et al.,, 1994; Sadgrove et al., 2006). Further-
more, published studies have reported conflicting results
about the capacity for neuronal production after 1-2
weeks in organotypic hippocampal slice cultures. Raine-
teau et al. (2004) showed that despite more than 80% of
proliferating cells labeled with BrdU being GFAP posi-
tive at 14 DIV, a small proportion of proliferating cells
still could differentiate into neurons and that the rate of
the neuronal differentiation was enhanced by EGF and
the serum-free conditions. Similarly, Kamada et al.
(2004) indicated that among proliferative cells labeled
with retrovirus-EGFP at 14 DIV, a quarter of the
EGFP- positive cells expressed NeulN and Tuj1 2 weeks
after infection. Poulsen et al. (2005) reported that divid-
ing cells labeled with BrdU at 12-16 DIV did not give
rise to TUC-4-positive neuronal cells. Laskowski et al.
(2005) revealed that bFGF and EGF stimulated prolifera-
tion of cells labeled at 7-9 DIV, but not neurogenesis.
Taken together, these findings suggest that although
neuronal production occurs under certain culture condi-
tions in late in vitro—labeled cultures, the rate of neuro-
nal production is relatively low. Late in vitro—labeled
cultures could be useful for examining a small number
of newly generated cells differentiate into neurons.

In Vivo— and Early In Vitro-Labeled Cultures

Our previous report showed that P5 proliferative
precursor cells are mainly in the hilus and express astro-
cytic markers (Namba et al., 2005). During their devel-
opmental period, they migrate to the granule cell layer
and become granule neurons. In the in vivo and early
in vitro-labeled slice culture experiments, most of the
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proliferating cells that had been labeled in vivo on P5 or
early in vitro were found in the granule cell layer at 14
DIV, and neuronal production was much more efficient
than that in the late in vitro—labeled cultures. Further-
more, retrovirus-EGFP labeling and time-lapse imaging
indicated that the hilar neural precursor cells migrated to
the granule cell layer and finally differentiated into nor-
mal granule cells. Therefore, the in vivo-like capacity of
neural precursor cells for neuronal production could per-
sist in hippocampal slices early in the culture period, and
then during the culture period, the capacity for migra-
tion and differentiation could also be maintained under
culture conditions. On the other hand, during the cul-
ture period, the capacity of neural precursors for neuro-
nal production would be reduced. Note also that in
experiments using embryonic neocortical slices, cell pro-
liferation, differentiation, and migration generally are
examined during the early culture period (Miyata et al,,
2001; Noctor et al., 2001). Collectively, these results
show that in vivo— and early in vitro~labeled cultures
are useful for studying the developmental dynamics of
the hippocampus.

Application and Limits of Hippocampal Slice
Culture for Postnatal and Adult
Neurogenesis Model

As in hippocampal slice cultures, hippocampal slices
are taken from early postnatal rats, the development of
newly generated cells in slice cultures represents postnatal
neurogenesis. However, the results of the hippocampal
slice cultures could provide some information on the de-
velopmental mechanism of adult neurogenesis because
early postnatal and adult neurogenesis have some similar-
ities. In the adult, it has been demonstrated that prolifer-
ation of neural precursors occurs in the subgranular zone
(Altman and Das, 1965; Seki, 2002), and the precursor
cells expressing GFAP give rise to neurons (Seri et al,
2001). Similarly, in the postnatal hippocampus, prolifer-
ating precursors are found in the subgranular zone,
although they are predominantly in the hilus (Altman
and Bayer, 1990; Namba et al., 2005), and precursor
cells positive for astrocytic markers produce neurons
(Namba et al., 2005). Thus, it is probable that adult-like
neuronal differentiation from astrocytic precursors can
be examined in the hilus and the subgranular zone of
the postnatal hippocampus, and that adult-like neuronal
migration and neurite formation can be observed in the
subgranular zone. Further studies are needed to define
the extent to which neurogenesis in hippocampal orga-
notypic slice cultures represents adult neurogenesis.

In addition, new cells raised in vitro exhibited
delayed neuronal maturation. The underlying reason for
this delay remains obscure. Maturation of newly gener-
ated neurons may require some growth factors or input
from extrahippocampal regions such as the entorhinal
cortex and septum. However, retrovirus labeling indi-
cated that the newly generated neurons extended axons
with large boutons, exhibiting the typical features of
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mossy fibers and dendrites with spines. This suggests
functional incorporation of newly generated neurons
into the hippocampal network. In this respect, Raine-
teau et al. (2006) demonstrated electrophysiologically
that new granule cells arising in organotypic hippocam-
pal slice cultures mature and integrate normally into the
hippocampal circuitry (Raineteau et al., 2006). There-
fore, the early in vitro—labeled cultures used in the pres-
ent study could provide a useful ex vivo model in the
search for the mechanism of granule cell maturation.
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Abstract

Signal transducer and activator of transcription 3 (STAT3) has been shown to mediate the anti-
inflammatory effect of IL-10. Activated STAT3 suppresses LPS-induced IL-6, tumor necrosis factor-a
and IL-12 gene expression in macrophages and dendritic cells. However, the mechanism of Toll-like
receptor (TLR) signal suppression by STAT3 has not been clarified. In this study, we investigated the
effect of constitutively activated STAT3 (STAT3C) on LPS-induced nuclear factor-xB (NF-xB)
activation. The forced expression of STAT3C in HEK293/TLR4 cells, but neither wild-type STAT3
nor dominant-negative form of STAT3, suppressed LPS-TLR4-mediated NF-«B reporter activation.
The over-expression of STAT3C did not affect the signal transduction of TLR4, such as the
phosphorylation of inhibitory nuclear factor-«Ba and mitogen-activated protein kinases and the
DNA-binding activity of NF-xB. Thus, STAT3C could suppress the transcriptional and/or translational
activity of NF-xB. To define the molecular mechanism, we searched STAT3C-binding proteins by
using a proteomic approach and found that a novel RNA-binding protein, «CP-1, interacted with
STAT3C. aCP-1 is a K-homology domain-containing RNA-binding protein with specificity for C-rich
pyrimidine tracts. Such proteins play pivotal roles in a broad-spectrum of transcriptional and
translational events. The over-expression of aCP-1 augmented the suppressive effect of STAT3C on
NF-kB activation in HEK293/TLR4 cells. Furthermore, the forced expression of «CP-1 enhanced the
antagonistic effect of IL-10 on IL-6 production in RAW264.7 cells, while small interfering RNA against
aCP-1 reduced it. These data suggest that «CP-1 is involved in the STAT3-mediated suppression of
NF-«B activity.

Introduction

© The Japanese Society for Immunology. 2007. All rights reserved.
For permissions, please e-mail: journals.permissions@oxfordjournals.org

IL-10 is a potent immunoregulatory cytokine with numerous
effects on antigen-presenting cells (APCs), such as. the
-down-regulation of pro-inflammatory cytokines, chemokines
and co-stimulatory molecules. However, the mechanisms by
which IL-10 exerts these effects remain largely unknown.
Several mechanisms have been proposed for the IL-10-
mediated inhibition of LPS-induced pro-inflammatory gene
expression (1), including the activation of the heme oxygen-
ase-1 carbon monoxide pathway (2) and the nuclear factor-
kB (NF-xB) pathway (3), the inhibition of Akt activity (4) and
the induction of B cell lymphoma-3 (Bcl-3) (5). However, the

precise mechanisms remain controversial; specifically, the
ability of IL-10 to inhibit LPS-induced gene expression
has been shown to be transcriptionally mediated via the
inhibition of the NF-xB pathway or a post-transcriptional
mechanism via destabilizing mRNA. In the case of tumor
necrosis factor-a (TNF-a), the latter effect requires the
AU-rich elements in the 3’-untranslated region (6) and the
de novo protein production responsible for mediating the sta-
bilization of mRNA. IL-10 mediates its inhibitory effects by
binding to its receptor complex, which induces the
activation of the cytoplasmic receptor-associated tyrosine
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kinases, JAK1 and Tyk2 (1), followed by signal transducer
and activator of transcription 3 (STAT3) phosphorylation,
homodimerization and translocation to the nucleus, where
it binds to STAT-binding elements in the promoters of
various IL-10-inducible genes. The essential role of STAT3 in
the effect of IL-10 has been clearly demonstrated by stud-
ies using a mouse model with the genetically deleted STAT3
gene in macrophages (7). The over-expression of a domi-
nant-negative form of STAT3 (dnSTAT3) completely reversed
the ability of IL-10 to inhibit LPS-mediated TNF-a and IL-6
production (8).

The obligate role of STAT3 in IL-10 signaling raises the
vexing issue of pathway redundancy and specificity as many
receptors utilize STAT3. For example, IL-6 signaling also
activates the JAK1-STAT3 pathway, which is incapable of
activating the anti-inflammatory response. Previously, we
demonstrated that the suppressor of cytokine signaling 3
(SOCS3) causes the differences between IL-10 and IL-6 (9).
SOCS3 is required to regulate STAT3 signaling from receptors
such as gp130 (e.g. the IL-6 receptor), the leptin receptor
and the G-CSF-R. In macrophages stimulated with either [L-6
or IL-10, SOCS3 expression is strongly induced. However,
the inhibitory effects of SOCS3 are restricted to the gp130
subunit of the IL-6R, SOCS3 binds to phosphorylated Tyr757
of gp130 and thereby blocks signaling. In contrast, IL-10R
appears refractory to the effects of SOCS3 because the
"~ SOCS3 SH2 domain does not bind to the IL-10R subunits
(9). The results of our study suggest that the prolonged acti-
vation of STAT3 is necessary for the suppression of Toll-like
receptor (TLR) signaling, while the transient activation of STAT3
is not sufficient for the suppression of TLR signaling. A similar
result was recently obtained by using mutant STAT3-activating
receptors lacking SOCS3-binding sites (10). This idea is also
supported by the fact that constitutively activated STAT3 in
many tumor cells suppresses pro-inflammatory cytokine and
chemokine synthesis by suppressing NF-xB activity (11).
Toxoplasma gondii activates STAT3 rapidly and indepen-
dently of secreted factors that activate STAT3, such as IL-10
itself (12). The activation of STAT3 suppresses the ability of
macrophages to produce the pro-inflammatory cytokines
necessary to kill and control the parasite and presumably
forms one element in T. gondifs repertoire of survival tools.
This information raises the possibility that prolonged, consti-
tutively activated STAT3 is sufficient for the suppression of
TLR signals. However, there is no direct evidence that acti-
vated STAT3 is sufficient for the suppression of LPS-induced
gene regulation.

Thus, we examined the effect of STAT3C, a mutant form of
constitutively activated STAT3, on TLR signaling and NF-xB
activity. We found that STAT3C inhibits NF-xB transcriptional
activity without affecting signaling pathways such as inhibi-
tory nuclear factor-xBa (IxBa) phosphorylation and mitogen-
activated protein kinases (MAPKs) activation. We sought
STAT3C-binding proteins by a proteomic approach and
identified several proteins, including an RNA-binding pro-
tein, aCP-1, which could augment the suppressive effect of
STAT3C and IL-10. Our data suggest a novel mechanism for
the transcriptional repressor activity of STAT3 for NF-xB acti-
vation and give rise to a novel approach to the suppression
of inflammation.

Methods

Cells, antibodies and reagents

HEK293 cells stably expressing human T7LR4, MDZ2 and
CD14 genes (HEK293/TLR4) were purchased from Invivogen
(San Diego, CA, USA). Bone marrow-derived dendritic cells
(BMDCs) were prepared from mouse bone marrow cells as
described (13). Culture supernatants containing recombinant
mouse IL-10 were prepared from HEK293T cells transfected
with mouse IL-10 cDNA in pME18S. The amount of IL-10 was
determined by ELISA, and the activity of IL-10 was confirmed
as the suppression of surface molecules on LPS-treated
RAW264.7 or BMDC by FACS (data not shown). The anti-
extracellular signal-regulated kinase (ERK)-2 (C-14), anti-Myc
(9E10) antibodies and anti-aCP-1 goat polyclonal antibody
(T-18) were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). The anti-phospho-ERK1/2 (9106), anti-FLAG
(M2), anti-phospho-c-Jun N-terminal kinase (JNK) (9255),
anti-phospho-p38 (9216), anti-JNK (9252), anti-p38 (9212),
anti-phospho-lkBa (9246) and anti-lkBa (9242) antibodies
were obtained from Cell Signaling Technology (Danvers, MA,
USA). LPS (Escherichia coli serotype 055:B5) was from
Sigma Chemical (St Louis, MO, USA).

Plasmids

The expression plasmid of STAT3C with mutations at A661C
and N663C was kindly provided by J.E. Darnell (14). A
dnSTAT3 vector carrying a mutation at Y705F was described
previously (15). The human and mouse aCP-1 cDNAs were
amplified by reverse transcription (RT)-PCR using primers
human «CP-1: 5’-aagcttatggatgccggtgtg-3' and 5’-gaatt-
cgctgcaccccatgeectt-3' and mouse oCP-1: 5'-geggecg-
catggacgccggtgtga-3’ and 5’-gtcgacctagetgcacccecat-3,
respectively. The cDNA was inserted into pCMV14 (Sigma
Chemical) for FLAG-tag, pcDNA4 (Invitrogen, Carlsbad, CA,
USA) for Myc-tag and pGEX-4T1 (Amersham Pharmacia Bio-
tech, Piscataway, NJ, USA) for glutathione S-transferase (GST)-
tag. The pMX-IRES-GFP and pGCDANsaml/E vectors were
used for retroviral transduction (16). The psiBRNA-hH1G2 or
psiRNA-hH1 neo expression vector (Invivogen) was used for
small interfering RNA (siRNA) knockdown (KD) experiments.

Retroviral constructs and transduction

pMX-STAT3C-IRES-GFP or pMX-dnSTAT3-IRES-GFP was ret-
rovirally transduced in BMDCs according to the process
presented in previous papers (17, 18). Briefly, Platk, a pack-
aging cell line, was transfected with pMX-STAT3C-IRES-GFP
or pMX-dnSTAT3-IRES-GFP using FUGENE HD (Roche,
Basel, Switzerland). GFP-positive PlatE cells were sorted
by a cell sorter (FACSAria, BD Biosciences, San Jose, CA,
USA). Stable virus producers were established by repeated
sorting. The viruses were collected from the culture super-
natants of the virus producers and used for the transduction
of BMDCs. The mouse aCP-1-pGCDANsaml/E vector-con-
taining IRES-GFP cassette was transfected into 293GPG-
packaging cells as described previously (16). RAW264.7
cells were retrovirally transduced with the virus superna-
tants. Thirty-two hours later, GFP-positive cells (~40% GFP*
cells) were sorted by a cell sorter and used for the assays.



Intracellular staining for cytokines and FACS

Retrovirally transduced BMDCs were stimulated with 10 ng mi~"
of LPS for 8 h in the presence of Brefeldin A (3 pg ml~’, eBio-
science, San Diego, CA, USA). The cells were stained with anti-
CD11c-Allophycocyanin antibody (eBioscience), fixed and
permeabilized using a Fixation and Permeabilization kit
(eBioscience) followed by intracellular staining using anti-
TNF-a—PE or anti-IL-6—PE antibodies (eBioscience). The cells
were analyzed by a FACSCalibur (BD Biosciences).

Reporter gene analysis and EMSA

The NF-xB-responsive promoter luciferase reporter gene, a
generous gift from T. Fujita (Laboratory of Molecular Genet-
ics, Institute for Virus Research, Kyoto University, Japan),
has been described (19). Reporter gene assay and Electro-
phoretic Mobility Shift Assay (EMSA) were performed as de-
scribed previously (20, 21).
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Immunoprecipitation assay, GST pull-down assay and
western blot analysis

For immunoprecipitation, equal amounts of cellular proteins
were incubated with anti-FLAG M2 affinity gel (Sigma Chemi-
cal) or protein G sepharose (Amersham Pharmacia Biotech)
beads for 2 h at 4°C. The immunoprecipitates were collected
by centrifugation and washed five times in washing buffer (1%
NP-40 and 25 mM HEPES). Eluted samples were resolved by
SDS-PAGE. The proteins were transferred to polyvinylidene
difluoride membranes, and the membranes were immunoblot-
ted with specific antibodies and visualized with appropriate
HRP-conjugated secondary antibodies using the SuperSignal
West Pico Chemiluminescent Substrate (Pierce Biotechnology,
Rockford, IL, USA).

For GST pull-down assay, E. coli strain BL21 was trans-
formed with human aCP-1-pGEX-4T1. GST and GST-aCP-1
proteins were purified by affinity chromatography. Transiently
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Fig. 1. Constitutive activation of STAT3 results in reduced LPS-induced IL-6 and TNF-a. BMDCs were retrovirally transduced with constitutively
activated STAT3 (STAT3C)-IRES-GFP, dnSTAT3-IRES-GFP or an empty GFP vector. The BMDCs were left untreated (filled histogram) or stimulated
with LPS (open histogram) for 8 h, followed by surface staining with an anti-CD11¢ antibody and intracellular staining with an anti-IL-6 or anti-
TNF-a antibody. CD11¢* GFP* cells were analyzed by FACS.
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transfected HEK293T cells with FLAG-STAT3C plasmid were
lysed and incubated with a purified control GST protein or
GST-aCP-1 protein along with the suspension of glutathione-
sepharose beads (Amersham Pharmacia Biotech) at 4°C for 2
h. The beads were washed and the precipitated proteins were
analyzed by western blotting as previously described (22).

Preparation of nuclear extract, large-scale pull-down assay
and mass spectrometric analysis

HEK293/TLR4 cells (1 X 107) were lysed in 5 mi of Buffer A
[10 mM HEPES-HCI pH 7.9, 1.5 mM MgCl,, 10 mM KCl,
1 mM dithiothreitol (DTT) and protease inhibitor cocktail
(Nacalai Tesque, Kyoto, Japan)] on ice for 10 min. Then
10% NP-40 was added to a final concentration of 0.2%, and
the mixture was vortexed for 10 sec and centrifuged at
10 000 r.p.m. for 1 min at 4°C. One milliliter volume of Buffer
C [50 mM HEPES-HCI pH 7.9, 1.5 mM MgCl,, 420 mM KC|,
1 mM EDTA, 20% glycerol, DTT (to 1 mM) and protease in-

hibitor cocktail] was added, and the pellets were left on ice
for 30 min, vortexed for 10 sec and centrifuged at 15 000
r.p.m. for 10 min at 4°C. For the proteome-based analysis,
the nuclear protein was incubated with anti-FLAG M2 affinity
gel (Sigma Chemical) for 1 h at 4°C. The precipitated immune
complexes were washed five times with washing buffer
[0.25% NP-40 in Tris-buffered saline (TBS)], the bound pro-
teins were eluted with FLAG peptide (Sigma Chemical) and
the eluted fractions were concentrated with an Ultrafree-MC
10 000 NMW Filter Unit (Millipore, Billerica, MA, USA). The
proteins were separated by SDS-PAGE and visualized by sil-
ver staining. For mass spectrometric analysis, proteins were
cut from gels, digested with modified trypsin (sequencing
grade, Promega, Madison, WI, USA) (23) and loaded into an
automated nanoflow liquid chromatography system for tandem
mass spectrometry (Finnigan LCQ Deca, Thermo Fisher Scien-
tific, Waltham, MA, USA). The peptide masses obtained by
LC-MS/MS analysis were searched against the non-redundant
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Fig. 2. STAT3C suppresses the LPS-induced activation of NF-kB. (A) The indicated amounts of wild-type STAT3, STAT3C and dnSTAT3 cDNA
were transfected into HEK293/TLR4 cells along with an NF-xB luciferase reporter. Twenty-four hours later, the cells were pre-treated with I1L-10
stimulated with LPS, and then luciferase activity was measured and normalized based on B-galactosidase activity. (B) HEK293T cells were
transfected with the indicated amount of STAT3C or dnSTAT3 together with an NF-xB luciferase reporter and MyD88, TRAF6, TAB1/TAK1, IKKP or
p65/p50 cDNA. Luciferase activity was determined as described in (A). Means = SD of triplicate samples of one representative experiment out of

three independent experiments are shown.



protein sequence database of the National Center for Bio-
technology Information using the Mascot search engine
(Matrix Science, Boston, MA, USA).

Measurement of cytokines

mRNA expression levels and protein levels for IL-6 and TNF-a
were determined by RT-PCR and ELISA (eBioscience) as
described previously (24, 25).

Generation of mouse «aCP-1 KD cells

siRNA sequences that target the human oCP-1 position at
991 bp (5'-ggctetgetgecagtattagt-3') and the mouse aCP-1
position at 11 bp (5'-gtgtgactgaaagcggactca-3’') were de-
termined by Invivogen siRNA Wizard software. The annealed
nucleotides were inserted into the psiRNA-hHi1G2 or
psiRNA-hH1 neo expression vector. RAW264.7 cells were
transfected with the control or psiRNA-hH1neo-aCP-1 vector
using FUGENE HD. Stable RAW264.7 cell transformants
were selected with 0.8 mg mi~" of G418 (26). Several G418-
resistant clones were isolated and assayed.

RNA co-immunoprecipitation assay

RAW264.7 cells were untreated or stimulated with LPS
(100 ng mi~") for 3 h. Then the cells were lysed with the lysis
buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 125 mM B-
glycerophosphate, 1.5 mM MgCl,, 2 mM EGTA, 10 mM NaF,
2 mM DTT, 1 mM NagVO,, 1 mM phenylmethylsulphonylfluor-
ide, 20 uM aprotinin and 0.5% Triton X-100), and the cell
lysates were incubated with anti-aCP-1 antibody, control
goat IgG or no antibody for 30 min at 4°C, followed by 45
min of further incubation along with protein G sepharose
beads. The beads were washed with TBS containing 0.05%
Tween 20, re-suspended with 20 pl of the same buffer and
boiled for 5 min. The supernatants were subjected to RT-
PCR as described previously (24, 25).

Results

STAT3C suppresses NF-xB activity without any effects on
signal transduction in LPS signaling

Although STAT3 is indispensable for IL-10 function, it is still
unclear whether STAT3 activation is sufficient for the sup-
pression of pro-inflammatory cytokines. We first examined
the effect of STAT3C, a constitutively activated form of STAT3,
on LPS-induced iL-6 and TNF-a production in BMDCs. The
over-expression of STAT3C, but not an empty control or
dnSTAT3, suppressed the protein production of IL-6 and
TNF-a (Fig. 1). This result suggests that activated STAT3 is
sufficient for the suppression of pro-inflammatory cytokine
production in BMDCs.

Then we examined whether the over-expression of STAT3C
in HEK293/TLR4 cells is sufficient for the suppression of NF-
kB transcriptional activity (Fig. 2A). STAT3C, but neither wild-
type STAT3 nor dnSTAT3, suppressed LPS-TLR4-mediated
NF-xB reporter activation. The suppressive effect of STAT3C
was even greater than that of IL-10 (Fig. 2A). The inhibitory
effect of STAT3C on NF-kB activation was also observed in
the cells in which NF-kB was activated by the forced expres-
sion of signaling molecules downstream of TLR4, such as
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MyD88, TRAF6, TAB1/TAK1, IKKB and the heterodimeric com-
plex of NF-«xB subunits, p65/p50 (Fig. 2B). The inhibitory effect
of STAT3C was not non-specific transcriptional repression .
since STAT3C enhanced APRE reporter promoter activity (data
not shown). This result suggests that STAT3C inhibits NF-xB
transcriptional activity but not signaling intermediates.

To investigate this possibility further, we examined the ef-
fects of STAT3C on the activation of signaling molecules
involved in LPS signaling. HEK293/TLR4 cells were trans-
fected with either STAT3C or an empty vector and then stim-
ulated with LPS. The phosphorylation of ikBa, ERK, p38 and
JNK, as well as the degradation of IkBa, was measured by
western blotting (Fig. 3A). Similar activation of MAPKs, as
well as IkBa phosphorylation and degradation, was ob-
served between empty and STAT3C vector transfected cells.
Furthermore, EMSA assay revealed that DNA-binding activity
of NF-xB was similarly activated by LPS in the presence or
absence of STAT3C (Fig. 3B). These results suggest that
STAT3C does not affect proximal signaling events of TLR4,
including the DNA-binding activity of NF-xB, but rather af-
fects the transcriptional activity of NF-xB.

Identification of xCP-1 as a STAT3C-binding protein

To define the molecular mechanism of transcriptional re-
pression by STAT3C, we first examined the direct interaction
between STAT3C and NF-kB subunits. We could not show
direct co-immunoprecipitation of STAT3C with a p65 subunit
of NF-xB (data not shown). STAT3 has been shown to interact
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Fig. 3. STAT3C does not affect LPS signaling. (A) HEK293/TLR4 cells
were transfected with an empty vector or STAT3C and then stimulated
with LPS. The cells were harvested and lysed at the indicated time
points. Western blot analysis was performed with the indicated
antibodies. One representative experiment out of three independent
experiments is shown. (B) HEK293/TLR4 cells were transfected with
the indicated amount of empty vector or STAT3C and then stimulated
with LPS for 30 min. The NF-xB DNA-binding activity in nuclear
extracts was determined by EMSA. One representative experiment
out of two independent experiments is shown.
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with transcriptional co-activator p300 (27). Thus, we exam-
ined the effect of the over-expression of p300 to examine
the possibility of sequestration of p300 by STAT3C. However,
the over-expression of p300 did not reverse the suppressive
effect of STAT3C (data not shown). Because transcriptional
repression is often mediated by co-repressor complexes with
histone deacetylase (HDAC) activity, we examined the effect
of various HDAC inhibitors. However, none of the HDAC inhib-
itors reversed the effect of STAT3C (data not shown), leading
us to suspect that STAT3C recruits a novel transcriptional/
translational repressor.

To identify the proteins interacting with STAT3C, FLAG-
STAT3C was over-expressed in HEK293/TLR4 cells and im-
munoprecipitated with FLAG M2 beads from nuclear extracts.
The proteins eluted were resolved by SDS-PAGE and then vi-
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sualized with silver staining (Fig. 4A). The bands co-precipi-
tated with STAT3C were identified using automated nanofiow
liquid chromatography. Among several proteins identified, an
~40 kDa protein was identified as «CP-1 [hnRNP E1 and
poly(C)-binding protein (PCBP)-1] by tryptic fragmentation
and subsequent MS/MS analysis (Fig. 4B). We further charac-
terized this molecule because aCP-1 is reported to suppress
the expression of several genes (28, 29).

The aCP-1 is a K-homology domain containing an RNA-
binding protein and a member of the PCBP family, which
consists of five PCBPs («CP-1-4 and hnRNP K). First, we
confirmed that aCP-1 was constitutively expressed in the cy-
toplasm and nucleus and was not induced by IL-10 (data
not shown). We obtained the full-length «CP-1 cDNA by RT-
PCR and sub-cloned it into an expression vector. Then we
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Fig. 4. STAT3C interacts with an RNA-binding protein, aCP-1. (A) HEK293/TLR4 cells were transfected with empty or FLAG-STAT3C plasmid.
Thirty-six hours later, the cells were lysed and dissolved by SDS-PAGE. The silver staining of the gel is shown. Distinct bands in the STAT3C-
transfected, LPS-stimulated condition were subjected to LC-ESI-MS/MS mass spectrometric analysis. The locations of STAT3C and aCP-1 are
indicated. (B) A schematic diagram of the «CP-1 protein. KH represents the K-homology domain. (C) HEK293T cells were transfected with FLAG-
STAT3C and Myc-aCP-1 vectors. Twenty-four hours later, the whole-cell extracts (WCE) were immunoprecipitated (IP) with anti-FLAG or anti-Myc
antibody and blotted with antibodies as indicated (WB). (D} GST-aCP-1 fusion protein was expressed in BL21 Escherichia coli, extracted
and visualized by Coomassie brilliant blue staining (upper panel). The WCE from HEK293T cells transfected with FLAG-STAT3C or an empty
vector (lower left panel) were incubated with control GST or GST-aCP-1, precipitated with glutathione-sepharose beads and blotted with anti-

FLAG antibody (lower right panel).



confirmed the interaction between STAT3C and aCP-1 by the
co-immunoprecipitation assay (Fig. 4C). When FLAG-tagged
STAT3C and Myc-tagged «CP-1 were expressed in HEK293T
cells, STAT3C and aCP-1 were clearly co-immunoprecipitated
with opponent antibodies. Furthermore, we confirmed the in-
teraction between STAT3C and GST-«CP-1 in vitro using
recombinant GST-aCP-1 (Fig. 4D). Purified GST-aCP-1 beads
were incubated with HEK293T cell extracts containing FLAG-
STAT3C. As shown in Fig. 4(D), GST-aCP-1, but not GST, pre-
cipitated STAT3C. These data indicate that «CP-1 physically
interacted with STAT3C.

Role of «CP-1 in LPS-induced NF-xB activation

To examine the effect of aCP-1 on LPS-mediated NF-xB acti-
vation, we over-expressed various amounts of aCP-1 and
STAT3C in HEK293/TLR4 cells. As shown in Fig. 5(A), aCP-1
alone suppressed LPS-induced NF-xB activity in a dose-
dependent manner. Moreover, when aCP-1 and STAT3C
were simultaneously expressed in HEK293/TLR4 cells, fur-
ther suppression of NF-xB activity was observed.

Next, we examined the effect of the reduced expression
of endogenous «CP-1 by siRNA. The siRNA expression re-
duced the level of aCP-1 mRNA (data not shown) and partly
reversed NF-xB repression by STAT3C (Fig. 5B). These
results suggest that «CP-1 is involved in the STAT3-mediated
suppression of LPS-induced NF-xB activation. «CP-1, in par-
ticular, could be a partial transcriptional repressor of NF-xB
because of its suppressive effect on NF-xB transcriptional
activity.

Effect of forced expression of «CP-1 on LPS-induced
pro-inflammatory cytokines

To elucidate the in vitro function of «CP-1 in the context of
pro-inflammatory cytokine induction in macrophages, we first
generated macrophage-like cells expressing elevated levels
of aCP-1. RAW264.7 cells were transduced with aCP-1-IRES-
GFP or a control GFP retrovirus vector, and the GFP-positive
fraction was sorted by FACS. As shown in Fig. 6(A), an ~2-
fold increase in aCP-1 expression levels was detected by
western blotting with anti-aCP-1 antibody in «CP-1-transduced
cells. In our condition, IL-6 was slightly produced in RAW264.7
cells infected with an empty vector without LPS stimulation,
and |L-10 had little effect on the basal level of IL-6 production
in the cells (Fig. 6B). IL-10 strongly reduced the LPS-induced
production of IL-6 and TNF-a in the cells with the empty vec-
tor. Although LPS-induced IL-6 levels were similar between
the ceils infected with empty and aCP-1 vectors, IL-10 sup-
pressed LPS-induced IL-6 production more profoundly in
the cells with «CP-1. Thus, the suppressive effect of IL-10
on IL-6 was significantly enhanced by the forced expres-
sion of aCP-1. However, the forced expression of aCP-1
did not affect IL-10-mediated TNF-o suppression (Fig. 6B),
indicating an IL-6-specific manner.

To further confirm the role of «CP-1 in the suppressive ef-
fect of IL-10 on IL-6 production, we investigated the mRNA
expression of IL-6 in the RAW264.7 cells infected with an
empty or aCP-1 vector. As shown in Fig. 6(C), the elevation
of IL-6 mRNA levels by LPS was suppressed in IL-10
pre-treated cells infected with an empty vector. The reduc-
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Fig. 5. aCP-1 suppresses LPS-induced NF-kB activation. (A)
HEK293/TLR4 cells were transfected with the indicated amounts of
STAT3C, aCP-1 or both cDNA and an NF-xB luciferase reporter.
Twenty-four hours later, the cells were stimulated with LPS for 6 h, and
then luciferase activities were measured. Means * SD of triplicate
samples of one representative experiment out of three independent
experiments are shown. (B) HEK293/TLR4 cells were transfected with
STAT3C, siRNA-aCP-1 or an empty vector along with an NF-xB
luciferase reporter. Luciferase activity was determined as described
in (A).

tion of IL-6 mRNA levels by IL-10 was prominent in the cells
infected with aCP-1 and showed no effect on the kinetics
(Fig. 6C). In contrast, the reduction of TNF-a mRNA levels
by IL-10 was not affected by «CP-1 {data not shown). These
results suggest that aCP-1 is involved in the IL-10-STAT3-
mediated reduction of mRNA levels of pro-inflammatory
cytokine, particularly IL-6, but not TNF-a.

Effect of the knockdown of «CP-1 on LPS-induced
pro-inflammatory cytokines

in order to confirm the role of «CP-1 in suppressing IL-6 pro-
duction in macrophages, we established several «aCP-1-KD
RAW264.7 cell clones. As shown in Fig. 7(A), the expression
levels were decreased by ~50% in the KD cell line, clone
KD-1, compared with the endogenous aCP-1 level. Consis-
tent with the resuits shown in Fig. 6(B), IL-6 was slightly pro-
duced in the clone with the empty vector without LPS
stimulation, and IL-10 had little effect on the basal level of
IL-6 production in the cells (Fig. 78). The basal level of IL-6
in KD-1 was slightly increased by IL-10 treatment. As
expected, the suppressive effect of IL-10 on IL-6 secretion
was attenuated significantly in KD-1. Similar results were
also observed in the different clones (data not shown). On
the other hand, the ratio of suppression of TNF-a production
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Fig. 6. Forced expression of «CP-1 enhances the suppressive effect of IL-10 on LPS-induced IL-6 production. (A-C) RAW264.7 cells were
retrovirally transduced with empty GFP or «CP-1 GFP, and the GFP-positive cells were sorted. (A) The whole-cell extracts were analyzed by
western blotting with the indicated antibodies. The relative intensities of each aCP-1 band normalized by STATS expression levels are shown
above. (B and C) Retrovirally transduced RAW264.7 cells were pre-treated with IL-10 for 30 min and then stimulated with LPS for 12 h (B) or for
the indicated times (C). The concentrations of IL-6 and TNF-a in the culture supernatants were measured by ELISA (B). Asterisk indicates
statistically significant differences between the groups (P < 0.005). The IL-6 mRNA was analyzed by RT-PCR (C).

by IL-10 (~80% suppression) was comparable between the
control clone and KD-1 (Fig. 7B). Interestingly, TNF-a pro-
duction by LPS was enhanced in KD-1 (Fig. 7B).

A reduced IL-10 effect was also confirmed by RT-PCR. As
shown in Fig. 7(C), IL-10 failed to suppress IL-6 mRNA ex-
pression in KD-1, especially at 3 h stimulation. However,
there was no difference in the TNF-a mRNA levels of the
control and KD-1 cells (data not shown). These findings
further support a strong link between the aCP-1 and IL-10-
STAT3-mediated suppression of IL-6.

Selective interaction between «CP-1 protein and IL-6 mRNA

aCP-1 is a member of the PCBP family, which interacts with
RNA. Thus, we investigated whether the aCP-1 protein can
bind to pro-inflammatory cytokine mRNA. RAW264.7 cells
were stimulated with or without LPS, and then the aCP-1 pro-
tein was immunoprecipitated with an anti-aCP-1 antibody.
IL-6 or TNF-a mRNA was detected by RT-PCR using RNA
co-immunoprecipitated with an anti-aCP-1 antibody as a tem-
plate. As shown in Fig. 8, IL-6 mRNA, but not TNF-a mRNA,
was detected in the anti-aCP-1 antibody immunoprecipi-
tates. These results suggest that the aCP-1 protein selec-
tively binds to IL-6 mRBNA but not to TNF-a mRNA, which
may account for the suppressive effect of «CP-1 on IL-6 but
not on TNF-«, as shown in Figs. 6 and 7.

Discussion

The IL-10-STAT3-signaling pathway plays a critical role in
anti-inflammatory effects on the immune system. For exam-
ple, IL-10-deficient mice as well as conditional knockout
mice deficient for STAT3 in APCs show the spontaneous de-
velopment of chronic enterocolitis (7, 30). IL-10 strongly sup-
presses various aspects of inflammatory responses induced
by LPS on APCs, such as macrophages and dendritic cells.
While the signaling pathways emanated from TLR to activate
APCs are well characterized, the mechanism by which IL-10
suppresses TLR-mediated NF-xB activation is poorly under-
stood. Numerous groups have searched for the IL-10-
regulated genes responsible for the anti-inflammatory effect
because anti-inflammatory effects of IL-10 has been shown
to require de novo protein synthesis. However, none of the
target genes has been able to replace the anti-inflammatory
effect of IL-10 alone. For example, the over-expression of
Bcl-3, an IL-10-inducible gene, inhibits LPS-induced TNF-a
production, but IL-10 still shows the suppression of IL-6
production in macrophages lacking Bcl-3 (5). Bcl-3 is shown
to interact with NF-xB p50 subunit, which may interfere with
the recruitment of the NF-xB, p65/p50 heterodimer to the
TNF-a promoter. On the other hand, the over-expression of
IkBNS, an IL-10-dependent colonic lamina propria macro-
phage-specific gene, inhibits LPS-induced 1L-6 production
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Fig. 8. «CP-1 protein binds to IL-6 mRNA but not to TNF-a mRNA.
RAW264.7 cells were untreated (—) or treated with LPS for 3 h (+) and
then lysed. IL-6, TNF-a and G3PDH Glyceraldehyde-3-phosphate
dehydrogenase mRNAs were amplified by RT-PCR using the lysates
of whole-cell extracts (input) or the lysates of immunoprecipitates (IP)
with an anti-aCP-1 antibody, control goat IgG or no antibody (none)
along with protein G sepharose beads.

but not TNF-a production (31). Therefore, it is possible that
anti-inflammatory effects of IL-10 could be a sum of the effects
of IL-10-inducible, anti-inflammatory genes.

In addition, we suspected that activated STAT3 itself may
have an anti-inflammatory effect because we and others
have demonstrated that the prolonged activation of STAT3 is

necessary to elicit an anti-inflammatory effect (9, 10). To fur-
ther demonstrate this notion, we examined whether STAT3C,
a constitutively activated form of STAT3, directly suppresses
TLRA4 signaling and NF-xB activity. We have clearly demon-
strated that STAT3 can directly suppress NF-xB transcriptional
activity without affecting the signal transduction pathways of
TLR4. We then hypothesized that a novel factor associated with
STAT3C links STAT3 activation to NF-xB suppression.

To evaluate this hypothesis, we sought the factors associ-
ated with STAT3C and found an BNA-binding protein, aCP-1.
In this study, we propose that this novel STAT3C-binding
protein, aCP-1, is involved in the IL-10-STAT3-mediated sup-
pression of NF-xB activation. «CPs have been implicated in
a wide range of post-transcriptional regulatory pathways, in-
cluding not only mRNA stabilization but also translation
silencing (32, 33). hnRNP K has been reported to directly
interact in vitro and in vivo with zinc finger transcriptional
repressor Zik-1 and with other structurally related transcrip-
tional repressors such as Kid-1 and MZF-1 (32). Since aCP-1
over-expression with STAT3C suppressed NF-xB reporter gene
activity (Fig. 5), «CP-1 may directly or indirectly inhibit NF-«xB
transcriptional activity. Thus, «CP-1 may function as a tran-
scriptional repressor. However, the molecular mechanism for
this function is unclear at present.

We found that «CP-1 bound to 1L-6 mRNA but not to TNF-
o mRNA (Fig. 8), which may explain why the effect of aCP-1
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is stronger for IL-6 than for TNF-a. (Figs 6 and 7). Although
aCP-1 has been shown to stabilize certain mRNAs by bind-
ing to a 3'-untranslated region C-rich motif (33), this mecha-
nism is not at work the case because the forced expression
of «CP-1 reduced the mRNA levels of IL-6 in RAW264.7 cells
treated with IL-10 (Fig. 6C). The MAPK, p38 pathway, medi-
ates the stabilization of TNF-a mRNA via HuR and Tristetrap-
rolin (TTP) in myeloid cells stimulated with LPS (6, 34). One
of the effects of IL-10 is the destabilization of the mRNA of
TNF-a by the suppression of p38 activation and the inhibition
of HuR expression (6). There is a possibility that «CP-1 inter-
acts with IL-6 mBNA 3’-untranslated region and blocks sta-
bilization by HuR and TTP. However, we did not see any
differences in IL-6 mRNA stability by the forced expression
of aCP-1 (data not shown). Thus, aCP-1 may affect the tran-
scription, splicing or nuclear transport, rather than the stabil-
ity, of IL-6 mRNA.

aCP-1 may affect translation. aCP-1, aCP-2 and hnRNP K
were shown to specifically and efficiently inhibit the transla-
tion of the HPV-16 L2 mRBNA in vitro (35). aCP-2 has been
shown to inhibit the translation of CCAAT/enhancer binding
protein & mRNA, which leads to the suppression of the ex-
pression of C/EBPa and G-CSF-R and leads to rapid cell
death in the breakpoint cluster region-Abelson-expressing
myeloid cells (36). It has also been shown that hnRNP K and
oCP-1 induce the translational silencing of 15-lipoxygenase
(37). Thus, STAT3-aCP-1 may suppress the translation of
pro-inflammatory genes, particularly IL-6, in addition to tran-
scriptional repression. Further investigation is necessary to
reveal the precise mechanisms suppressing IL-6 transcrip-
tion by STAT3—aCP-1. A comprehensive analysis using
microarray is required to identify other genes regulated by
aCP-1. In addition, the loss or gain of function analysis of
aCP-1 in vivo using animal models is critical to clarify the
physiological role of this molecule.

Our data provide a novel mechanism employing «CP-1 for
the IL-10-STAT3-mediated suppression of NF-xB activation
and IL-6 production. Therefore, the up-regulation of «CP-1
may represent a potential therapeutic pathway for the treatment
of inflammatory diseases by enhancing the effect of IL-10.
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Abbreviations
APC antigen-presenting cell
Bcl-3 B cell lymphoma-3

BMDC bone marrow-derived dendritic cell
C/EBPa CCAAT/enhancer binding protein o
dnSTAT3 dominant-negative form of signal transducer and

activator of transcription 3

D1T dithiothreitol

EMSA electrophoretic mobility shift assay
ERK extracellular signal-regulated kinase
G3PDH glyceraldehyde-3-phosphate dehydrogenase
GST glutathione S-transferase

HDAC histone deacetylase

IxBa inhibitory nuclear factor-xBa

IPTG isopropy! B-D-thiogalactoside

JNK c-Jun N-terminal kinase

KD knockdown

MAPK mitogen-activated protein kinase

NF-xB nuclear factor-xB
PCBP poly(C)-binding protein
RT reverse transcription

siRNA _small interfering RNA

SOCS3 suppressor of cytokine signaling 3

STAT3 signal transducer and activator of transcription 3
TBS Tris-buffered saline

TLR Toll-like receptor

TNF-a tumor necrosis factor-a

TP Tristetraprolin
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ABSTRACT

Adult neurogenesis occurs in the subgranular zone and innermost part of the dentate
granule cell layer. To examine how neural precursor cells proliferate, migrate, and extend
their neurites, we performed BrdU- and improved retrovirus-green fluorescence protein
(GFP)-labeling analyses. Soon after labeling the majority of BrdU+ cells and GFP+ cells
expressed Ki67, a cell cycle marker, and formed clusters together with PSA+ neuroblasts.
Most of the Ki67+ proliferating cells expressed Hu, an immature and mature neuronal
marker, and the subpopulation expressed both Hu+ and GFAP+. In the clusters, Ki67+ and
PSA+ cells strongly expressed B-catenin and N-cadherin, but PSA+ cells outside the clusters
did not. Therefore, it was mainly Hu+ neuronal precursor cells that proliferated within
clusters in which the cluster cells are closely associated via cell adhesion molecules, such as
N-cadherin/B-cateninIn and PSA. The newly generated cells appeared to stay in the clusters
for a few days and then disperse around the clusters. The findings of this in vivo analysis and
in vitro time-lapse imaging of early postnatal hippocampal slices support the notion that most
postmitotic neuroblasts migrate tangentially from clusters, extending tangentially oriented
processes, one of which often retains close contact with the clusters, and finally extend radial
processes, or prospective apical dendrites. These results suggest that the clustering cells and
tangentially migrating cells have a systematic cellular arrangement and intercellular inter-

action. J. Comp. Neurol. 502:275-290, 2007.
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tangential migration

Neurogenesis continues along the border between the
granule cell layer (GCL) and hilus of the adult dentate
gyrus (Altman and Das, 1965; Kaplan and Hinds, 1977;
Seki and Arai, 1991b, 1993, 1995; Cameron et al., 1993;
Kuhn et al., 1996; Gould and Gross, 2002). Recently, ex-
tensive studies have revealed that the neural progenitors
in the adult hippocampus have astrocytic features (Seri et
al., 2001; Filippov et al., 2003; Fukuda et al., 2003; Garcia
et al., 2004) and develop into mature neurons through a
series of steps (Seki, 2002b; van Praag et al., 2002;
Fukuda et al., 2003; Kempermann et al., 2004a; Alvarez-
Buylla and Lim, 2004; Esposito et al., 2005; Shapiro and
Ribak, 2005; Tozuka et al., 2005; Zhao et al., 2006). Addi-
tionally, it has been proposed that there are adult neuro-

© 2007 WILEY-LISS, INC.

genic niches that maintain neurogenesis throughout life
(Palmer et al., 2000; Song et al., 2002; Mercier et al., 2002;
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Doetsch, 2003; Seki, 2003; Shen et al., 2004; Alvarez-
Buylla and Lim, 2004). It is also known that adult neuro-
genesis is regulated by various factors, such as the exter-
nal environment, hormones, and brain injury (Parent,
2003; Kempermann et al., 2004b; Abrous et al., 2005;
Doetsch and Hen, 2005; Shapiro and Ribak, 2005).

However, the exact cellular arrangement and intercel-
lular relationship of neurogenesis, as has been clearly
shown in the developing neocortex (Rakic, 1971, 2003;
Marin-Padilla, 1998; Miyata et al., 2001; Tamamaki et al.,
2001; Fujita, 2003; Tabata and Nakajima, 2003; Noctor et
al., 2004), still remains to be explored in the adult hip-
pocampus. In particular, it is not yet precisely known how
the neural precursors proliferate and then migrate from
the site of cell proliferation to develop neurites. In this
respect, we have previously found that proliferating cells
are buried in the tangential processes of polysialic acid-
positive (PSA+) neuroblasts and immature neurons in
2-month-old rats (Seki, 2002b). However, we could not
describe the exact developmental sequence from prolifer-
ating cells to immature neurons because in relatively
young adult rats the dentate subgranular zone (SGZ) con-
tains many proliferating cells and neuroblasts, forming a
dense plexus of tangential processes.

To overcome this problem, in the present BrdU experi-
ments we used older rats at the age of 6 months since the
number of PSA-expressing neuroblasts and immature
neurons is decreased at that age (Seki and Arai, 1995;
Kuhn et al., 1996; Seki, 2002a). This allows the relation
between proliferating cells and postmitotic neuroblasts
migrating from the proliferative sites to be readily recog-
nized. In another type of experiment, we used retrovirus-
green fluorescence protein (GFP), which labels a subset of
proliferating cells and reveals morphological details of the
newly generated cells (Tanaka et al., 2004; Esposito et al.,
2005; Namba et al., 2005; Zhao et al., 2006). Additionally,
to observe migration and neurite formation directly, time-
lapse imaging of GFP-labeled cells was performed in a
slice culture of the early postnatal hippocampus. The re-
sults of the present study support the notion that neuro-
nal precursors mainly proliferate within cell clusters, then
move mainly tangentially from the cell proliferation site,
leaving a trailing process behind at the proliferation site,
after which they finally extend radially oriented den-
drites.

MATERIALS AND METHODS
Animals
Male Wistar rats at 2 and 6 months of age were pur-
chased from Japan SLC and maintained in the animal
care centers of Juntendo University. All animal treat-

ments were approved by the Institutional Animal Care
and Use Committee at our institution.

BrdU injection

- The rats were given an mtrapentoneal (i.p.) injection of
BrdU (Sigma, St. Louis, MO) dissolved in 0.9% NaCl (50
mg/Kg body weight). One, 3, 6, and 7 days after the BrdU
injections the rats were deeply anesthetized with sodium
pentobarbital and perfused intracardially: first with 0.01
M phosphate-buffered saline (PBS), pH 7.4, followed by
4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH
7.4, at room temperature.

The Journal of Comparative Neurology. DOI 10.1002/cne
T. SEK1 ET AL.

Retrovirus injection

An improved retroviral vector was prepared using 293
gpg/ENEGFP, a 293 gpg cell line transduced with
DNEGFP, which is an expression vector carrying en-
hanced green fluorescent protein (EGFP), by a previously
described method (Suzuki et al., 2002; Tanaka et al.,
2004). Rats at the age of 8 weeks were anesthetized with
pentobarbital. Improved retrovirus carrying EGFP (0.5
pL at the rate of 0.1 ul/min) was stereotaxically injected
into both sides of the dentate gyrus (posterior, 3.5—4.0 mm
from bregma; lateral, 2.0-2.5 mm; ventral, 3.5-4.0 mm).
Two, 3, 4, and 5 days after the retrovirus injection the rats
were fixed as described above.

Tissue preparations

Brains were removed from the skull and postfixed over-
night in the same solution at 4°C. The fixed brains were
washed with PBS and the cerebral cortices containing the
hippocampal formation were dissected away from the re-
maining brain structure. Next, 1-2-mm-thick slices were
cut in a plane perpendicular to the septotemporal axis of
the hippocampal formation at the approximate midpoint
of the axis. For storage, the thick slices were immersed in
10% sucrose for 2-5 hours, then in 20% sucrose in PBS at
4°C overnight, embedded in OCT compound, and stored at
—70°C. Before sectioning the samples were thawed,
washed in PBS, and embedded in 5% agarose in PBS. The
hippocampus was cut by a vibratome into 50-pm sections.
The vibratome sections were stored in a solution of 30%
ethylene glycol, 25% glycerin in 0.1 M PB at —40°C.

Anubodles

The species, class, dilution, and vendor (catalog num-
ber) of antibodies used are shown in Table 1. The mono-
clonal anti-BrdU was generated in rats. This antibody
reacts with BrdU in single-stranded DNA, BrdU attached

- to a protein carrier, or free BrdU, but does not crossreact

with thymidine (manufacturer’s technical information).
No staining was seen in the brain of rats not injected with
BrdU. The rabbit polyclonal anti-B-catenin was developed
using a synthetic peptide (Pro-Gly-Asp-Ser-Asn-Gln-Leu-
Ala-Trp-Phe-Asp-Thr-Asp-Leu) conjugated to KLH as im-
munogen. The peptide corresponds to amino acids 768—
781 of human or mouse B-catenin. The antibody reacts
with a 94-kD protein using immunoblotting and shows no
crossreactivity with a-catenin peptide (amino acids 890—
901) con_]ugated to bovine serum albumin (BSA). Specl.ﬁc
staining in immunoblotting is inhibited following preincu-
bation of the diluted antiserum with the B-catenin peptide
(manufacturer’s technical information). The B-catenin im-
munoreactivity in the hippocampus was very similar to
that reported previously (Madsen et al., 2003). The mouse
monoclonal anti-GFAP was generated against purified
GFAP from pig spinal cord. This antibody specifically lo-
calizes GFAP in an immunoblot technique and does not
crossreact with vimentin. The antibody stains astrocytes,
Bergmann glia cells, and gliomas (manufacturer’s techni-
cal information). The rabbit polyclonal anti-GFAP was
generated against GFAP isolated from cow spinal cord.
The antibody is specific to astrocytes (i.e., glial cells) and
ependymal cells of the central nervous system (manufac-
turer’s technical information). These two antibodies to
GFAP only stained cells with the classic morphology and
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TABLE 1. Antibodies*

Antibodies Species/class Dilution Vendor (catalog No) or references
Primary antibodies

BrdU Rat IgG 1:400 ImmunologicalsDirect.com (OBT0030)
B-catenin Rabbit IgG 1:2000 Sigma (C2206)

GFAP Mouse IgG 1:2000 Sigma (G3893)

GFAP Rabbit IgG 1:200 NeoMarkers (RB-087-A0)

GFP Rabbit IgG 1:100 Tamamaki et al. 2000

GFP Rabbit IgG 1:400 Chemicon (AB3080)

Hu Human IgG " 1:2000 Okano et al. 1997

Ki67 Mouse IgG 1:200 Novocastra Laboratories (NCL-Ki67-MM1)
Ki67 Rabbit IgG 1:200 Novocastra Laboratories (NCL-Ki67p)
MASH-1 Mouse IgG 1:200 BD Bioscience (556604)

N-cadherin Mouse IgG 1:1000 BD Bioscience (610920)

PSA Mouse IgM 1:500 Seki and Arai, 1991

S$100-8 Mouse IgG 1:2000 Sigma (82532)

Secondary antibodies

Human IgG (H+L) + Cy3 donkey 1:200 Jackson (709-165-149)

Human IgG (H+L) + Cy5 donkey 1:200 Jackson (709-175-149)

Mouse IgG (H+L) + Cy2 donkey 1:200 Jackson (715-225-151)

Mouse IgG (H+L) + Cy3 donkey 1:200 Jackson (715-165-151)

Mouse IgG (H+L) + Cy5 donkey 1:200 Jackson (715-175-151)

Mouse IgG (y) +Cy3 goat 1:200 Jackson (115-165-071)

Mouse IgM (p) +Cy2 goat 1:200 Jackson (115-225-075)

Mouse IgM (u) +Cy5 goat 1:200 Jackson (715-175-140)

Rabbit IgG (H+1L) + FITC donkey 1:200 Jackson (711-095-152)

Rabbit IgG (H+L) + Cy3 donkey 1:200 Jackson (711-165-152)

Rat IgG (H+L) + Cy3 donkey 1:200 Jackson (712-165-153)

*The immunization antigens and specificity of the antibodies are described in Materials and Methods.

distribution of fibrillary astrocytes (Kosaka and Hama,
1986) and cells with radial processes (radial glia-like cells)
in the hippocampus (Schmidt-Kastner and Szymas, 1990).
The rabbit polyclonal anti-GFP (Tamamaki et al., 2000)
was generated against GFP that was induced in E. coli
with full-length GFP coding sequence and purified accord-
ing to the protocol recommended by the manufacturer of
the GST-system (Amersham-Pharmacia Biotech, Piscat-
away, NdJ). The rabbit monoclonal anti-GFP (Chemicon,
Temecula, CA) was generated against GFP conjugated to
BSA. The antibody reacts with various forms of GFP in-
cluding EGFP including those found in vectors supplied by
ClonTech (Palo Alto, CA) and Invitrogen (Carlsbad, CA;
manufacturer’s technical information). The two antibodies
to GFP did not stain the brain of rats not injected with
retrovirus-GFP. The human anti-Hu was obtained from
patient serum of paraneoplastic neurological syndrome
(the Hu syndrome) and was purified using the full-
length HuC fusion protein coupled covalently to cyano-
gen bromide Sepharose 4B (Pharmacia, Uppsala, Swe-
den) according to the manufacturer's instructions
(Okano and Darnell, 1997). The Hu antiserum detects
recombinant fusion proteins of all four Hu family mem-
bers and also recognizes a set of antigens of 35—40 kD
on Western blots of brain. Immunofluorescence double
exposure of GFAP and Hu immunoreactivity in the adult
neocortex has demonstrated that the two are mutually
exclusive (Okano and Darnell, 1997). The mouse monoclo-
nal anti-Ki67 and the rabbit polyclonal anti-Ki67 were
generated using prokaryotic recombinant fusion protein
corresponding to a 1,086-bp Ki67 motif-containing cDNA
(manufacturer’s technical information). A double band at
245-395 kD is detected by Western blot analysis (Key et
al., 1993). Two hours after BrdU injection all BrdU-
labeled cells were stained with these antibodies and the
number of the double-positive cells was reduced 7 days
after the BrdU injection. The mouse monoclonal anti-
MASH-1, a product of proneuronal gene, recognizes mouse
and rat MASH1. Recombinant, full-length rat MASH1
protein was used as immunogen. The antibody identifies a

34-kD band in Western blot analysis of lysate from rat
embryonic brain (manufacturer’s technical information).
The staining with the anti-MASH1 was confined to nuclei
of neurogenic regions in the adult hippocampus. The dis-
tribution pattern of MASH1-immunoreactive cells in the
adult hippocampus was very similar to that of MASH1
mRNA (Pleasure et al., 2000). The mouse monoclonal anti-
N-cadherin was generated from amino acids 802—819 of
mouse N-cadherin and recognizes a band of 130 kD pro-
tein in Western blot analysis of rat brain (manufacturer’s
technical information). The distribution of cells stained
with this antibody in the dentate gyrus was very similar to
that detected with other antibodies to N-cadherin (Shan et
al., 2002). The staining with this antibody was colocalized
with that of B-catenin that binds to cytoplasmic domain of
N-cadherin. The mouse monoclonal anti-PSA was gener-
ated against a living cell suspension from the forebrain of
an embryonic day 18 Wistar rat (Seki and Arai, 1991a).
The antibody recognizes a 180-280-kD broad band be-
cause of the negative charge of polysialic acid. The char-
acterization of the antigenic specificity of this antibody
using lipid-conjugated oligo/polysialic acids has shown
that the minimum chain length required for antigen-
antibody binding is 5 N-actylneuraminic acid residues
(Sato et al., 1995). Endo N, PSA-specific endoneura-
minidase abolishes the immunostaining by this anti-
body in the hippocampus (Seki and Rutishauser, 1998).
The mouse monoclonal anti-S1008 was generated using
purified bovine brain S-100p preparation. This antibody
recognizes an epitope located on the B-chain, but not on
the a-chain of S-100 and does not react with other
members of the EF-hand family such as calmodulin,
parvalbumin, intestinal calcium-binding protein, and
myosin light chain (manufacturer’s technical informa-
tion). The antibodies to S100f stained cells with the
classic morphology and distribution of astrocytes and
cells with radial processes (radial glia-like cells) in the
hippocampus, as reported previously (Schmidt-Kastner
and Szymas, 1990).



