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EMSA

The cells were stimulated with 100 ng/ml LPS for 30 or 60 min. Then,
nuclear proteins were extracted and incubated with an end-labeled, double-
stranded oligonucleotide containing a NF-xB binding site on the IL-6 pro-
moter in 25 wl of binding buffer (10 mM HEPES-KOH, (pH 7.8), 50 mM
KCI, | mM EDTA, (pH 8.0), 5 mM MgCl,, and 10% glycero}l) for 20 min
at room temperature and loaded onto a native 5% polyacrylamide gel. The
DNA-protein complexes were visualized by autoradiography. The speci-
ficities of the shifted bands were determined by adding Abs specific for p65
and p30 (Santa Cruz Biotechnology).

Luciferase assay

RAW264.7 cells (1 X 10°) were transiently transfected with a total 0.5 pg
of expression vector, and 100 ng of IL-6 promoter-luciferase construct (21)
or TNF-a promoter-luciferase construct (22) using a Superfect transfection
reagent (Qiagen). After 24 h, cells were treated with or without 10 ng/mi
LPS for 6 h. The luciferase activity was measured using the dual-luciferase
reporter assay system (Promega). The Renilla-luciferase reporter gene (20
ng) was used as an internal control.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChiP) was performed essentially with a
described protocol (Upstate Biotechnology). In brief, RAW cells were
stimulated with 100 ng/ml LPS for | or 2 h, and then fixed with formal-
dehyde for 10 min. The cells were lysed, sheared by sonication, and in-
cubated overnight with specific Ab followed by incubation with protein
A-agarose saturated with salmon sperm DNA (Upstate Biotechnology).
Precipitated DNA was analyzed by quantitative PCR (35 cycles) using
primers 5'-ACTAGCCAGGAGGGAGAACAGAAACTC-3' and 5'-CA
CAAGCAGGAATGAGAAGAGGCTGAG-3' for the TNF-a promoter
and 5'-TAGCAGCAGGTCCAACTGTGCTATCTG-3' and 5'-AAGC
CTCCGACTTGTGAAGTGGTATAG-3' for the IL-6 promoter.

In another experiment, peritoneal macrophages from wild-type mice and
Stat3 mutant mice were pretreated with 10 ng/ml IL-10 for 18 h, then
stimulated with 100 ng/ml LPS for 1 h, and used for ChIP assay.
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RNA interference

RAW cells (4 X 10° were transfected with 500 pmol of dsRNA using
Nucleofector (Amaxa). The target small interference RNA (siRNA), 5'-
GUGCAGAUGUUACUGCAAAA-3’, was designed and produced by
Dharmacon. The control siRNA was purchased from Dharmacon (catalog
no. D-001206-08-05).

Results

Characterization of CD11b-positive cells in the colonic lamina
propria

To analyze the function of colonic macrophages, we first isolated
CLPM¢ according to procedures described in Materials and Meth-
ods. Flow cytometric analysis showed that 30-40% of CLPM¢
also expressed CDllc, indicating the presence of both macroph-
age-lineage cells and dendritic cell-lineage cells in the population.
Using highly purified (over 97% purity) CLPM¢, we analyzed
their response to TLR ligands such as LPS and CpG DNA. We first
stimulated CD11b-positive cells from the spleen and colonic lam-
ina propria with LPS or CpG DNA, and analyzed for inflammatory
cytokine production (Fig. 1A). CDl1b-positive cells from the
spleen produced significant amounts of TNF-a, IL-6, IL-12p40,

+ and IL-10 in response to LPS or CpG DNA. However, TLR li-

gand-induced increase in production of TNF-e, IL-6, and IL-
12p40 was not observed in CLPM ¢, although IL-6 was produced
in the absence of stimulation. In addition, IL-10 production was
constitutively observed in CLPM¢. We next analyzed TLR ligand-
induced augmentation of surface molecules such as CD40, CD80,
CD86, and MHC class II (Fig. 1B). These surface molecules were
not up-regulated in response to LPS or CpG DNA in CLPMd.
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FIGURE 1. Characterization of CD11b-positive cells in the colonic lamina propria (CLPM¢). A, CD!1 1b-positive cells were isolated from the spleen and
the colonic lamina propria, then stimulated with 100 ng/mi LPS or 10 nM CpG DNA for 24 h. Concentrations of TNF-a, IL-6, 1L-12p40, and I[L-10 in
the culture supernatants were measured by ELISA. N.D., Not detected. B, The cells were also analyzed for surface expression of CD40, CD80, CD86, and
MHC class 11 by flow cytometry. C, Colonic lamina proprial cells were stained with anti-CD11b and anti-TLR4/MD-2 Abs. D, CLPM ¢ were isolated from
IL-10-deficient mice, in which chronic colitis was already developed, and were anatyzed for LPS-induced production of TNF-¢, IL-6, and 1L-12p40 by
ELISA. E, CLPM¢ were isolated from 4- to 5-wk-old Stat3 mutant mice, in which chronic colitis was not developed yet, and analyzed for LPS-induced
production of TNF-a, IL-6, and IL-12p40 by ELISA. F, CLPM¢ isolated from 4- to 5-wk-old wild-type and Stat3 mutant mice were analyzed for surface

expression of CD40, CD80, CD86, and MHC class Il by flow cytometry.
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Thus, CLPM¢ were refractory to TLR ligands in terms of inflamma-
tory cytokine production and costimulatory molecule expression.
Surface expression of TLR4-MD-2 complex on CLPM¢ was ob-
served (Fig. 1C). Therefore, the hyporesponsiveness to TLR ligands
was not due to the lack of TLR4 expression in CLPM¢ (Fig. [C).

We next isolated CLPM¢ from IL-10-deficient mice, in which
chronic colitis has already developed, and analyzed for inflamma-
tory cytokine production in response to TLR ligands (Fig. 1D).
Although CLPM¢ from wild-type mice did not show LPS-induced
production of TNF-a and IL-6, CLPM¢ from IL-10-deficient mice
produced small amounts of TNF-« and IL-6 even when cultured
with media alone, and the production was robustly enhanced in
response to LPS. CLPM¢ from mice lacking Stat3 in macrophage
(Stat3 mutant mice) also showed increased TNF-« and IL-6 pro-
duction in response to LPS (data not. shown). Even in CLPM¢
from young (4- to 5-wk-old) IL-10-deficient or Stat3 mutant mice,
which have not developed colitis yet, LPS stimulation resulted in
increased production of TNF-« and IL-6, indicating that enhanced
production of inflammatory cytokines was not due to environmen-
tal effects, but intrinsic to CLPM¢ themselves (Fig. LE). Surface
expression of CD40, CD80, CD86, and MHC class Il was up-
regulated in CLPM¢ from 'young Stat3 mutant mice (Fig. 1F).
- Thus, CLPM¢ from IL-10-deficient or Stat3 mutant mice showed
enhanced inflammatory response even before colitis was devel-
oped. These findings suggest that under normal conditions,
CLPM¢ become tolerant to TLR ligand stimulation, and failure to
establish tolerance correlates with the development of chronic
colitis.

Identification of genes that are specifically expressed in CLPMd¢

In the next set of experiments, we tried to reveal the mechanisms
for differential responses to TLR ligands seen in CLPM¢ of wild-
type and [L-10-deficient mice. DNA microarray analysis using
mRNA purified from CLPMd¢ of wild-type mice and IL-10-defi-
cient mice led to identification of several genes that are selectively
expressed in wild-type CLPM¢, but not in IL-10-deficient
CLPM¢ (data not shown). These genes include IkBNS, Bcl-3,
macrophage scavenger receptor 2, and CD163. RT-PCR analysis
confirmed that these genes were expressed in wild-type CLPM¢,
but not in IL-10-deficient CLPM¢ or wild-type peritoneal CD11b-
positive cells (Fig. 24). CD163 is a member of the scavenger re-
ceptor cysteine-rich superfamily, and was shown to be an IL-10-
inducible gene in monocytes/macrophages (23-25). Bel-3 has been
shown to be induced by IL-10 in macrophages and is responsible
for suppression of LPS-induced TNF-« production (22). In addi-
tion to Bcl-3, IkBNS was selectively expressed in wild-type
CLPM¢. Like Bcl-3, IkBNS is a member of the nucleus-localized
IxB family proteins bearing ankyrin-repeats (26). We analyzed
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whether IkBNS expression is induced by IL-10 in the RAW mac-
rophage cell line and peritoneal macrophages. Real-time RT-PCR
analysis showed that IkBNS mRNA was induced within | h of
IL-10 treatment in both RAW cells and peritoneal macrophages,
indicating that like Bcl-3, I«kBNS is an IL-10-inducible gene in
these cells (Fig. 2, B and C). Because Bcl-3 was shown to inhibit
LPS-induced TNF-a production and I«kBNS is structurally related
to Bcl-3, we decided to analyze the role of [«kBNS in macrophages.

IkBNS inhibits IL-6 production in macrophages

To analyze the role of IkBNS in macrophages, we introduced
I«BNS together with GFP into RAW264.7 cells using a lentiviral
vector system (22, 27). A lentiviral vector containing GFP alone
was used as control in all experiments, RAW264.7 cells were in-
fected with lentivirus, and after 2 days of culture, GFP-positive
cells were isolated by FACS sorting. Following stimulation with
LPS, the production of TNF-« and IL-6 in the culture supernatants
was analyzed (Fig. 34). RAW cells expressing GFP alone secreted
significant amounts of IL-6 in response to LPS. However, LPS-
induced secretion of IL-6 was severely reduced in cells expressing
IxBNS/GFP. Similar amounts of TNF-a were produced by RAW
cells expressing GFP alone and I«BNS/GFP in response to LPS.
We also analyzed the LPS-induced mRNA expression of IL-6,
TNF-a, and IL-18 (Fig. 3B). Introduction of IkBNS/GFP resulted
in severely impaired LPS-induced IL.-6 mRNA expression. How-
ever, even in cells expressing [kBNS/GFP, LPS-induced mRNA
expression of TNF-a and IL-18 was not impaired. Thus, lentiviral
expression of I«kBNS in macrophages resulted in specific inhibition
of LPS-induced IL-6 production.

IkBNS associates with NF-kB p50 and enhances its DNA-
binding activity

Because Bcl-3 has a regulatory function on NF-«kB activity, we
next examined LPS-induced NF-«B activation in cells expressing
IkBNS/GFP. We first analyzed LPS-induced degradation of [xBa
by Western blot analysis (Fig. 44). LPS stimulation induced deg-
radation of IkBa in cells expressing IkBNS/GFP as well as cells
expressing GFP alone. LPS-induced phosphorylation of ERK1/2
and p38 was not impaired in cells expressing I«BNS/GFP, indi-
cating that expression of I«BNS did not affect LPS signaling path-
way in the cytoplasmic compartment (Fig. 48). We next analyzed
whether the DNA-binding activity of NF-«kB was altered in cells
expressing IkBNS (Fig. 4C). LPS stimulation predominantly en-
hanced DNA-binding activity of p50/p65 heterodimers in cells
transduced with GFP alone. In cells expressing IkBNS/GFP, the
DNA-binding activity of p50/pSO homodimers became evident
even before LPS stimulation, and the DNA-binding activity of
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FIGURE 2. Identification of genes that are selectively expressed in CLPMé. A, Total RNA was purified from CLPM¢ of wild-type or IL-10-deficient
mice, and peritoneal CD1 Ib-positive cells (M), and then analyzed for expression of IkBNS, 1xB{. Bcl-3, macrophage scavenger receptor 2 (Msr2). and
CD163 by RT-PCR. B and C, RAW264.7 cells (B) and peritoneal macrophages (C) were treated with 10 ng/ml IL-10 for the indicated periods. IxBNS and
EF1-a mRNA were measured by quantitative real-time PCR. Expression of [kBNS was normalized to housekeeping gene EF1-e. Data were expressed as
relative fold induction of I«kBNS compared with nontreated condition.
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FIGURE 3. Lentiviral introduction of IkBNS results in impaired LPS-
induced IL-6 production in macrophages. A, RAW cells were infected with
lentivirus expressing [kBNS/GFP or GFP alone. After infection for 24 h,
RAW cells were washed and additionally incubated for 2 days. Then, GFP-
positive cells were purified by FACS sorting, and stimulated with 100
ng/ml LPS for 24 h. Concentrations of TNF-« and IL-6 in the culture
- supernatants were determined by ELISA. B, GFP-positive cells (GFP alone
and IkBNS/GFP) were purified, stimulated with LPS (100 ng/ml) for the
indicated period, and then total RNA extracts were analyzed for the mRNA
expression of IL-6, TNF-a, and IL-18. Hybridization with the B-actin
probe confirmed even loading of RNA in each lane.

p30/p50 homodimers remained dominant even after LPS stimula-
tion.” The specificity of the bands was confirmed by supershifts
using anti-p50 and anti-p65 Abs. Thus, cells expressing IkBNS
showed altered DNA-binding activity of NF-«B. Previous studies
showed that Bcl-3 preferentially interacted with p50 subunit of
NF-«B (28). Therefore, we next analyzed whether I«kBNS associ-
ates with NF-«kB. RAW cells were lentivirally introduced with
Flag-tagged IxBNS and subjected to coimmunoprecipitation anal-
ysis using Abs that detect endogenous p50 or p65 subunit (Fig.
4D). Flag-tagged IxkBNS that coimmunoprecipitated with p50, but
not p65, was detected by anti-Flag Ab (Fig. 4D, lef). Conversely,
p30, but not p65, coimmunoprecipitated with IkBNS (Fig. 4D,
right). Thus, these findings indicate that like Bcl-3, I«BNS spe-
cifically associates with p50 subunit of NF-«B in macrophages.

[«BNS inhibits LPS-induced activation of the IL-6 promoter

We next analyzed the mechanism by which I«kBNS specifically
inhibits IL-6 production in macrophages. We first examined the
effect of transient overexpression of IkBNS on LPS-induced acti-
vation of the IL-6 and TNF-a promoters using a reporter gene
assay. Ectopic expression of IkBNS suppressed LPS-induced tran-
scriptional activity of the IL-6 promoter in RAW cells in a dose-
dependent manner (Fig. 54). In contrast, IkBNS expression had no
effect on LPS-indyced transactivation of the TNF-& promoter (Fig.
5B). Thus, I«kBNS has an inhibitory effect on the LPS-induced
activation of the IL-6 promoter, but not the TNF-a& promoter.
We next performed ChIP assays to further investigate how
© IkBNS specifically regulates IL-6 promoter activity. RAW cells
constitutively expressing Flag-IkBNS were stimulated with LPS
for I or 2 h, and ChlP assays were performed using Abs that detect
Flag or endogenous p50 and p65 (Fig. 5C). In RAW cells express-
ing [kBNS, both [kBNS and p50 were recruited to the IL-6 pro-
moter before LPS stimulation. The recruitment of I«BNS and p50
to the IL-6 promoter was stably observed even after LPS stimu-
lation. Furthermore, LPS-induced recruitment of p65 to the IL-6

[kBNS INHIBITS [L-6 PRODUCTION IN MACROPHAGES

promoter was reduced in RAW cells expressing IxBNS. In con-
trast, IkKBNS was not recruited to the TNF-« promoter, and LPS-
induced recruitment of p50 and p65 was normally observed at the
TNF-a promoter, indicating that [xBNS expression did not have
any effect on the TNF-« promoter. Taken together, these results
suggest that IkBNS suppresses the IL-6 promoter activity by se-
lective recruitment to the IL-6 promoter with NF-«B p50.

We addressed whether the altered recruitment of p50 and p65 to
the IL-6 promoter was observed in IL-10-pretreated primary mac-
rophages, in which IkBNS expression was induced. Peritoneal
macrophages from wild-type mice were pretreated with [L-10 for
18 h, then stimulated with LPS for 1 h, and analyzed by ChIP assay
(Fig. 6). In nonpretreated macrophages, recruitment of p50 and
p65 to the IL-6 promoter was observed only after LPS stimulation.
However, in IL-10 pretreated cells, pSO was recruited to the IL-6
promoter even before LPS stimulation and LPS-induced recruit-
ment of p65 was severely impaired. In addition, IL-10-mediated
alteration of NF-«B recruitment to the IL-6 promoter was not ob-
served in Stat3-deficient macrophages, in which IL-10 signaling
was abolished. Thus, [kBNS-mediated alteration of NF-kB recruit-
ment to the IL-6 promoter correlates with changes mediated by
IL-10 in macrophages, indicating that I«BNS mediates IL-10-in-
duced inhibition of IL-6 production.

Inhibition of IkBNS expression results in increased IL-6
production in macrophages

To further clarify the involvement of [kBNS in suppression of
LPS-induced IL-6 production in macrophages, we used siRNA to
block expression of IkBNS in RAW cells. RAW cells were trans-
fected with control (nonspecific) siRNA or IkBNS siRNA. After
transfection, the cells were stimulated with LPS and analyzed for
expression of [kBNS, IL-6, and TNF-c«. [kBNS mRNA expression
was induced by LPS as well as IL-10 in RAW cells (Fig. 7A).
Introduction of IkBNS siRNA resulted in reduced IxkBNS mRNA
expression to ~30% (Fig. 7A). In these cells, LPS-induced TNF-«
mRNA expression was not significantly altered. However, LPS-
induced IL-6 mRNA expression was increased to ~200% of the
level found in control cells. LPS-induced production of TNF-a and
IL-6 was also analyzed by ELISA (Fig. 7B). IkBNS knockdown in
RAW cells had no effect on LPS-induced TNF-a production.
However, in cells transfected with I«xBNS siRNA, LPS-induced
[L-6 production was increased by about 2-fold compared with cells
transfected with control siRNA. We also analyzed activity of the
IL-6 promoter in cells transfected with IkBNS siRNA (Fig. 70).
LPS-induced activation of the IL-6 promoter, but not the TNF-«
promoter, was increased in cells with reduced IkBNS expression.
Thus, siRNA-mediated reduction of IkBNS expression in macro-
phages enhanced LPS-induced activation of the IL-6 promoter and
production of IL-6. Taken together, these data demonstrate that
IxBNS negatively regulates LPS-induced IL-6 production in
macrophages.

Discussion

In this study, we first characterized CLPM¢. Several studies in
animal models of IBD and human IBD patients indicate that cells
of macrophage lineage play an important role in intestinal mucosal
immune responses. Aberrant activation of macrophages due to the
absence of Stat3 led to the development of chronic colitis (12).
Increased CD40L-induced production of IL-12 in mucosal den-
dritic cells was also demonstraied in mice with colitis (29). In
humans, mucosal macrophages trom IBD patients showed higher
expression of several surface molecules such as CD14, CD16, and
HLA-DR (30-32). Furthermore, mucosal macrophages from IBD
patients showed enhanced activity, such as the release of oxygen
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with LPS (100 ng/ml) for the indicated period (min), and the total cell lysates were analyzed for expression of Flag-I«kBNS, [xBe, and ERK by Western
blot analysis. B, Western blots showing the extent of phosphorylation of p38 and ERK MAPKs at the indicated time period after LPS stimulation in RAW cells
expressing GFP alone or IkBNS/GFP. C, RAW cells introduced with GFP alone or [kBNS/GFP were stimulated with 100 ng/mt LPS for the indicated time period.
Nuclear extracts were subjected to EMISA using the NF-«B binding site of the IL-6 promoter as a probe. The specificities of the shifted bands were determined
by adding specific Abs to p50 and p65. Two types of NF-«B bindings to the probe, p50/p65 heterodimer (+) and p50/p50 homodimer (++), are indicated. D, RAW
cells introduced with GFP alone or IkBNS/GFP were lysed and immunoprecipitated (IP) with anti-p50 or anti-p635 Abs (/eff). The immunoprecipitated lysates were
subsequently immunoblotted with anti-Flag Ab. The same lysates were immunoprecipitated with anti-Flag Ab, and blotted with anti-p50 or anti-p65 Abs (right).

radicals and mature IL-1p, and presentation of Ag (33-35). Thus,
enhanced activity of mucosal macrophages is associated with the
pathogenesis of colitis.
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FIGURE 5. [«BNS is specifically recruited to the IL-6 promoter. A and

B, RAW cells were transiently cotransfected with the IL-6 promoter-
luciferase or TNF-a promoter-luciferase construct (10 ng). together with an
I«kBNS expression vector (0, 0.05, 0.25, or 0.5 pg) as indicated. After 24 h of
transfection, cells were treated with or without 10 ng/ml LPS for 6 h and then
the luciferase activities were measured. The data are representative of three
independent experiments yielding similar results. Data are expressed as rela-
tive fold activation compared with the nonstimulated (—) set. C, RAW cells
that constitutively express Flag-IkBNS were stimulated with 100 ng/ml LPS
for | or 2 h, and ChIP assays were performed with anti-Flag, anti-p50, or
anti-p65 Abs. The immunoprecipitated IL-6 promoter (left) or TNF-« pro-
moter (right) was detected by PCR with promoter-specific primers. Data are
representative of three independent experiments. The expression of Flag--
IkBNS by Westem blot analysis is shown at bortom.

Recently, TLRs have been shown to be essential for activation
of innate immune cells, such as macrophages and dendritic cells,
through the recognition of microbial components (8—-11). Involve-
ment of TLR-dependent responses in the pathogenesis of IBD has
further been postulated because chronic colitis was greatly reduced
in mice lacking Stat3 and TLR4 (15). In the present study, we
demonstrated that CLPM¢ in normal mice, unlike CD11b-positive
cells from the spleen, are refractory to TLR stimulation in terms of
inflammatory cytokine production and costimulatory molecule ex-
pression. Furthermore, CLPM ¢ from IL-10-deficient or Stat3 mu-
tant mice, even in the absence of colitis, showed significant re-
sponses to TLR stimulation, indicating that the responsiveness of
CLPM¢ to TLR ligands correlates with the pathogenesis of
chronic colitis in these mutant mice.

We further analyzed the molecular basis for the hyporesponsive-
ness of CLPM¢ by comparing gene expression profiles of CLPM¢
from wild-type mice and IL-10-deficient mice. DNA microarray anal-
ysis led to the identification of several genes that are selectively ex-
pressed in CLPM¢ of wild-type mice, but not in peritoneal macro-
phages or CLPM¢ of IL-10-deficient mice. Among these genes,
CD163 and Bcl-3 were reported to be induced by IL-10 in macro-
phages or monocytes (22, 23, 36). In addition, we found that IkBNS
is selectively expressed in CLPM¢ of wild-type mice, and further is
induced by IL-10 in peritoneal macrophages and RAW cells. IkBNS
was originally identified as a gene that is induced upon TCR stimu-
lation and affects NF-«B activity in T cells (26). Although I«BNS was
suggested to be involved in negative selection of thymocytes, the role
of IkBNS in macrophages remained unclear. In addition, although
I«kBNS was shown to be localized in the nucleus and preferentially
associates with p50 subunit of NF-«B, the mechanism by which
I«kBNS inhibits NF-«B activity remains unknown. Because IxkBNS is
structurally related to Bcl-3, we postulated that 1kBNS has a regula-
tory role in macrophages, and analyzed the effect of [kBNS expres-
sion in the RAW macrophage cell line. Lentiviral expression and
siRNA-mediated knockdown of IkBNS in RAW cells demonstrated

-185-



3656

promoater

strain WT IStats KO

iL-10 - +
sy @ 9 0 110 1 0 1

ChiP: control
ChiP: pbs
—

Load o e | CHIP: p50

FIGURE 6. IL-10-induced alteration in recruitment of pS0 and p65 to
the IL-6 promoter. Peritoneal macrophages from wild-type or Stat3 mutant
mice were cultured for 18 h in the presence or absence of 10 ng/mi IL-10,
then stimulated with 100 ng/m! LPS for 1 h, and ChIP assays were per-
formed with anti-p50, anti-p65 Abs, or control rabbit Ig. The immunopre-
cipitated IL-6 promoter was detected by PCR. Representative of three in-
dependent experiments.

that this molecule suppresses LPS-induced IL-6 production. Similar to
the case of Bcl-3, which is specifically recruited to the TNF-a pro-
moter together with the p50 subunit of NF-«B thereby inhibiting LPS-
induced TNF-« production (22), I«kBNS suppressed LPS-induced ac-
* tivation of the IL-6 promoter through constitutive recruitment to the
promoter together with p50. Thus, nuclear I«xB proteins Bel-3 and
IkBNS differentially modulate TLR-mediated gene induction in
macrophages.

[«BNS and Bcl-3 are differentially recruited to specific promot-
ers through association with p50 homodimers. But, it remains un-
clear how the specific recruitment of these nuclear IxB proteins are
induced. Nuclear IkB proteins do not seem to have the ability to
directly bind the promoters. Therefore, association with p5S0 may
cause modulation of the DNA binding specificity through un-
known mechanisms. Similar specific recruitment was also demon-
strated in IkB{, which is structurally related to IkBNS and Bcl-3
(21, 37-39). In the case of IkB({, the specific recruitment to the
IL-6 promoter led to activation of the promoter (21, 37). Thus,

A

SiRNA _ control
LPS{h) 0 1 2 0 01 2

B
THF-e {(ng/ml) IL-8 {ng/mt)
16
2.0
12 15
8 10
4 0.5
0 1)
- - + LPS - ¢ - + LPS
control KBNS control - IxBNS
8IRNA 8iRNA

FIGURE 7.
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several lines of evidence demonstrate that nuclear [«B proteins
specifically regulate expression of NF-«B target genes.

In normal condition, both IxBNS and 1«B{ have regulatory roles
in the production of 1L-6 in macrophages. IkBNS suppresses LPS-
induced IL-6 production, whereas I«B{ promotes IL-6 production
(21). Thus, although the ankyrin-repeats of both molecules are
highly conserved, they have opposite functions. I«kBNS consists of
327 amino acids and the ankyrin-repeat covers almost the entire
protein. In contrast, [xB{ is a protein with 629 amino acids and
possesses an N-terminal region of ~300 amino acids in addition to
the C-terminal ankyrin-repeat. The full-length IxB{ has no inhib-
itory effect on NF-«B activity, but introduction of the C-terminal
ankyrin-repeat of IkB{ resulted in impaired NF-«B activation (37).
Thus, the ankyrin-repeat of [kB{ has an inhibitory effect on NF-«B
activity, but the N-terminal region may activate NF-«B with un-
known mechanisms.

IkBNS and Bcl-3 are expressed in CLPM¢ of wild-type mice,
but not the CLPM¢ of IL-10-deificient mice. In addition, expres-
sion of IkBNS and Bcl-3 is induced by IL-10 treatment in perito-
neal macrophages and RAW cells. Therefore, expression of
IxkBNS and Bcl-3 in CLPM¢ of wild-type mice might be induced
by IL-10. Indeed, constitutive production of IL-10 was observed in
CLPM¢ of wild-type mice. Additionally, IL-10 might be provided
from other types of cells such as IL-10-producing type 1 regulatory
T cells or epithelial cells. There might be other explanations of the
characteristics of CLPM¢ of wild-type mice. [kBNS and Bcl-3
were also found to be induced by LPS-stimulation, but their ex-
pression was not observed in CLPM¢ of IL-10-deficient or Stat3
mutant mice. Therefore, CLPM¢p of wild-type mice might be a
distinct cell population from macrophages residing in other tissues,
and IL-10 might be involved in the development of these unique
CLPM¢ or in the recruitment of CLPM¢ to the colonic lamina
propria. Constitutive expression of both IkBNS and Bcl-3 in
CLPM¢ may suppress exaggerated inflammatory responses in the
intestinal mucosal surface. A more precise characterization of
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I«kBNS is required for suppression of LPS-induced [L-6 expression. A, RAW cells were transfected with 500 pmol I«BNS siRNA or control

siRNA as indicated. Three hours later, the cells were stimulated with 100 ng/ml LPS for I or 2 h. Total RNA was prepared and analyzed for expression
of [kBNS, IL-6, TNF-, and B-actin by Northern blotting. Data are representative of three independent experiments. B, After transfection of IkBNS siRNA
or control siRNA, RAW cells were stimulated with 100 ng/m} LPS for 24 h. Concentrations of TNF-« and IL-6 in the culture supernatants were determined
by ELISA. C, RAW cells were transfected with 500 pmol 1«BNS siRNA or control siRNA together with 100 ng of IL-6 or TNF-a promoter reporter
plasmid. Three hours after transfection, the cells were stimulated with 100 ng/ml LPS for 6 h, and the luciferase activities were measured. Representative
of three independent experiments yielding similar results. Data are expressed as relative fold activation compared with the nonstimulated () set.
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CLPMd¢ of wild-type mice will be required to answer to this
question.

CLPM¢ are tolerant to TLR stimulation and show no inflam-
matory cytokine production. However, Bcl-3 and [«BNS are likely
to be involved in suppression of the specific cytokine such as
TNF-a and IL-6, respectively. Therefore, there might be other
mechanisms that suppress TLR responses. NOD2, a member of the
NOD family of proteins, might be involved in one of such mech-
anisms. NOD?2 is implicated in the negative regulation of TLR2-
mediated NF-«B activation (40). Mutations in NOD2 have been
shown to be associated with Crohn’s diseases (16, 17).

In this study, we showed that nuclear 1«B proteins, such as
Bcl-3 and I«kBNS, differentially modulate LPS-induced inflamma-
tory cytokine production in macrophages. CLPM¢ in wild-type
mice are tolerant to TLR stimulation, which may contribute to
prevention of chronic intestinal inflammation. Several mechanisms
are involved in the hyporesponsiveness of CLPM¢, and selective
inhibition of LPS responses by nuclear I«B proteins may explain
a part of these mechanisms. Further studies will be required to
understand regulations of CLPM¢ activity, which will definitely
be useful for the development of an effective cure for IBD.
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Toll-like receptors (TLRs) recognize microbial components and
trigger the inflammatory and immune responses against patho-
gens. IkB{ (also known as MAIL and INAP) is an ankyrin-repeat-
containing nuclear protein that is highly homologous to the IkB
family member Bcl-3 (refs 1-6). Transcription of IkB{ is rapidly
induced by stimulation with TLR ligands and interleukin-1
(IL-1). Here we show that IkB{ is indispensable for the expression
of a subset of genes activated in TLR/IL-1R signalling pathways.
IkB{-deficient cells show severe impairment of IL-6 production
in response to a variety of TLR ligands as well as IL-1, but not in
response to tumour-necrosis factor-a. Endogenous IkBY specifi-
cally associates with the p50 subunit of NF-kB, and is recruited to
the NF-xB binding site of the IL-6 promoter on stimulation.
Moreover, NF-«B1/p50-deficient mice show responses to TLR/
IL-1R ligands similar to those of IxB{-deficient mice. Endotoxin-
induced expression of other genes such as I112b and Csf2 is also
abrogated in IkB{-deficient macrophages. Given that the lipo-
polysaccharide-induced transcription of Ik B{ occurs earlier than
transcription of these genes, some TLR/IL-1R-mediated
responses may be regulated in a gene expression process of at
least two steps that requires inducible IkB{.
IkBY is thought to be induced in response to IL-1 or lipopoly-

saccharide (LPS) (TLR4 ligand)**. In addition to IL-1 and LPS,’
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IkB¢ messenger RNA was strongly upregulated on stimulation with
peptidoglycan (PGN) (TLR2 ligand), bacterial lipoprotein (BLP)
(TLRI/TLR2), flagellin (TLR5), MALP-2 (TLR6/TLR2), R-848
(TLR7) and CpG DNA (TLR9Y), but not with tumour-necrosis
factor-o (TNF-o) (Fig. 1a). In contrast, other IkB family members
such as [kBa and Bcl-3 were induced in response to TNF-a as well as
the TLR ligands and IL-1. Thus, IkB{ is induced in the TLR/IL-1R
signalling pathway but not the TNF signalling pathway. Further-
more, IL-1- or LPS-induced expressioni of IkB{ was completely
abolished in MyD88 = embryonic fibroblasts (MEFs; Fig. 1b),
showing that [kBY is inducible in the MyD88-dependent part of the
TLR/IL-IR signalling pathway™"*.

To elucidate the physiological role of IkB{ in the TLR/IL-1R
response, we generated IkB& ™' mice by targeted gene disruption
(see Supplementary Discussion 1 and Supplementary Fig. la-d).
IkBE ™'~ splenocytes showed defective proliferation in response to
LPS but not to anti-CD40, IL-4 and anti-IgM (Supplementary
Fig. le, f), suggesting that the TLR4 response is impaired in
IkBE ™™ cells. Moreover, although IkxBf ™'~ mice grew normally
after birth, some of them started to develop atopic dermatitis-like
skin lesions with acanthosis and lichenoid changes at the age of 4-5
weeks (Supplementary Fig. 2a, b). All IkB{ ™'~ mice developed the
disease by the age of 10 weeks. Histological analysis of 5-week-old
IkBt ™' ‘mice showed pathological changes in the conjunctiva,
including a heavy lymphocyte infiltration into the submucosa and
loss of goblet cells in the conjunctival epithelium (Supplementary
Fig. 2c—f).
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Figure 1 Specific induction of kBt on stimulation by TLR/IL-1R ligands. a, The indicated
cells were stimulated with 100 ngmi ™" BLP, 10 pgmi ™" PGN, 30 ngmi ™" MALP-2,
100nM R-848, 3 .M CpG DNA, 10ngmi™" IL-18, 10 kgmi™' LPS, 100ng mi ™"
flagelin and 10 ng mi™" TNF-ct for 2 h. Total RNA (10 .g) was extracted and subjected to
northern blot analysis for expression of kBY, Bel-3, kBo and B-actin. Med, medium.
b, MyD88 '+ (wild type) and My088 ~'~ (KO) MEFs were stimulated with 10 ngmi ™" IL-
18 and 10 pgmi™~" LPS for the indicated periods. Total RNA (10 ig) was extracted and
subjected to northern blot analysis for expression of kB¢, Cox-2, IP-10 and B-actin.
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We analysed the LPS-induced production of inflammatory
mediators in macrophages. IkB{™'* macrophages produced
TNF-a, IL-6 and nitric oxide (NO) in response to LPS (Fig. 2a).
Although LPS-induced production of TNF-ot and NO was normal,
production of IL-6 was severely impaired in IxB{ ™'~ macrophages.
In addition, production of IL-6 via stimulation by various TLR
ligands was also profoundly inhibited in IkB¢ ™~ cells (Fig. 2b-d).
Moreover, [kBt ™'~ cells exhibited defective IL-1-induced IL-6
production; however, IL-1-induced activation of NF-kB and mito-
gen-activated protein kinases was not impaired in these cells,
indicating that there is no defect in the intracellular signalling
pathways (Supplementary Fig. 3a, b). On the other hand, TNF-c-
induced IL-6 production was not impaired in IkB¢ ™'~ cells (Fig. 2e).
The impaired production of IL-6 in response to LPS correlated well
with the reduced induction of IL-6 mRNA in IB¢ ™'~ cells (Fig. 2f).

When full-length or a deletion mutant form of [kB{ was trans-
fected into MEFs, full-length IkBt, but not the deletion mutant,

letters to nature

rescued the defective production of IL-6 on stimulation with IL-1 in
IkB¢™'™ cells (Fig. 2g), suggesting that expression of kB is
required for TLR/IL-1-mediated production of IL-6. As the genes
for IxkB{ and IL-6 are inducible in response to TLR ligands and IL-1
(refs 4-6, 16, 17), we compared the time course of mRNA
expression in macrophages. On stimulation with LPS, induction
of IkB{ expression was observed at 30 min and reached maximal
levels after 120 min. On the other hand, induction of IL-6 mRNA
occurred at later time points compared with IkB{ or TNF-a
(Fig. 2h). Taken together, these results indicate that the TLR/IL-
1R-mediated expression of the IL-6 gene (II6) requires the preceding
induction of IkB{. Given that IkB{ is also an inducible protein in
TLR/IL-1R-mediated signalling pathways, the TLR/IL-1R-mediated
production of pro-inflammatory IL-6 may be controlled in at least a
two-step fashion.

Our data and those of a previous study® indicate the positive role
of IkB{ in the TLR/IL-1R-mediated expression of IL-6. To test
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Figure 2 Immune responses in kB¢ /™ celts and kinetics of kBY induction. a—d, k8¢ *'*
{filed symbols/columns) and kBt ~'~ (open symbols/columns) peritoneal macrophages
were cultured with 10ng mi™" LPS, 100ng mi~" BLP, 30 ng mi~" MALP-2, and the
indicated concentrations of PGN, R-848 and CpG ONA in the presence of 30 ngmi ™’
IFN-y for 24 h. Values are means = s.d. of triplicate experiments. ND, not detected.

8, kBy *'* (filed columns) and kB¢ =/~ (open columns) MEFs were stimulated with
10ngmi™" IL-18 and 10ng mI~" TNF-ce. Values are means = s.d. of triplicate
experiments. f, Peritoneal macrophages were stimulated with 10 ngml~" LPS for the
indicated periods. Total RNA (5 1.g) was extracted and subjected to northern blot analysis
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for expression of IL-6, TNF-o and 8-actin. g, Rescue of IL-1 responsiveness in kB¢ ~/~

MEFs by retroviral transfection with full-length (Fulf), but not deletion mutant (AC), kBt.
Indicated values are means = s.d. of triplicate experiments. h, Double RNA products
indicative of ikBt, IL-6 and TNF-o. mRNA transcripts after LPS simulation of wild-type
peritoneal macrophages resolved by electrophoresis. Two independent experiments with
independently derived wild-type cells were guantified by Phospholmager (left and middle
panels), and mRNA abundance (right panel) is shown for the indicated genes in arbitrary
units {left axis, kBt and IL-6; right axis, TNF-«) relative to 3-actin. Indicated values are
means *+ s.d. of duplicate experiments.
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Figure 3 In vitro analysis of kBt on the /6 promoter. a, RAW 264.7 celis were transiently
transfected with luciferase reporter constructs of either the murine #6 promoter or the
Elam1 promoter together with either control (open symbols) or the IkBY expression
plasmid (filled symbols). Luciferase activities are expressed as fold-increase values over
the background shown by lysates prepared from untransfected cells. Data are
representative of three separate experiments. Cells were stimulated with the indicated
concentrations of LPS. RLU, relative luciferase units. b, Untreated RAW 264.7 cells were
transiently transfected with the IkBY expression vector together with constant amounts of
the /16 reporter plasmid. Data are representative of three separate experiments. ¢, P19
cells were transiently transfected with either wild-type or mutant /6 promoter reporter
constructs together with either control or the IkBY expression plasmid. Luciferase
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Figure 4 The TLR/IL-1R responses in NF-xB1/p50-deficient cells and microarray analysis
of kB¢ ™'~ cells a, NF-xB1+'™ (filled symbeols) and NF-xB1 ~'~ (open symbols)
peritoneal macrophages were cultured with 10ng mi ™" LPS in the presence of
30ngmi™" IFN-y for 24 h. Values are means *+ s.d. of triplicate experiments.

b, NF«B1 *'* and NF-«B1~'~ peritoneal macrophages and MEFs were cultured with
100ngmi~" BLP, 10 pgmi ™" PGN, 30ng mi~" MALP-2, 100 nM R-848, 3 uM CpG
DNA, 10ngmi~" IL-18 or 10ngmi ™" TNF-oz in the presence of 30ng mi~* IFN=y for
24h. IL-18- and TNF-ce-induced IL-6 production were analysed by MEFs, Values are
means = s.d. of triplicate experiments. ¢, NF-xB7 '+ (filled columns) and NF-xB7 ~/~
{open columns) MEFs were retrovirally transfected with either the full-length (Full) or the
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activities were normalized in each case by dividing the fold-increase values of IkBg-
expressed cells over the background valuss of lysates with that of mock-expressed cells.
Values are means = s.d. of triplicate experiments. d, Chromatin from untreated (—) or
LPS-treated (+) (1 pgmi™" for 3h) RAW 264.7 celis was used for ChiP assays with the
indicated antibodies. Precipitated DNA for the /16 «B site {left), the 3’ region of the 6
gene (centre), or the Elam7 promoter (right) was assayed by PCR (ChIP). Data are
representative of two independent experiments. e, Unstimulated or LPS-stimulated
(10ng ml“) peritoneal macrophages were immunoprecipitated with the indicated
antibodies. The immunoprecipitated (IP) lysates were subsequently immunoblotted (B)
with anti-lkB.

€ e
700 LPS
600 Widtype  IkB{ KO
— 500
T 02 4602 46 @
E 40
2 GM-CSF
@ 300
- ~fIL-12 p40
= 200
100 G-CSF
A 1IEE |
0 L C/EBP-5
Mock Full AC TNF-o
Veotors Endothelin
Control |B-actin
IxBE
RelA

deletion mutant (AC) of IkB%. Furthermore, the same lines of untransfected cells were
stimulated with 10ngmi ™" TNF-ce. Values are means = s.d. of duplicate experiments.
d, Chromatin from untreated (—), IL-18-treated {ieft pane! (+-); 10ngmi~" for 3h) or
TNF-oi-treated (right panel (+); 10ngmi™" for 3 h) wild-type MEFs were used for ChiP
assays with the indicated antibodies. Precipitated DNA for the input (left) or the 6 «B site
{right) was assayed by PCR. e, kBt '+ and By =/~ peritoneal macrophages were
stimulated with 10 ng ml ™' LPS for the indicated periods. Total RNA (5 pg) was extracted
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granulocyte-macrophage colony-stimulating factor; G-CSF, granulocyte colony-
stimulating factor.
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whether IxBY promotes the ligand-induced activation of the Ii6
promoter, we introduced reporter plasmids containing the promo-
ter of either 116 or Elam1 (also known as Sele) into RAW 264.7 cells
together with control or I«B{ expression vectors. LPS stimulation
activated both the [I6 and Elam! promoters in a dose-dependent
manner. Under conditions of [«B{ overexpression, we found that
the promoter activities of I6, but not Elam !, were further enhanced
(Fig. 3a). Ectopic expression of IkB{ alone also upregulated the
activity of the Il6 promoter in unstimulated cells (Fig. 3b). As an
NF-«B binding site in the Il6 promoter has been shown to have an
important function in its activation, we transfected P19 cells with
either a wild-type reporter or a mutant reporter in which the NF-xB
binding site was disrupted™. IkB{ overexpression activated the wild-
type reporter, but not the mutant NF-kB reporter (Fig. 3¢). To probe
directly the specific involvement of IkB{ in the B site of the Il6
promoter, we performed a chromatin immunoprecipitation assay
(ChIP) to investigate the proteins bound to the region. In unstimu-
lated cells, the NF-kB p50 subunit was readily detected in the I/6 kB
site as described previously'. On stimulation with LPS, RelA as well
as p50 bound to the kB sites of the Ii6 and the ElamI promoter, but
not the 3' end of the Il6 gene. In contrast, we found that kB¢ only
bound to the Il6 kB site, but not the other sites tested, in LPS-
stimulated cells (Fig. 3d), demonstrating a specificity of IxBt for the
kB site in the Il6 promoter. Finally, we addressed association of [kB{
with NF-kxB family members. Immunoprecipitation analysis
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Figure 5 I vivo cytokine productionin kBt =~ mice. a, b, Age-matched /B¢ ™~ (open
columns; n= 3 in a and 2 in b) and kB¢ *+'* (filled columns; n = 3'in a and b) mice
were intraperitoneally injected with 1.5mg LPS only (), or with 10 pg anti-TNF NAb 1h
before the LPS injection (b). Sera were collected at the indicated times, Values are
means = s.d. of sera samples at the indicated times. Asterisk, statistical significance
(P < 0.05) in a two-tailed Student's t-test comparing i8¢ '+ and kB¢ =/~ mice.
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showed that IkB{ proteins interacted with p50, but not with RelA,
RelB, c-Rel or the p52 subunit (Fig. 3e). These findings indicate that
the positive effects by IkB{ may be exerted through association with
the p50 subunit.

The aforementioned results prompted us to study NE-kB1/p50-
deficient cells. As previously reported, whereas LPS-induced TNF-a
production in NF-kB1 ™'~ macrophages is normal, NF-xBI ™'~
macrophages show defective LPS-induced production of IL-6
(refs 20, 21; see also Fig. 4a). Additionally, production of IL-6 in
response to stimulation by IL-1 and other TLR ligands was severely
impaired in NF-«xBI ™'~ cells (Fig. 4b). Thus, the TLR/IL-1R-
mediated responses in NF-«xBI ™'~ mice are similar to those in
IkBE ™'~ mice. We tested further whether [kB{ overexpression
induced IL-6 production in NF-kBI ™'~ cells. Compared with
NE-kBI'* cells, IkB¢-mediated production of IL-6 was markedly
reduced in NF-kBl ~'~ MEFs, indicating that NF-«B1 is critical for
the effect of [« B{ (Fig. 4¢). Both IL-1 and TNF-c activate similar sets
of signalling molecules such as NF-xB and mitogen-activated
protein kinases, and culminate in IL-6 expression. However, signal-
ling mediated by IL-1/TLR ligands, but not TNF-c, specifically
recruited IkBY to the I16 promoter (Fig. 4d), presumably accounting
for the responsiveness difference between TLR/IL-1R and TNFR.
Next, we searched for other LPS-inducible genes regulated by IkBt
using microarray analysis. Dozens of LPS-inducible genes were
significantly affected by the IkB{ deficiency (Supplementary
Fig. 4a). Several of them were subsequently tested by northern
blot analysis for confirmation of accuracy. Among them, LPS-
induced expression of granulocyte-macrophage colony-stimulating
factor (Csf2), IL-12 p40 (Il12b), granulocyte colony-stimulating
factor (Csf3), C/EBP-§ (Cebpd) and endothelin 1 (Ednl) was
compromised in IkB¢™'~ macrophages (Fig. 4e). Indeed, time
course northern blot analysis showed that the kinetics of LPS
induction of these genes were similar to that for IL-6 rather than
TNF-a (Fig. 2h, Supplementary Fig. 4b, and data not shown),
further supporting the model of a two-step regulation of these genes
in TLR/IL-1R signalling pathways. Regarding the relationship
between the kB sequences of the genes tested and I«Bf requirement,
the promoters of IxB{-regulated genes contained distinct kB
sequences. Therefore, it may be difficult to determine whether an
arbitrary LPS-inducible gene is IkB{-dependent through simple
sequence comparison of the kB sites (ref. 22; see also Supplementary
discussion 2 and Supplementary Fig. 4c—e).

Finally, we examined in vivo cytokine production after LPS
injection. Although LPS-induced IL-12 p40 production was
impaired, IL-6 production was almost normal in IxB¢ ™'~ mice.
Surprisingly, kB¢ ™'~ mice exhibited more. prolonged TNF-a
production than IkB{+'™ mice (Fig. 5a). As TNF-o is a major
IL-6 producer under conditions of endotoxin-induced shock, we
next attempted to negate biological activities of TNF-at by prior
treatment with anti-TNF-o neutralizing antibodies (anti-TNF
NAbs) (ref. 23). In anti-TNF NAb-treated [«xB{ ™'~ mice the
serum concentration of LPS-induced IL-6 was significantly reduced
compared with anti-TNF NAb-treated [xB{™'* mice (Fig. 5b),
demonstrating that the prolonged TNF-o production might com-
pensate for impaired [L-6 production in IkBf™'~ mice. The
prolonged TNF-a production might be secondary to the loss of
IkBt-regulated factors that negatively modulate TNF-a production.
Alternatively, IkBU might act directly as a negative regulator for
TNF-a production in certain cells. Although the molecular mecha-
nism of the prolonged TNF-a production remains unknown, such
prolonged TNF-o production might lead to development of the
skin lesion in aged IkB{™~ mice as demonstrated in TNF-q-
mediated inflammatory diseases occurring in other mouse
models***,

We provide genetic evidence that IkB{ is essential for TLR/IL-1R-
mediated IL-6 production. As IkB{ itself is an inducible protein,
TLR/IL-1R-mediated IL-6 expression may be regulated in a two-
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step mechanism. Moreover, microarray analysis showed that kB¢
might control LPS-inducible genes other than Ii6. Further analysis
that clarifies the molecular basis of IxB{-dependent gene expression
will provide new insight into the TLR/IL-1R-mediated MyD88-
dependent immune responses. |

Methods

Generation of kB¢~ mice

Genomic DNA containing the [xB{ gene was isolated, as described previously®®. We
constructed the targeting vector by replacing a 2.0-kilobase (kb) fragment encoding the
central portion of IkBY with a neo™ cassette that was transfected into embryonic stem cells
(E14.1). G418 and gancyclovir doubly resistant colonies were screened by polymerase
chain reaction (PCR) and Southern blotting. We micro-injected two independent
homologous recombinants into C57BL/6 blastocysts and intercrossed heterozygous F
progenics to obtain [kB{ ™/~ mice. Mice from these independent clones displayed identical
phenotypes. kB¢ ™'~ mice and their wild-type littermates at the age of 6-12 weeks were
used for the current studies. All animal experiments were conducted with the approval of
the Animal Research Committee of the Research Institute for Microbial Diseases (Osaka
University, Osaka, Japan).

-

Reagents and mice )

LPS, PGN, MALP-2, flagellin, R-848 and CpG oligodeoxynucleotides were prepared as
described previousiy*®. Polyclonal antibody against [kBY was obtained by immunizing
rabbit with the C-terminal portion of the murine Ik BY protein. We used antibodies against
phosphorylated ERK and JNK (Cell signalling), antibodies against ERK, }NK, p38, RelA,
p50, c-Rel RelB, p52 (Santa Cruz), antibodies against RelA in ChIP assays (Biomol) and
antibodies against murine TNF-a for ncutralization (R&D). Recombinant TNF-« and
IL-18 were obtained from Genzyme. NF-xB1/p50-deficient mice were as described
previously™.

Measurement of pro-inflammatory cytokine and NO

Thioglycollate-clicited peritoneal macrophages or MEFs were cultured as described
previously*, Concentrations of TNF-o (Genzyme), IL-6 (R&D) and IL-12 p40 (Genzyme)
in the culture supernatant were measured by an enzyme-linked immunosorbent assay
according to the manufacturer’s instructions. Concentrations of NO were measured by the
Griess method according to the manufacturers’ instructions (DOJINDO). To measure
in vive cytokine concentrations, sera were taken from I«kB{ '+ or [kB{ ™/~ mice. Anti-TNE
NAbs were reconstituted in PBS to 20 pg ml ™!, and 10 g (500 ) of the reagent was
intraperitoneally injected | h before LPS injection,

Electrophoretic mobility shift assay

This assay was performed as described previously™.

Plasmids and retroviral transfection

The reporter plasmids consisted of the 5' flanking region (—1240/+-40) of the murine fl6
gene, and were used in Fig. 3a, b. The reporter plasmids used in Fig. 3¢ were as described
previously™?, The full-length or the deletion mutant IkB§, which lacks the C-terminat
portion (AC; ref. 4), was cloned into pMRX retroviral vector, and the transfection was
performed as described previously™.

Luciferase reporter assay

Reporter plasmids were transiently co-transfected into RAW 264.7 and P19 cells with
either the control or IkBY expression vectors using SUPERFECT transfection reagent
(Qiagen). Luciferase activitics of total cell lysates were measured using the Dual-lucifcrase
reporter assay system (Promega) as described previously®.

Chromatin immunoprecipitation assay

The ChlIP assay was performed essentially with a described protocol (Upstate
Biotechnology). 2 X 10° RAW 264.7 cells or 5 X 10° MEFs were stimulated with LPS
(1pgml™" for 3h), IL-1B (10ngmi ™' for 3h) or TNF-a (10 ngml ™" for 3 h),
respectively. Precipitated DNAs were analysed by quantitative PCR (35-40 cycles) using
primers 5'-CGATGCTAAACGACGTCACATTGTGCA-3' and 5'-CTCCAGAGCAGAAT
GAGCTACAGACAT-3' for the kB site in the Il6 promoter, 5'-GCAGATGGACTTAGC
TCGTCTCATTCA-3' and 5'-CCACTCCTTCTGTGACTCCAGCTTATC-3' fora 3'
gene segment in the l/6 promoter and 5’ -GATGCAGTTGAGAATTTCCTCITAGCC-3'
and 5'-TGGAATAGTTGTTCIGGCGTTGGATCC-3' for the kB site in the Elam1
promoter.

Western blot analysis and immunoprecipitation
Western blot was performed as described previously*.

Gene chip analysis

Miroarray analysis (Affimetrix) using kBt ™+ and IkBt ™/~ peritoneal macrophages was
performed as described previously™. The colour image for gene expression was generated
by GeneSpring6.0 (Silicon Genetics) software. :

"Histological analysis

Tissues were fixed in 10% phosphate-buffered formalin, and paraffin-embedded tissue
sections were stained with hacmatoxylin and cosin or PAS staining using standard
techniques.
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Estrogen-independent activation of erbBs signaling and estrogen receptor «
in the mouse vagina exposed neonatally to diethylstilbestrol

Shinichi Miyagawa'?*?, Yoshinao Katsu?>?, Hajime Watanabe?* and Taisen Iguchi****

! Department of Molecular Biomechanics, School of Life Science, The Graduate University for Advanced Studies, Okazaki 444-8585,
Japan; *Center for Integrative Bioscience, Okazaki National Research Institutes, Okazaki 444-8585, Japan; *Core Research for
Evolutional Science and Technology (CREST), Japan Science and Technology Corporation, Kawaguchi 332-0012, Japan

Growth factors and esirogen receptor (ER) signaling
cooperate to play essential roles in cell proliferation,
differentiation and tumor progression in mouse reproduc-
tive organs. Treatment of neonatal mice with diethyl-
stilbestrol (DES) induces an estrogen-independent
persistent proliferation and cornification of the vaginal
epithelium, which results in cancerous lesions later in life.
However, the mechanisms of the estrogen-dependent and -
independent pathways essentially remain unknown. We
characterized the expression of epidermal growth factor
(EGF)-like  growth factors (EGF, transforming growth
factor « (TGF-«), heparin-binding EGF-like growth factor
(HB-EGF), betacellulin (BTC), amphiregulin (APR),
epiregulin (EPR) and neuregulin (NRG) 1) and erbB
receptors (EGF receptor (EGFR), erbB2/neu, erbB3 and
erbB4) in the vaginae of mice treated either neonatally (0~
4 day) or as adults (55-59 day) with estrogens. EGFR and
erbB2 were activated in the vaginal epithelium of mice by
estrogen freatment. This activation was also encountered
in vaginae from neonatally DES-exposed mice, along with
the expression of EGF, TGF-«, HB-EGF, BTC, APR,
EPR and NRGI1. Immunohistochemical analysis indicated
that erbB2 was primarily expressed in vaginal epithelium.
Finally, we found that serine 118 and 167 located in the
AF-1 domain of ERa were phosphorylated in these
vaginae. AG825, AG1478 or 1CI 182,780 administration
blocked proliferation of vaginal epithelinm induced by
neonatal DES exposure. Thus, signal transduction via
EGFR and erbB2 could be related to the estrogen-induced
vaginal changes and persistent erbBs phosphorylation and
sustained expression of EGF-like growth factors, leading

to ER« activation that may result in cancerous lesions in

vaginae from neonatally DES-exposed mice later in life.
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Introduction

The proliferation and differentiation of mouse vaginal
epithelial cells are strongly regulated by ovarian estro-
gens, such as 17f-estradiol (E;). The vaginae of
ovariectomized (OVX) mice show an atrophied epithe-
lium of 2-3 cell layers, but estrogen administration
rapidly induces epithelial cell proliferation, stratification
and cornification. In rodents, crosstalk between growth
factor signaling and estrogen receptor « (ER«x) con-
tribute to estrogen action in uterus and vagina.
Epidermal growth factor (EGF) has mitogenic effects
on the mouse uterus similar to estrogens (Ignar-Trow-
bridge er al,, 1992) in that administration of EGF or
transforming growth factor « (TGF-o) to OVX adult
mice induces cell proliferation and differentiation in the
female reproductive tracts (Nelson et al., 1991, 1992).
However, in ERa-deficient mice, both estrogen and
EGF stimulation of uterine growth was disrupted
(Curtis et al, 1996). EGF-like growth factors are
composed of EGF, TGF-«, heparin-binding EGF-like
growth factor (HB-EGF), betacellulin (BTC), amphir-
egulin (APR), epiregulin (EPR) and neuregulins
(NRGs) and interact with the erbB receptor tyrosine
kinases: EGF receptor (EGFR)/erbBl, erbB2/meu,
erbB3 and erbB4. The members of the erbB receptor
family interact as homo- or heterodimers upon ligand
binding, which leads to the crossactivation of the
receptors. ErbBs have the potential to recruit and
activate interacting proteins, thereby initiating signaling
cascades that culminate in distinct cellular responses,
such as cell proliferation, differentiation and morpho-
genesis. Overexpression of erbBs is associated with
carcinogenesis in the reproductive organs (Dickson and
Lippman, 1995) and erbB2 is frequently amplified and
overexpressed in cancer cells (Hynes and Stern, 1994).
Epidemiological and laboratory studies have shown
that estrogens are important for the normal prolifera-
tion that occurs in reproductive organs. Moreover, long-
term estrogenic stimulation is a well-known risk factor
for carcinogenesis in human reproductive organs (Mar-
selos and Tomatis, 1992a). Beginning in the 1940s, a
synthetic estrogen, diethylstilbestrol (DES) was routi-
nely prescribed to pregnant women for the prevention of
miscarriages. To date, it is well known that in utero
exposure to DES induces vaginal clear-cell adenocarci-
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Figure 1 Treatment timelines. (a) Female newborn mice were
given five daily injections of 2.5mg DES/kg BW or the vehicle
alone from day 0 (the day of birth). They were OVX on day 46 and
killed on day 60. (b) To examine the effects of DES on adult mouse
vagina, intact mice were OVX on day 46 and given: five daily
injections of 2.5 ug DES/kg BW from day 55, then killed 24 h after
the last injection. (¢) Effects of E; or EGF on phosphorylation of
erbB2, EGFR and ER« were examined in OVX adult mice 0.5, 1, 3,
6, 12 and 24 h (E;) or 15 min (EGF) after a single injection of 50 ug
E, or 50 ug EGF/kg BW. (d) Three injections of AG825 or AG1478
(5mg/kg BW) were administered every 8 h. BrdU was injected at
the last injections of AG825 or AG1478, and killed 1 h later. (e) 4-
OHT and ICI (5mg/kg BW/day) were administered to mice that
had been OVX on day 46 for 7 days from days 60 to 66, and then
killed 24 h after the last injection

noma in young women (Herbst et al., 1971) and various
malformation in the reproductive tracts (Marselos and
Tomatis, 1992a; Herbst, 2000). In males, in utero DES
exposure is associated with an increased risk of testicular
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cancer and epididymal cysts (Marselos and Tomatis,
1992a; Herbst, 2000). Like humans, perinatal female
mice exposed to natural or synthetic estrogens develop
estrogen-independent persistent cell proliferation, stra-
tification and cornification of the vaginal epithelium,
resulting in hyperplastic lesions and vaginal cancer later
in life (Takasugi ef al., 1962; Dunn and Green, 1963;
Forsberg, 1979; McLachlan et al., 1980; Iguchi, 1992).
This rodent model, which simulates the effects of
developmental DES exposure in humans, has been
characterized, yet the underlying mechanisms remain
poorly understood. This irreversible proliferation and
differentiation of the vaginal epithelium may be
attributable to estrogen-independent, persistent activa-
tion of downstream growth factor expression. Indeed,
high levels of EGF and TGF-« are expressed in the
vaginae of DES treated mice, even after ovariectomy
(Nelson er al., 1994; Sato et al., 1996a). However, the
role of crosstalk between erbB signaling and ER in
estrogen-independent effects induced by neonatal DES
treatment has not yet been elucidated.

Cell proliferation in reproductive organs is tightly
regulated by hormones, particularly estrogens. Tumors
of reproductive organs can exhibit ‘hormone-indepen-
dent cell proliferation’. Thus, the vaginae of mice
exposed neonatally to estrogens can be used as a model
system to understand the mechanisms leading to the
change from normal to aberrant cell proliferation and
differentiation, and tumor formation in vivo. The
importance of growth factor induction of ER transcrip-
tional activity in normal physiology and in tumor
progression is essentially unknown. In this report, we
characterized estrogen-independent vaginal epithelial
cell proliferation and differentiation by focusing on the
crosstalk between erbBs signaling and ERa. We found
that neonatal DES treatment led to increased phosphor-
ylation of EGFR, erbB2 and ERx persistently. These
phosphorylations are each capable of activating the
receptors in a ligand-independent manner, suggesting a
possible mechanism whereby neonatal DES treatment
leads to persistent, estrogen-independent proliferation
of the vaginal epithelium.

Results

Expression of EGF-like growth factors

We quantified the time-course mRNA expression of
growth factors (EGF, TGF-a, HB-EGF, BTC, APR,
EPR, insulin-like growth factor (IGF)-I, IGF-II and
keratinocyte growth factor (KGF)) in 60-day-old OVX
mice after a single injection of E, by quantitative real-
time RT-PCR (Q-PCR) (see Figure 1 for experimental
design). Although it has been reported that estrogen
administration induces EGF and TGF-o mRNA ex-
pression in mouse uterus (DiAugustine et al., 1988;
Nelson et al., 1992), a single injection of E; did not
induce significant changes in the expression of growth
factor genes in vagina. APR mRNA was the highest
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Figure 2 Expression of growth factor mRNA in mouse vagina. (a)
Time-course analysis of growth factor mRNA expression. The
samples were from vaginae of mice 0 (control). !, 3,6, 12 and 24h
after a single injection of 30 ug E, ke BW. (b) Expression profiles of
growth factor mRNA in vaginae of 60-day-old OVX mice treated
with oil (control). adultDES and neoDES. (c) Expression of NRGI
was examined by RT-PCR following electrophoresis. B; brain
c¢DNA used as positive control. (d) Tissue distribution of growth
factor mRNA expression in neoDES vaginae. E: epithelium, S;
stroma, W: whole tissue

among Es-responsive growth factors in this study
(Figure 2a).

We also quantified the expression level of mRNAs
encoding ligands for erbB receptors in vaginae of oil-
treated OVX control, 60-day-oild OVX mice after five
daily injections of DES (adultDES) and 60-day-old
OVX mice treated neonatally with DES for 5 days
(neoDES mice). In neoDES vaginae, all ligands for erbB
receptors were highly expressed (Figure 2b). Successive
DES treatments induced the expression of erbBs in
adultDES vaginae that closely resembled that seen in
neoDES vaginae, but the magnitude of the induction
was lower (Figure 2b). The NRGs primarily bind to
erbB3 and erbB4 and have been shown to be a complex
gene family with many alternatively spliced forms.
Therefore, we examined NRGI transcript expression
by RT-PCR and gel electrophoresis to allow detection
of splicing variants. NRG! transcripts were expressed in
both adultDES and neoDES vaginae, with adultDES
tissue showing higher expression levels (Figure 2c).

IGF-I signaling is involved in E,-induced responses,
such as epithelial cell proliferation in rodent uterus
(Klotz et al., 2000); therefore, we also examined IGF-I
mRNA expression. In mouse vagina, a single injection
of E, induced IGF-I mRNA expression in a time-
dependent manner (Figure 2a). In adultDES and
neoDES vaginae, IGF-I mRNA levels were not altered
when compared to controls. Similarly, other growth
factors, IGF-II and KGF did not show changes in
mRNA expression in vaginae from adultDES nor

iene

neoDES mice (Figure 2b) and OVX mice given a single
injection of E, (data not shown). Although we do not
exclude a possible role of IGF-I in vaginal responses,
persistent vaginal epithelial celi proliferation and
differentiation is mainly contributed by ligands of erbB
receptors in neoDES vagina.

To study the tissue distribution of growth factors,
epithelium and stroma were separated by incubating in a
trypsin solution, and followed by RT-PCR analysis.
Excluding NRG1, which was expressed in the stroma
only, the other ligands were primarily expressed in the
epithelium. In particular, APR and EPR were only
detected in the epithelium (Figure 2d).

ErbB mRNA and protein expression in vagina

We confirmed the expression of mRNAs encoding all
four erbB types in both adult and neonatal mouse
vagina by RT-PCR (data not shown) and the erbB
proteins by immunoblot analysis (Figure 3a). Q-PCR
was employed to quantitate the response of the erbB
mRNAs to DES treatment. In vaginae of adultDES,
there was no significant decrease in the expression of
erbB mRNAs (Figure 3b). In contrast, EGFR and
erbB2 mRNA expression was significantly decreased in
neoDES vaginae (Figure 3b). Reduction of EGFR
expression following neonatal DES exposure has been
reported previously (Iguchi er al.. 1993). However, we
have now observed that erbB2 expression was also
significantly decreased in neoDES vagina. ErbB3 and
erbB4 mRNA levels also appeared to decrease but these
changes were not statistically significant. We also
assessed the expression of erbB mRNAs in vaginae

a b
L 2 20 A Controi
&5 e  -EGFR § ;5 O AdultDES
@ -2 I'B NeoDES
(o]
B sl cemm2 540
N o
el
gwd w7 a-erbB3 2os
Gai 0 -erbBd 0 * a *
’ EGFR erbB2 erbB3 erhB4
C
t 2 3 1 2 3
b B e o-erbB2 ot @y ¢ ~EGFR
a-phospho s a-phospho
b m -erbB2 (Tyr 877) o § -EGFR (Tyr 845)

Figure 3 ErbB mRNA and protein expression pattern in vaginae
of OVX control, adultDES and neoDES mice. (a) Immunoblots of
erbBs in vaginae of oil control (lane 1) and neoDES (lane 2). Each
contained the same amount of protein. {(b) Quantification of gene
expression in vaginae of 60-day-old mice of oil (control), adultDES
and neoDES using Q-PCR. The expression of each receptor
mRNA in vaginae of the oil-treated control mice was regarded as
the basal level (1.0). (c) Phosphorylation of erbB2 and EGFR was
detected by antiphospho-erbB2 and EGFR antibodies. The
samples are from vaginae of OVX mice treated with oil (lane 1),
adultDES (lane 2) and neoDES (lane 3)
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from 5-day-old mice and found that successive DES
treatment from the day of birth suppressed the expres-
sion of erbB2 mRNA (data not shown). The expressian
of EGFR and erbB4 mRNAs was slightly, but not
significantly decreased (Figure 3b). ErbB2 protein
expression was slightly reduced in neoDES vaginae
{(Figure 3a). Thus, erbB2 downregulation appears to be
correlated with vaginal tissue morphology.

Phosphorylation of erbB2 and EGFR in vagina

The phosphorylation status of erbB2 in vaginae from
adultDES and neoDES mice was examined using
antiphospho-erbB2 antibody, which recognizes phos-
photyrosine 877 from human protein sequences. Phos-
pho-erbB2 was detected in vaginae from both adultDES
and neoDES mice but not in vaginae from controls.
although erbB2 protein was expressed in controls
(Figure 3c). Tyrosine 845 of EGFR was also phos-
phorylated in vaginae of neoDES and adultDES mice
{Figure 3c). Taken together, these data suggest that DES
treatment induces phosphorylation of erbB2 and
EGFR, which would be expected to upregulate the
downstream signaling pathways under their control.
Considering the correlation between DES treatment
and erbB2 expression, we next investigated the distribu-
tion of erbB2 mRINA in mouse vagina using immuno-
histochemistry. Intense membrane staining for erbB2
was observed in epithelial cells of vaginae from 60-day-
old OVX mice. Apical cells were more strongly stained
than basal cells whereas stromal cells beneath the
basement membrane were weakly stained (Figure 4a).
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Figure 4 ErbB2 activation status and distribution in the mouse
vagina. (a-c) Immunohistochemical detection of erbB2 in vaginae
of 60-day-old mice from control (a}) and neoDES (b). No
immunostaining was observed with normal rabbit serum (c). The
boundary between epithelium and stroma is indicated by a dotted
line. Scale bar=30um. (d) Time-course analysis of erbB2 and
EGFR phosphorylation. The samples are from vaginae of mice 0
(control), 0.5, 1, 3. 6, 12 and 24 h after a single injection of 50 ug E,;
kg BW
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In neoDES vaginae, erbB2 immunostaining was found
in basal epithelial cells, whereas the differentiating cells
that migrated toward the surface of the epithelium
exhibited decreased erbB2 expression (Figure 4b). Stro-
mal cells were not stained (Figure 4b). Immunorcactiv-
ities were abolished by incubation with control rabbit
IeG demonstrating the specificity of the erbB2 staining
(Figure 4c¢).

The time course of erbB2 phosphorylation was
examined in vaginae from 60-day-old OVX mice after
a single injection of E,. Phospho-erbB2 was transiently
detected in vaginae 12h after E, injection (Figure 4d).
The phosphorylation pattern of EGFR was similar to
that observed for erbB2 (Figure 4d). These data
suggested the existence of a crosslink between erbB2
phosphorylation and estrogen action in the mouse
vagina.

Phosphorylation of ERx in vagina

To investigate the downstream of erbB2 and EGFR
phosphorylation further, we tested whether increased
erbB signaling would affect downstream target genes.
ErbBs activation derived from administration of EGF,
the most well-known ligands for erbBs, leads to vaginal
epithelial cell proliferation and differentiation in OVX
mice (Nelson er al., 1991). It is known that erbBs can
stimulate the transcriptional activity of ERz by phos-
phorylating serine 118 and 167 of this receptor (located
within the AF-1 region) through mitogen-activated
protein kinase (MAPK) and;or Akt cascades (Lannigan,
2003). Actually, EGF administration led to phosphor-
ylation of ERz with erbB2 and EGFR activation in
vagina (Figure 5a).

ERK /2 exhibited a high basal level of phosphoryla-
tion even in OVX mice, and phosphorylation of ERK 1/
2 above basal levels did not occur in adultDES and
neoDES vaginae as previously reported using uterine
tissue from mice (Klotz et «l, 2002). However, p90
ribosomal S6 kinase (RSK), which is one of the
substrates for ERK1/2 and can phosphorylate ERx
(Joel er al., 1998), was activated in neoDES and
adultDES vaginae (Figure 5b). Furthermore, both serine
residues of ERa were phosphorylated in neoDES and
adultDES vaginae (Figure 5¢), confirming that erbBs
phosphorylation could lead to the activation of ERz
independently of the continuing presence of estrogens in
vaginal epithelium. Detectable levels of ERz are present
m both stromal and epithelial compartments of the
vaginae obtained from neonatally DES-treated mice
(Sato er al., 1996b). After tissue separation by trypsin,
we weakly detected total and phosphorylated ERz
protein in vaginal epithelial tissue, but in stromal tissue,
we could not detect even total ERz protein due to the
long trypsin incubation (data not shown).

We examined AF-1 function of ER~ in mouse vagina
using 4-hydroxytamoxifen (4-OHT), which acts as an
agonist for AF-1, but as an antagonist for AF-2 (Berry
et al., 1990; McDonnell er al., 1995; Metzger et al.,
1995). Administration of 4-OHT to intact OVX mice
induced vaginal epithelial stratification and cornification
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Figure 5 Activation status of erbB downstream signaling in the 100 cells in the epithelial basal layer. The bars indicate standard
mouse vagina. (a) ERz, EGFR and erbB2 phosphorylation status error (n=5-6). *, P<0.05 vs control (DMSO). (d) ER« phosphor-
in vaginae of mice treateq wn_h saline (lane 1) or EGF (lane .24)4 (b) ylation status after injections of erbB inhibitors. The samples are
Erkl;2 and p9ORSK activation status was detected by antipho- from neoDES vagina treated with DMSO (lane 1), AG825 (lane 2)
spho-Erkl/2 and p90 RSK antibodies. The samples were from and AG1478 (lane 3)
vaginae of OVX mice treated with oil (lane 1), adultDES (lane 2)
and neoDES (lane 3) (a and b). (¢) ERz activation status was
detected by antiphospho-ER« antibodies. (d) Expression profiles of . .
growth factor mRNA in vaginae of intact OVX mice treated with Effects of ICI 182,780 in NeoDES vagina
oil control or 4-OHT ) .
We next tested whether ICI 182,780 (ICI), an antagonist
for both AF-1 and AF-2 of the ER%, could block the
irreversible effects in neoDES vaginae. As shown in
(data not shown), accompanied with sustained mRNA glatz:llfedl ar.lt?lefllg%r.?fg’ Iticqltioadrr:cncl(s)trat;ﬁ?edpimiilxz
expression of EGF-like growth factors, such as EGF, ° essi enpl £ 1a ti} f’re?o ‘S n{gB rec?ptors a dytheir
HB-EGF, APR and EPR (Figure 5d). These data e’k‘lpfs h’o lot'ogm;vvelsd(’: ; éoe]SES o Ifna kilg 1 oah
indicated that only AF-1 activation of ER« induced pftO ptk?ryl;stl InCIe' 'ec;po These da%a confirm that
ligands for erbB receptors. Further, ERx and erbB 3 er ul et‘ of AIlTnJI llalcllé ‘o estrosen-independent
signaling formed on activation loop without E,, which creguiation o e o = p
T o ‘ ER« action. Administration of ICI to intact OVX mice
initially must regulate this signaling pathway. did not induce vaginal epithelial stratification (data not
This hypothesis was supported by the experiment hown) g P
using inhibitors of EGFR (AG1478) and erbB2  SPOWIU:
(AGS825). The number of BrdU-incorporated cells was
slightly and significantly reduced in neoDES vagina
treated with AG825 and AGI478, respectively (Figure  Discussion
6a—c). The level of phosphorylation of ERz, in
particular Ser 118, was also reduced in these vaginae  Integrated hormonal signaling networks modulate the
treated with the inhibitors (Figure 6d). reproductive systems in animals. E, is responsible for
Table 1 Effects of ICI on neoDES mice
Treatment No. of mice showing vaginal epithelial
{No. of mice) Thickness of vaginal epithelium (umj*
Cornification Stratification
neoDES + oil (9) 9 9 133+6.0
neoDES +ICI (11) Joe 11 55+£9.44
*Mean thickness of vaginal epithelium was estimated by measuring the epithelial cell layers in vaginae of three random regions (mean+s.e.). *These
mice showed cornified epithelium in partial region. Statistical difference between neoDES+ Oil and neoDES +ICI group by Fisher's exact
probability test (P <0.05). “Statistical difference between neoDES + Oil and neoDES + ICI group by Student’s r-test or Welch's £-test followed by
F-test (P<0.05)
Oncogene
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Figure 7 Admiunistration of ICI blocked proliferation of vaginal
epithelial cells in neoDES mice. (a and b) Histology of vaginae
from 60-day-old neoDES (a) and neoDES =+ ICI (b) mice. Sections
were stained with hematoxylin and eosin. Scale bar =100 um. (c)
Expression profiles of growth factor mRNA in vaginae of neoDES
mice treated with oil control or ICL (d) ErbB2 and EGFR
phosphoryiation status in neoDES vaginae of mice treated with ol
(lane 1) or ICT (lane 2)

promoting estrus, influences the development and
maintenance of female sex characteristics. including
the induction of behavioral and physiological processes
in a variety of organ systems. Like most hormones, E;
exhibits acute and transient actions in its target organs.
For example, E, administration increases organ weight
and promotes cell proliferation and differentiation in the
adult female reproductive tracts (Iguchi et al., 1986). E,
withdrawal induces rapid involution of uteri and
vaginae, resulting in atrophy (Sato et al., 2003). This
reversible and specific effect of E, is important in
maintaining homeostasis and is required for normal
health and reproduction. In contrast, long-term expo-
sure to estrogens-induces an imbalance in cell prolifera-
tion and increases the risk of cancer of the reproductive
organs in rodents and humans (Marselos and Tomatis,
1992a, b). It was reported that in utero exposure to DES
caused vaginal clear-cell adenocarcinoma in a subset of
exposed females (Herbst er ¢/, 1971). To help under-
stand this phenomenon, a laboratory rodent model has
been characterized; mice treated neonatally with DES
develop estrogen-independent proliferation and cornifi-
cation in the vaginal epithelium and tumors later in life
(Takasugi, 1976; Forsberg, 1979; Iguchi, 1992). Since
the differentiative response of the vaginal epithelium is
complex and involves the generation and differentiation
of multiple suprabasal layers, an appropriate in vitro
system for studying vaginal epithelium has not been
established. For example, isolated vaginal epithelium in
vitro fails to stratify or cornify in response to E, (Iguchi
et al., 1983; Tsai er al., 1991). Therefore, to elucidate
mechanisms of estrogen-dependent and -independent
effects, which involve the induction of tumors, we used
neonatal DES-treated mice as a mode! system. The
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present study was focused on the signaling of ER and
erbBs and their ligands, the EGF-like growth factors in
mouse vagina, since many cancers of estrogen-target
organs can be related to these factors (Kurokawa er /.,
2000; Atanaskova er al., 2002).

Although many growth factors have been reported to
be related to reproductive organ growth, EGF-like
growth factors were hypothesized as major factors
involved in estrogen-dependent and -independent
growth. It is notable that HB-EGF, APR and EPR
were expressed at higher levels than EGF or TGF-z,
which are considered to be powerful mitogens in the
reproductive tracts of adult mouse (Nelson es al., 1991).
Interestingly, it was reported that APR was induced by
progesterone but not by estrogens in rodent uterus (Das
et al., 1995). On the contrary, APR contributed to the
autocrine growth of keratinocytes and tumor progres-
sion (Normanno et al., 1994; Piepkorn e al., 1994). This
is the first report that APR is an estrogen-inducible
growth factor and may be involved in vaginal epithelial
cell growth, such as stratification and cornification. The
sustained expression of other growth factors may be
induced by APR, as EGF-like growth factors are
capable of inducing other EGF-like growth factors,
the so called crossinduction (Hashimoto et a/., 1994),

In addition to increased EGF-like growth factors,
neonatal DES treatment led to increases in phosphor-
ylation of EGFR and erbB2 even after ovariectomy. The
erbB family has been implicated in numerous physiolo-
gical processes and is generally regarded as a major
contributor to cell proliferation and tumor progression.
Amplification or overexpression of erbB2 has been
reported in various cancer cells (Hynes and Stern, 1994),
thus it is expected that erbB mRNAs would be increased
in vaginae from neoDES mice. Instead, we observed a
reduction of EGFR and erbB2 mRNA and protein
expression in vaginae from both neoDES and adultDES
mice, accompanied by an increase in phosphorylations
of these receptor proteins. Phosphorylation of erbB2 is
probably due to ligand binding and ultimately results in
downregulation of the receptor, a property commonly
known to receptor tyrosine kinases (Pastan and Will-
ingham, 1983). ErbB expression in neoDES vaginae was
quite similar to that in adultDES vaginae, even in the
absence of stimulation by estrogens. It should be noted
that although erbB expression differs between neoDES
vaginae and vaginal tumors, persistent phosphorylation
and activation of erbB2 have been suggested to be an
early stage in tumor formation. Although all erbBs were
expressed in mouse vagina and have the potential as
mediators of estrogen action, EGFR likely interacts
with erbB2 since we found that both EGFR and erbB2
were phosphorylated in neoDES vaginae, erbB2 is
expressed in the vaginal epithelium and it was previously
reported that EGFR was expressed in mouse vaginal
epithelium (Falck and Forsberg, 1996).

Finally, we found that ERz is phosphorylated at
serine 118 and 167 within the AF-1 domain in neoDES
vaginae. Phosphorylation of these residues regulates
estrogen-independent transactivation by the receptor.
The activity of the ERz AF-1 domain is ligand
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independent and constitutive, whereas the function of
AF-2 in the ligand-binding domain is dependent on
ligand binding. When E, dissociates from the receptor,
ERoa becomes transcriptionally inactive because the
potential function of the AF-1 is suppressed by the
unliganded ligand-binding domain (Kato er al., 2000).
Phosphorylation of the AF-1 domain in mouse ER« also
affects the transcriptional function of AF-2 (Lahooti
et al., 1995). It is well established that growth factors can
activate ERo in the absence of its ligand through
phosphorylation in AF-1 (Kato et al., 1998; Yee and
Lee, 2000). Although participation of other growth
factor signaling pathways cannot be ignored, erbBs can
activate AF-1 of ERx by MAPK and Akt cascades
(Lannigan, 2003). In our study, activated erbB signal
induced ERe phosphorylation via at least p90RSK,
which has the potential to phosphorylate serine 167 of
ERo (Joel et al., 1998), while phosphorylated ERu«
induces EGF-like growth factors, which activates erbB
receptors. Thus, estrogen-independent actions in the
vagina were characterized by the formation of an

activation loop between ER« and erbB signaling.

Normal E,-induced epithelial proliferation in the
vagina is mediated through stromal ERwo (Buchanan
et al., 1998), and the alterations in stromal—-epithelial
interactions may lead to the onset and/or progression of
carcinogenesis. In our study, epithelial cells in neoDES
vagina seem to exhibit direct mitogenic and differentia-
tion responses in epithelial cells, and they lose their
normal stromal association. Actually, tissue recombi-
nant experiments showed that the reciprocal recombina-
tion of neonatally estrogenized vaginal epithelium and
untreated vaginal stroma exhibited ovary-independent
hyperplasia (Cunha et al., 1977). This is the first report
that ligand-independent ER action induces a precancer-
ous status in estrogen-target organ i vivo.

It has not been determined whether a major
contributor to estrogen-independent effects in neoDES
vaginae are the erbBs or the ER. Our study demon-
strated that, at least, ER« might be critical for estrogen-
independent vaginal changes in neoDES mice, even in
the absence of estrogen. AF-1 activation following the
administration of 4-OHT induced expression of ligands
for erbB receptors in vaginae. Furthermore, the admin-
istration of ICI to neoDES mice blocked phosphoryla-
tion of EGFR and erbB2, resulting in a reduction in the
number of vaginal epithelial cell layers. As to erbBs, the
administration of EGF rapidly induced the phosphor-
ylation of ER« in the present study. The administration
of EGF leads to vaginal cell proliferation and differ-
entiation (Nelson et al., 1991). Thus, erbBs play roles in
the phosphorylation of ER« and mediation of ER action
in vaginal cells. We also demonstrated that inhibitors of
erbBs blocked or slightly reduced BrdU incorporation
and ERo phosphorylation of serine 118 in neoDES
mice. These data suggests that ER« and erbBs make a
crosstalk and form activation loop, then it leads to
estogen-independent activation in neoDES vagina.

The mechanisms driving the constitutive activation of
ERux that occurs only in neoDES mice remain unknown.
DES activates both ER« and erbBs in the vagina of
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normal adult mice in the similar manner to that
observed in the neoDES mice. However, the activation
loop has not been established in the normal adult mice
and the effect of estrogen is always reversible. Addi-
tional factors, such as dysregulation of phosphatase or
signals through other receptor tyrosine kinases may be
involved in the persistent proliferation and differentia-
tion of vaginal epithelial cells.

Estrogen signals acting through ER« cause both
proliferation and differentiation of the vaginal epithelial
cells. While hyperproliferation leads to cancer, the
superactivation of differentiation signal may prevent
cancer development. The balance of these two signaling
cascades seems to be an important factor in estrogen-
induced cancers. The constitutive activation of the ERa-
erbB signaling loop seems to induce both proliferation
and differentiation. Hence, an alternation in this
activation loop may shift the tissue response toward
more proliferation than differentiation during carcino-
genesis. Therefore, further analyses are needed in order
to clarify the activation status of ER« and erbB family
members in the precancerous and cancer stages.

Despite decades of research, the mechanisms by which
developmental exposure to estrogens results in persistent
alteration of growth and differentiation of reproductive
tracts in humans and rodents remain unknown. As
generation of women exposed to DES becomes older,
with the possibility of a second rise in DES-associated
vaginal clear-cell adenocarcinoma (Herbst, 2000). Var-
ious studies to date have shown that DES-like effects
can be induced following exposure to xenoestrogens in
laboratory animals and wildlife (McLachlan, 2001).
Therefore, further characterization of the DES model is
needed to advance our knowledge of the potential risk
of the carcinogenetic effects of estrogens, including
developmental effects of xenoestrogens. In conclusion,
we demonstrated that estrogen-independent pathway
required for ERe, and activation of crosstalk between
erbBs signaling and ER leads to ligand-independent
activation of ERa« which, in turn, leads to persistent,
estrogen-independent vaginal changes and may lead to
cancer in the mouse vagina later in life.

Materials and methods

Animals and treatments

Female C57BL/6J mice were maintained under 12h light/12h
dark at 23-25°C and fed laboratory chow (CA-1, CLEA,
Tokyo, Japan) and tap water ad libitum. All procedures and
protocols were approved by the Institutional Animal Care and
Use Committee at the National Institute for Basic Biology,
Okazaki National Research Institutes.

Treatment time lines are shown in Figure 1. Female
newborn mice were given a daily subcutaneous (s.c.) injection
of 2.5mg DES (Sigma, St Louis, MO, USA)/kg body weight
(BW)/day dissolved in sesame oil or the vehicle alone
beginning from days 0 (the day of birth) to 4. Some mice
were killed 24 h after the last injection, and others were OVX
at day 46 and killed at day 60 (referred to as neoDES mouse)
(Figure la). Subsets of these mice were administered three
injections of AG825 or AG1478 (Tocris, Ellisville, MO, USA)
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(5mg/kg BW) dissolved in dimethyl sulfoxide (DMSO), at 8h bated with 3,3-diaminobenzidine tetrahydrochloride contain-
intervals. BrdU (50 mg/kg BW) (Sigma) was injected at the last ing hydrogen peroxide. BrdU-labeling index was estimated by
injection of the inhibitors and killed 1 h later (Figure 1d). The counting the number of BrdU-incorporated cells in the vaginal
other subset of mice were administered with daily 4-OHT epithelial basal layer. Statistical analysis was performed using
(Sigma) or ICI 182,780 (ICI, Tocris) (Smg/kg BW/day) Student’s t-test or Welch's t-test followed by F-test.
dissolved in sesame oil for a week and killed 24 h after the
last injection (Figure le). To examine the acute and reversible
effects of estrogens on the vagina, untreated mice were OVX at RT-PCR
day 46 and treated with a daily injection of 2.5 ug DES/kg BW/  Changes in gene expression were confirmed and quantified
day for S days, then killed 24 h after the last injection (referred using Q-PCR with the ABI Prism 5700 Sequence Detection
to adult DES mouse) (Figure 1b). This treatment was sufficient System (Applied Biosystems, Foster City, CA, USA). Total
to induce stratified and keratinized vaginal epithelium in OVX RNA (2.5ug), isolated with an RNeasy kit (QIAGEN,
mice. For examining direct effects of estrogen and EGF, a Chatsworth, CA, USA) from each groups, was used in RT-
single injection of 50 ug E; (Sigma) or 50 ug EGF (Biomedical, = PCR reactions carried out with SuperScript II reverse
Stoughton, MA, USA)/kg BW was given to 60-day-old mice,  transcriptase (Invitrogen) and SYBR Green Master Mix
which were OVX on day 46, and killed 0.5, 1, 3,6, 12and 24h  (Applied Biosystems) according to the manufacturer’s instruc-
(E2) or 15min (EGF) after the injection (Figure ic). tions. PCR conditions were as follows: 50°C for 2min, 95°C
For tissue separation, neoDES vagina were cut into small for 10 min, and 40 cycles of 95°C for 15s and 60°C for I min in
pieces, placed into 1% trypsin (Difco, Kansas, MO, USA) in 15l volumes. Sequences of gene primer sets are given in
Hanks’ balanced salt solution (Invitrogen, Carlsbad, CA, Table 2. Relative RNA equivalents for each sample were
USA) and digested at 4°C for 90 min. The vaginal epithelium  obtained by standardization of ribosomal protein L8 (L8)
and stroma were then separated mechanically using fine  levels. More than three pools of samples per group were run in
surgical forceps. triplicate to determine sample reproducibility, and the average
relative RNA equivalents per sample was used for further
. . . . analysis. Error bars represent the standard error, with all
Immunohistochemistry and BrdU immunostaining values represented as fold change compared to the control
Tissues were fixed in neutral buffered 10% formalin, treatment group normalized to an average of 1.0. Statistical
embedded in paraffin and sectioned at 6 yum. Deparaffinized analysis was performed using Student’s s-test or Welch's ¢-test
sections were incubated in 0.3% H,0, in methanol for 15min followed by F-test; differences with P<0.05 were considered
to eliminate endogenous peroxidases. After washing with PBS,  significant.
the sections were stained with Histofine (Nichirei, Tokyo, The expression of NRG| was examined using RT-PCR
Japan) according to the manufacturer-supplied protocol. Anti-  following electrophoresis. The annealing temperature was
erbB2 antibody was obtained from Novocastra (Newcastle,  60°C and 31 cycles for NRG1 and 24 cycles for glyceralde-
UK). The sections were incubated at a 1:500 dilution in PBS  hyde-3-phosphate dehydrogenase.
containing 1% BSA (Sigma) for 60 min at room temperature.
For negative controls, normal rabbit immunoglobulin fraction Protein preparation and i blottin
(Dako, Carpinteria, CA, USA) at the same dilution of each rotein preparation and tmmuno g
antibody was used. Vaginae removed from mice were immediately homogenized in
For BrdU-immunostaining, deparaffinized, sections were buffer A (20mM HEPES, 2mM EDTA, 2mM EGTA, 250 mMm
incubated in 3% H,0; in methanol for 30 min and immersed in sucrose, 100mM p-glycerophosphate, 2mM Naz;VO, and
2N HCI for 20min in order to denature the genomic DNA. protease inhibitor cocktail (Complete Mini; Boehringer
After washing with PBS, the sections were incubated with anti- Mannheim, Germany), pH 7.5). The homogenates were
BrdU antibody (Boehringer Mannheim, Mannheim, Ger- centrifuged at 900g for IS5min at 4°C. The pellets
many) diluted 1:10 in PBS containing 1% BSA for 60 min were suspended in buffer B (20mM HEPES, 2mM EDTA,
at room temperature. The sections were subsequently incu- 2mM EGTA, 250mM NaCl, 1% Triton X-100, 100mM
Table 2 Sequences of gene primer sets for RT-PCR
Primer sequences (5'-3')
Gene Forward Reverse
EGFR ATTCATGCGAAGACGTCACATT GTTCCACGAGCTCTCTCTCTTGA
erbB2 GCTGCCCGAAACGTGCTA CCGTGCCAGCCCGAA
erbB3 AGGCTTGTCTGGATTCTGTGGTT GGGATCGGGTGCAGAGAGA
erbB4 GGAGGCTGCTCAGGACCAA ACGCACGCTCCACTGTCAT
EGF TTCACAGAGCACACCTCAAAGGT GAATGTAAGCGTGGCTTCC
TGF-x« CCAGATTCCCACACTCAGT GGAGGTCTGCATGCTCACA
HB-EGF CAAGGTTCCCAGACAGGATCTC GGAGGACAGCGAGGTTCCA
BTC AGATGCCGCTTCGTGGTG CGAGCCCCAAAGTAGCCTT
APR CCGGTGGAACCAATGAGAACT CCTAAGACCAGCAGCAACAGC
EPR GCTGCACCGAGAAAGAAGGA GGGAACCTAGACAAAGCAGCG
IGF-I TTCAGTTCGTGTGTGGACCGAG TCCACAATGCCTGTCTGAGGTG
IGF-II TTCGCCTTGTGCTGCATC TCAACAAGCTCCCCTCCG
KGF GAAAGGGACCCAGGAGATGAA TGATTGCCACAATTCCAACTG
L8 ACAGAGCCGTTGTTGGTGTTG CAGCAGTTCCTCTTTGCCTTGT
GAPDH AACGACCCCTTCATTGACCTC CCTTGACTGTGCCGTTGAATT
NRG-1 TGAAAGACCTTTCAAACCCCTC CTCTTCTGGTACAGCTCCTCCG
Oncogene
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B-glycerophosphate, 2 mM Na;VQ, and protease inhibitor, pH 7.5)
and used as nuclear samples. Supernatant fluids were recentrifuged
at 105000 ¢ for 60 min and the resulting pellets were suspended in
buffer B. Protein contents were determined using the Bradford
Assay (Protein Assay Reagent, BioRad, Hercules, CA, USA).
The samples mixed with Laemmli sample buffer were boiled
then electrophoresed on SDS-polyacrylamide gels; proteins
were transferred onto a nitrocellulose membrane. The mem-
branes were preincubated with 3% BSA in TBS contained
0.1% Tween-20 over night at 4°C. Incubations with each
antibody were performed at a dilution of 1:1000 at room
temperature for 2h in TBS contained 0.1% Tween-20 with or
without 1% BSA. Anti-erbB2, anti-erbB3, anti-ERx and anti-
p90RSK-1 antibodies were obtained from Santa Cruz Bio-
technology (Santa Cruz, CA, USA), anti-erbB4 was obtained
from NeoMarkers, anti-EGFR, anti-Erk1/2 and antiphospho-
EGFR (Tyr 845 of human sequence corresponding to Tyr 847
of mouse sequence), -erbB2 (Tyr 877; mouse sequences
corresponding to human Tyr 877 is not known because N-
terminal sequence is not determined), -Erk1/2 (Thr 202/Tyr
204 to Thr 203/Tyr 205 of mouse sequence), -p90RSK (Thr
574 to Thr 611 of mouse sequence) and -ER« (Ser 118 and Ser
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