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Bronchoalveolar lavage fluid (BALF)

Mice were intratracheally administered 4 X 10° CFU of BCG suspended in
30 pl of PBS. BALF was collected at the indicated periods. To obtain
alveolar macrophages, BALF was centrifuged at 2000 X g for 2 min and
the pellet was resuspended in RPMI 1640 containing 4% FBS. The cell
count of alveolar macrophages was ~1 X 10° cells/mouse. To eliminate
contamination by bacteria, alveolar macrophages were cultured with 50
U/ml penicillin and 50 pg/ml streptomycin for 16 h, washed five times, and
infected with 5 X 10" CFU/well of BCG without penicillin and
streptomycin.

Preparation of recombinant SLPI protein and variants

PCR-amplified mouse SLPI cDNA fragments were inserted into pGEX-
6P-1 (Amersham Biosciences). pGEX-6P-1 containing mouse SLPI cDNA
was transformed into Escherichia coli Rosetta-gami B (DE 3). Expression
of GST-SLPI fusion proteins was induced by the addition of 1 mM iso-
propyl-1-thio-B-D-galactoside, and the expressed fusion proteins were pu-
rified using glutathione-Sepharose 4B (Amersham Biosciences) according
to the manufacturer’s instructions. The purified proteins were incubated
with PreScission Protease (Amersham Biosciences) at 4°C for 16 h to
cleave the GST tag and then purified with glutathione-Sepharose 4B.

Antibacterial activity

Mid-log phase Salmonella typhimurium were diluted with PBS containing
1% Luria-Bertani (LB) to give ~5 X 107 CFU/ml. A final volume of 250
wl was used to examine the antibacterial activities of proteins. After incu-
bation for 2 h, S. typhimurium were plated onto LB agar plates. Colonies
were counted (CFU/ml) after overnight incubation at 37°C.

Antimycobacterial activity

M. tuberculosis and BCG were grown in Middlebrook 7H9-ADC medium
at 37°C with vigorous agitation. After 7 days of incubation, rapidly grow-
ing mycobacteria were harvested by centrifugation and adjusted to 5 x 107
CFU/ml in TH9-ADC medium. After incubation of the mycobacteria with
the indicated concentrations of proteins for 24 h at 37°C, serial 20-fold
dilutions were conducted in PBS. Aliquots (50 ul) of the dilutions were
plated on Middlebrook 7H10 agar plates and incubated at 37°C for 21-28
days. Colonies were counted (CFU/ml) at intervals until no new colonies
appeared.

Protein-binding assay

SLPI and BSA were labeled with 5-(and 6-)carboxyfluorescein-N-hy-
droxysuccinimide ester (FLUOS; Roche Diagnostics) as described previ-
ously (30). Briefly, 400 ug/ml SLPI or BSA was mixed with 0.096 mg of
FLUOS in 1 ml of PBS for 2 h at room temperature. Nonreacted FLUOS
was separated by gel filtration using a Sephadex G25 column (Amersham
Biosciences). The labeled SLPI or BSA was then incubated with BCG, and
the OD at 630 nm was adjusted to 0.2. After 30 min of incubation at 37°C,
BCG were washed three times with 7H9 medium containing 0.05% Tween
80. Protein-BCG reactions were detected by confocal laser microscopy
(Zeiss).

Scanning electron microscopy

After culture with or without 1 uM SLPI for the indicated times, BCG
cultures were fixed with 5% glutaraldehyde, postfixed with 1% osmium
tetroxide, dehydrated with ethyl alcohol, treated with isoamy! acetate to
replace the alcohol, dried with liquid CO, in a critical-point apparatus
(HCP-2; Hitachi), and coated with Pt-Pd by ion sputtering (Hitachi) in
ion-distilled water. The specimens were analyzed using S-4700 scanning
electron microscope (Hitachi), operated at 10 kV.

Outer membrane permeabilization assay

The ability of proteins to permeabilize the outer membranes of BCG was
investigated using 1-N-phenylnaphthylamine (NPN; Wako Pure Chemical
Industries) as described previously (31). Briefly, BCG were suspended in
5 mM HEPES (pH 7.4) containing 10 uM NPN to an OD at 590 nm of
0.15. After incubation at 37°C for 30 min, proteins were added and the
fluorescence of NPN was monitored, The excitation wavelength used was
340 nm, and the emission wavelength was 425 nm. The experiment was
conducted at 37°C.

Generation of Slpi™"™ mice

The Sipi gene was isolated from genomic DNA extracted from embryonic
stem cells (E14.1) by PCR using TaKaRa LA Tag. The targeting vector
was constructed by replacing a 1.2-kb fragment containing exons 2-4 with
a neomycin-resistance gene cassette (neo) driven by the PGK promoter and
inserting a HSV thymidine kinase into the genomic fragment for negative
selection. After transfection of the targeting vector into embryonic stem
cells, colonies resistant to both G418 and ganciclovir were selected and
screened by PCR and Southern blotting. Homologous recombinants were
microinjected into blastocysts of C57BL/6 female mice and heterozygous
F, progenies were intercrossed to obtain Sipi ™'~ mice.

BCG/BSA
(negative control)

BCG/SLPI

FIGURE 3. SLPI associates with BCG. SLPI and BSA were labeled
with FLUOS (Roche). Labeled proteins were incubated with BCG for 30
min, and analyzed by fluorescence microscopy.
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FIGURE 4. SLPI disrupts the BCG
cell membrane. A, BCG was incubated
with or without SLPI for the indicated
periods and observed with scanning
electron microscopy. B, The indicated
concentrations of SLPI were added to
a BCG suspension containing NPN,
and the NPN fluorescence was moni-
tored for the indicated periods. Repre-
sentative data of three independent ex-
periments are shown.

Slpi™'~ mice were backcrossed to C57BL/6 mice for five generations,
and Sipi™'~ and their wild- type littermates from these intercrosses were
used for experiments at 6—8 wk of age. All animal experiments were con-
ducted in accordance with the guidelines of the Animal Care and Use
Committee of Kyushu University.

In vivo infection

For intratracheal infection, 4 X 10° CFU of M. tuberculosis suspended in
30 ul of sterile PBS were administered intratracheally. For i.v. infection,
4 X 10° CFU of M. mberculosis suspended in 100 pl of sterile PBS were
administered i.v. At 3 wk after infection, homogenates of the lungs and
spleen were plated on 7H10 agar plates. For histological examination, 1 X
107 CFU of M. tuberculosis suspended in 30 pl of sterile PBS were ad-
ministered intratracheally. At 5 days after infection, the lungs were fixed in
4% formalin, embedded in paraffin, cut into sections, and stained
with H&E.

Results
SLPI expression in the lungs of BCG-infected mice

To assess the roles of SLPI in mycobacterial infection, we first
analyzed SLPI expression in the lungs of mice intratracheally in-
fected with M. bovis BCG. Total RNA was extracted from the
lungs after 2, 7, and 14 days of infection and analyzed for SLPI
mRNA expression by real-time qPCR (Fig. 14). Expression of
SLPI mRNA was increased by ~9-fold after 2 days of infection,
but decreased thereafter. Next, we analyzed pulmonary cell types
expressing SLPI by immunohistochemical analysis (Fig. 1, B and
C). SLPI was detected in bronchial epithelial cells before BCG
infection (Fig. 1B, upper micrograph). After 2 days of BCG in-
fection, increased amounts of SLPI expression were observed, and
‘mainly localized at the apical side of bronchial epithelial cells (Fig.
1B, lower micrograph). This prompted us to investigate whether
:SLPI was secreted into the alveolar space after BCG infection.
-Accordingly, BALF was collected from BCG-infected mice and
+analyzed for SLPI protein expression by Western blotting (Fig.
1D). SLPI was not detected in BALF from uninfected mice, After
-2 days of BCG infection, SLPI was abundantly detected in BAI:,F
from infected mice, indicating that SLPI was secreted into:the
-alveolar space during the early phase of mycobacterial infectiori.In
addition to bronchial epithelial cells, SLPI was expressed in cells
“of the alveolar area (Fig. 1C). Therefore, we isolated type II alve-
olar epithelial cells (AEC) and alveolar macrophages and analyzed
-their SLPI expression levels after BCG infection. Since- AEC.are
difficult to culture in vitro, we took advantage of transgenic: mice

harboring a temperature-sensitive mutation of the SV40 large-tu-
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FIGURE 5. A single WAP domain in SLPI is sufficient to inhibit BCG
growth. A, The deletion mutant constructs mSLPI-N and mSLPI-C lack the
C-terminal and N-terminal portions, respectively. White boxes denote
WAP domains. B, BCG (5 X 107 CFU/ml) was incubated with i increasing

o

’ :concentratxons of the deletion mutants (mSLPI N and mSLPI-C) or
'WFDCZ for 24 h and then plated on TH10 agar plates C, The indicated
_‘concentratlons of the deletion mutants (mSLPI N and mSLPI- C) or
"WEFDC?2 were added to BCG suspensions containitig"NPN. The peak of
'NPNi fluorescence within 150 s was plotted. Représentative data. of three
‘independent experiments are shown.
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FIGURE 6. Cationic amino acids are responsible for the antimycobacterial activity of SLPI. A, Comparison of the WAP domain of SLPI with the WAP
domains of other proteins. The consensus amino acid sequence of the WAP domain is shown at the top of the protein sequences. Black- and gray-boxed
amino acids indicate cationic and anionic amino acids, respectively. Two conserved cysteine residues (first cysteine and third cysteine) are boxed. B, Amino
acid sequences of the mSLPI-N (mSLPI-Nca) and mSLPI-C (mSLPI-Cca) mutants. C and E, BCG (5 X 107 CFU/ml) was incubated with increasing
concentrations of mSLPI-Nca (C) and mSLPI-Cca (E) for 24 h and then plated on 7H10 agar plates. D and F, The indicated concentrations of mSLPI-Nca
(D) and mSLPI-Cca (F) were added to BCG cultures containing NPN. The peak of NPN fluorescence within 150 s was plotted.

AEC were infected with BCG and analyzed for SLPI mRNA ex-
pression (Fig. 1E). SLPI mRNA expression was gradually induced
after BCG infection and peaked after 36 h of infection. AEC have the
ability to secrete several effector molecules into the alveolar space.
Therefore, we analyzed the SLPI protein levels in culture supernatants
from BCG infected AEC by Western blotting (Fig. 1F). SLPI protein
was not detected in supernatants from uninfected AEC, but was
clearly detected in supernatants after 24 h of BCG infection. Next,
isolated alveolar macrophages were infected with BCG and analyzed
for SLPI mRNA expression (Fig. 1G). BCG infection resulted in an
increase in SLPI mRNA expression. Taken together, mycobacterial
infection induces the production and secretion of SLPI into the alve-
olar space by bronchial and type I alveolar epithelial cells as well as
alveolar macrophages in the lung.

SLPI-mediated inhibition of rﬁycobacterial growth

Several previous reports have described antimicrobial activities of
SLPI against Gram-positive bacteria, Gram-negative bacteria,
HIV, and fungi (18-20). However, SLPI needs to be present at
high concentrations (> 10 uM) for effective inhibition of microbial
growth, particularly S. typhimurium ‘and E. coli (18, 34). Indeed,
addition of 2 uM recombindnt mouse SLPI only moderately de-
creased the growth of S. ryphimurium (Fig. 2A). In sharp contrast
to the mild inhibition of S. typhimurium growth, addition of lower
concentrations of mouse SLPI to BCG cultures dramancally re-
duced the number of CFU (Fig. 2B). Growth of BCG'was almost
completely inhibited by the addition of 1 uM SLPI. A similar
inhibitory effect was observed on the growth. of M. tuberculosu
H37Ra and H37Rv (Fig. 2, C and D). These findings, indicate that
SLPI has a more potent antimicrobial activity.agaifist mycobacte-
ria than against S. typhimurium.
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Disruption of the BCG cell wall structure by SLPI

Next, we investigated the mechanism of the antimycobacterial ac-
tivity of SLPI. First, fluorescence-labeled SLPI was incubated with
BCG and analyzed by confocal laser microscopy (Fig. 3). BCG
and labeled SLPI were colocalized, suggesting that SLPI becomes
associated with BCG. We then examined the morphological effects
of SLPI on BCG. BCG was incubated with or without SLPI and
analyzed by scanning electron microscopy (Fig. 4A). BCG ex-
posed t6 SLPI for 3 h showed pronounced surface blebbing. After
12 h of incubation, many of BCG were collapsed and few live
BCG had rough and irregular membrane surfaces. Next, BCG was
subjected to an outer membrane permeabilization assay using a
fluorescent dye that is weakly fluorescent in aqueous environments
but becomes strongly fluorescent in the hydrophobic environment
within the cell membrane (Fig. 4B). Addition of SLPI caused rapid
increases in fluorescence in a dose-dependent manner. These re-
sults suggest that SLPI diréctly associates with mycobacteria, and
disrupts the cell wall structure.

Critical role of cationic amino’dcids in SLPI in its
antimycobacterial activity

We next investigated the critical domain involved in the antimy-
cobacterial activity: of SLPL.SI:PI has two WAP domains (Fig.
SA). Several serine protease;mhlbltors possessing a single WAP
domain, such as Eppin, Elafin , SWAMI, and SWAM?2, have an-
timicrobial activities agamstkbactena such as E. coli and Staphy-
lococcus aureus (8, 21, 22)..Toinvestigate whether each of the
WAP domains of mouse SLPLi is sufficienit to exert antimycobac-
terial activity, two deletion mutants .of SLPI mSLPI-N and
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FIGURE 7. Slpi~'~ mice are highly susceptible to M. tuberculosis infection. A, M. tuberculosis (4 X 10° CFU) were intratracheally infected into
wild-type and Slpi ™'~ mice and their survival was monitored. B, M. tuberculosis (4 X 10° CFU) were intratracheally infected into wild-type and Sipi~'~
mice. At 3 wk after infection, homogenates of the lungs and spleen were plated on 7H10 agar plates and the CFU titers were counted. Symbols represent
individual mice and bars represent the mean of CFU numbers. Statistical analyses were performed using Student’s ¢ test: *, p < 0.005 and **, p < 0.0005,
significant difference between wild-type and Slpi ™'~ mice. C, H&E staining of representative lung tissues from wild-type and Slpi~'~ mice on day 5 after
intratracheal infection with M. tuberculosis. D, M. tuberculosis (4 X 10° CFU) were i.v. infected into wild-type and Slpi~'~ mice. At 3 wk after infection,
homogenates of the lungs and spleen were plated on 7H10 agar plates, and the CFU titers were counted. Symbols represent individual mice and bars
represent the mean of CFU numbers. Statistical analyses were performed using Student’s ¢ test. n.s., Not significant

mSLPI-C, were generated (Fig. 5A). mSLPI-N contained the N-
terminal WAP domain, while mSLPI-C contained the C-terminal
WAP domain. Both mSLPI-N and mSLPI-C inhibited BCG
growth, although their efficiencies were slightly decreased com-
pared with that of full-length SLPI (Fig. 5B). Similarly, mSLPI-N
and mSLPI-C both induced -permeabilization of the outer mem-
brane of BCG with slightly lower efficacies (Fig. 5C). These re-
sults imply that each WAP domain of mouse SLPI exhibifs anti-
mycobacterial activity by disrupting the mycobacterial cell wall
structure. WFDC?2 is a secreted protein possessing two WAP do-
mains (Fig. 5A) (35). However, recombinant mouse WFDC2 had
10 effect on mycobacterial growth and did not induce permeabi-
lization of the BCG cell membrane, indicating that not all WAP
domain-containing proteins have antimicrobial activities (Fig. 5, B
ind C). In addition, the N-terminal, but not the C-terminal, WAP
domain of human SLPI has been shown to mediate its antimicro-
bial activities against E. coli and S. aureus (18). Therefore, we
tompared the amino acid sequences of the WAP domains of
Mouse and human SLPI as well as mouse WFDC2 (Fig. 6A).
The C-terminal regions were conserved among all of the WAP
domains. However, the sequences between the first and third
tysteine residues were less conserved. In particular, when we
tXamined the sequences between the first and second cysteine
"sidues, we noted that the WAP domains possessing antimy-
c0'|Jac:teria] activities (mSLPI-N, mSLPI-C, and hSLPI-N) con-
fined two or more cationic amino acids, whereas the WAP
Yomains with no antimycobacterial activities (mWFDC2-N,
MWFDC2-C, and hSLPI-C) had one or zero cationic acids and
"Stead contained anionic amino acids. Therefore, we produced
MSLPI-N (mSLPI-Nca) and mSLPI-C (mSLPI-Cca) mutants, in
% ich the two cationic amino acids were changed to the anionic
“Mino acid aspartic acid (Fig. 6B). Neither mSLPI-Nca nor

mSLPI-Cca was able to inhibit BCG growth or permeabilize the
cell membrane (Fig. 6, C—F). These results suggest that the
cationic acids of mouse SLPI are responsible for its potent an-
timycobacterial activities.

High susceptibility of SLPI-deficient mice to M. tuberculosis
infection

In the next experiment, we assessed the physiological roles of
SLPI during mycobacterial infection by generating mice lacking
SLPI (Slpi~'~ mice) via gene targeting (data not shown). First,
wild-type and Slpi '~ mice were intratracheally infected with M.
tuberculosis H37Ra, and monitored for their survival (Fig. 7A). All
Slpi~'~ mice died within 8 wk of infection at a dose that almost all
wild-type mice survived for >9 wk. Next, we counted CFU num-
bers in the lungs and spleen after 3 wk of infection (Fig. 7B). The
CFU titers of M. tuberculosis in both tissues were higher for
Slpi~'~ mice than that for wild-type mice. The histopathological
changes in the lungs after 5 days of M. ruberculosis infection were
also analyzed (Fig. 7C). In wild-type mice, the formation of sev-
eral small granulomas was observed. In contrast, granulomatous
changes were induced to a lesser extent in Slpi ~'~ mice and rather
diffuse cell infiltration was observed instead. Next, mice were i.v.
infected with M. tuberculosis, and the CFU numbers in the lungs
and spleen were counted after 3 wk of infection (Fig. 7D). The
CFU titers were not as dramatically increased in both tissues of
Slpi™'~ mice compared with the corresponding titers in the tissues
of wild-type mice, indicating that Slpi '~ mice are not highly sus-
ceptible to i.v. M. tuberculosis infection. Taken together, these
findings indicate that szpi‘f' mice are highly vulnerable to M.
tuberculosis infection via the respiratory route.
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Discussion

In the present study, we analyzed the roles of mouse SLPI in host
defense against mycobacteria. During the early phase of respira-
tory mycobacterial infection, SLPI was produced and secreted into
the alveolar space by bronchial and type II alveolar epithelial cells
as well as alveolar macrophages. Récombinant mouse SLPI inhib-
ited the growth of mycobacteria more effectively than it inhibited
the growth of Gram-negative bacteria. The SLPI-mediated inhibi-
tion of mycobacterial growth was attributable to disruption of the
mycobacterial cell wall structure. Furthermore, Sipi '~ mice were
highly susceptible to pulmonary M. tuberculosis infection, high-
lighting a mandatory role for mouse SLPI in the host defense
against M. tuberculosis infection. Thus, mouse SLPI is a critical
antimycobacterial molecule that acts during the early phase of my-
cobacterial infection at the respiratory mucosal surface.

Similar structural changes to those observed in SLPI-treated
mycobacterial cell walls were induced in several bacteria and M.
tuberculosis treated with the antimicrobial peptides defensins,
which permeabilize microbial membranes (36, 37). We further
identified the critical elements for the potent antimycobacterial ac-
tivity of mouse SLPI. It has been proposed that defensins contain-
ing positively charged amino acid residues associate with micro-
organisms by targeting the surface-exposed negatively charged
phospholipid head groups in the microbial membrane (37). Indeed,
mutations that change arginine to aspartic acid can attenuate the
bactericidal activity of the a-defensin cryptdin-4 (38). Therefore,
we supposed that SLPI, which has similar effects on mycobacterial
membranes to defensins, also associates with negatively charged
mycobacterial membranes through its positively charged amino
acid residues. Consistent with this hypothesis, the sequences be-
tween the first and second conserved cysteine residues of the WAP
domains are, not conserved. Moreover, there are several positively
charged amino-acids (lysine and arginine) in these regions of the
WAP domains that possess antimicrobial activities, whereas the
regions without any antimicrobial activities contain one or zero
positively charged amino acids. Furthermore, structural studies
have revealed that the region between the first and second con-
served cysteine residues is exposed on the outside of the molecule,
thereby enabling this region to associate with microbial mem-
branes (39, 40). Indeed, mutations of the cationic amino acid res-
idues within this region resulted in elimination of the antimyco-
bacterial activity. Thus, mouse SLPI exhibits antimycobacterial
activity in quite a similar manner to that of defensins.

In comparison to SLPI, higher concentrations of other serine
protease inhibitors containing a WAP domain are required to in-
hibit microbial growth (8, 21, 22). Recombinant human SLPI is
less effective at inhibiting the growth of mycobacteria and S. fy-
phimurium (our unpublished data). These differential properties
may be attributable to structural differences in the WAP domains,
which mediate the antimicrobial activity. SLPI has two WAP do-
mains, whereas other serine protease inhibitors, such as Eppin,
Elafin, and SWAMs, have only a single WAP domain. In the case
of human SLPI, only the N-terminal WAP-domain-exhibits anti-
microbial activity (18). In addition, only-the N-terrhinal WAP do-
main of human SLPI contains critical cationic acid residues. The
presence of two WAP domains possessing antimicrobial activity
may be responsible for the high potency.-of mouse SLPI for my-
cobacterial growth inhibition.

Mouse SLPI inhibited mycobacterial ‘growth at .profoundly
lower concentrations than those required to inhibit the growth of §.
typhimurium or other microorganisms:(18:20): It remains unclear
how SLPI becomes more specifically targéted toward:mycobacte-
ria. Differential antimicrobial propertiészagainst.distinct microor-
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ganisms have not been reported in the case of defensins. Therefore,
SLPI, which has multifunctional properties, may have an unknown
strategy for specifically récognizing mycobacteria. '

The in vitro findings-demonstrating that mouse SLPI inhibits
mycobacterial growth were further strengthened by in vivo studies
using Slpi~’~ mice. Slpi~’~ mice were highly susceptible to pul-
monary M. tuberculosis inféction, but not to i.v. infection. In ac-
cordance with this finding, SLPI protein was abundantly detected
in the alveolar space after-pulmonary BCG infection, but was not
detected in sera from niice after i.v. BCG infection (our unpub-
lished data). Therefore, high concentrations of SLPI are supposed,
to be secreted into the alveolar space during the early phase of
respiratory infection with M. tuberculosis, thereby promptly kill-
ing the mycobacterla before they can invade the lung tissues
through the eplthehal barrier. Given that mouse SLPI has potent
antimycobacterial activities, it would be a good candidate for treat-
ment during the acute phase of M. tuberculosis infection and may
even be able to be used for the treatment of patients with multi-
drug-resistant M. tuberculosis.
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Toli-like receptors (TLRs) recognize a variety of microbial components and mediate down-
stream signal transduction pathways that culminate in the activation of nuclear factor kB
(NF-xB} and mitogen-activated protein (MAP) kinases. Trib1 is reportedly involved in the
regulation of NF-iB and MAP kinases, as well as gene expression in vitro. To clarify the
physiological function of Trib1 in TLR-mediated responses, we generated Trib1-deficient
mice by gene targeting. Microarray analysis showed that Trib1-deficient macrophages
exhibited a dysregulated expression pattern of lipopolysaccharide-inducible genes, whereas
TLR-mediated activation of MAP kinases and NF-«B was normal. Trib1 was found to asso-
ciate with NF-IL6 (also known as CCAAT/enhancer-binding protein B). NF-IL6-deficient
cells showed opposite phenotypes to those in Trib1-deficient cells in terms of TLR-mediated
responses. Moreover, overexpression of Trib1 inhibited NF-IL6-dependent gene expression
by down-regulating NF-IL6 protein expression. In contrast, Trib1-deficient cells exhibited
augmented NF-IL6 DNA-binding activities with increased amounts of NF-IL6 proteins.
These results demonstrate that Trib1 is a negative regulator of NF-IL6 protein expression
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and modulates NF-IL6-dependent gene expression in TLR-mediated signaling.

Innate immunity is promptly activated after the
invasion of microbes through recognition of
pathogen-associated molecular patterns by pat-
tern-recognition receptors, including Toll-like
receptors (TLRs) (1). The recognition of micro-
bial components by TLRs eftectively stunulates
host iminune responses such as proinflammatory
cytokine production, cellular proliferation, and
up-regulation of co-stimulatory molecules,
accompanied by the activation of NF-kB and
mitogen-activated protein (MAP) kinases (2, 3).
Although the inhibitory protein IkB family
members sequester NF-«B in the cytoplasm of
unstimulated cells, TLR -dependent IkB phos-
phorylation by the IkB kinase complex and
degradation by the ubiquitin—proteasome path-
way permit translocation of NF-kB to the nucleus
(4). MAP kinases such as c-Jun N-terminal kinase
(Juk) and p38 are also rapidly phosphorylated
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and activated by upstream kinases in response
to TLR stimulation (5). Moreover, TLR ~-me-
diated activity of NF-kB and MAP kinases is
shown to be regulated at multiple steps re-
garding the strength and the duration of the
activation (6).

Recent extensive experiments have identi-
fied a variety of modulators that have positive
and negative effects on the activation of NF-xB
and MAP kinases, including a family of serine/
threonine kinase-like proteins called Trib (7).
Trib consists of three family members: Trib1
(also known as c8fw, GIG2, or SKIP1), Trib2
(also known as ¢5fw), and Trib3 (also known
as NIPK, SINK, or SKIP3) (7-12). Trib3 has
been shown to interact with the p65 subunit
of NF-«B and to inhibit NF-kB—dependent gene
expression in vitro (11). In terms of MAP kinases,
Trib1, Trib2, and Trib3 reportedly bind to Juk
and p38, and affect the activity of MAP kinases
and IL-8 production in response to PMA or
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TLR hgands/IL-1 (12). However, whether Trib family
members regulate TLR-mediated signaling pathways under
physiological conditions is still unknown.

In this study, we generated Tribl-deficient mice by gene
targeting and analyzed TLR-mediated responses. Although the
activation of NF-kB and MAP kinases in response to LPS was
comparable between wild-type and Trib1-deficient cells, micro-
array analysis revealed that a subset of LPS-inducible genes
was dysregulated in Tribl-deficient cells. Subsequent yeast
two-hybrid analysis identified the CCAAT/enhancer-binding
protein (C/EBP) family member NF-IL6 (also known as C/
EBPP) as a binding partner of Trib1, and phenotypes found
in NF-IL6—deficient cells were opposite to those observed in
Tribl-deficient cells. Moreover, overexpression of Trib1 inhib-
ited NE-IL6—mediated gene expression and reduced amounts
of NF-IL6 proteins. Inversely, NF-IL6 DNA-binding activity
and LPS-inducible NF-IL6—target gene expression were up-
regulated in Tribl-deficient cells, in which amounts of NF-IL6
proteins were increased. These results demonstrate that Trib1
plays an important role in NF-IL6—dependent gene expression
in the TLR-mediated signaling pathways.

RESULTS

Comprehensive gene expression analysis in Trib1-deficient
macrophages

To assess the physiological function of Trib1 in TLR-medi-
ated immune responses, we performed a microarray analysis
to compare gene expression profiles between wild-type and
Tnbl-dchcient macrophages in response to LPS (Fig. 1 A and
Fig. S1, available at http://www jem.org/cgi/content/full/
jem.20070183/DC1). Out of 45,102 transcripts, we first de-
fined the genes induced more than twofold after LPS stimula-
ton in wild-type cells as “LPS-inducible genes” and identified
790 of them (Table S1). We next compared the LPS-inducible
genes in wild-type and Trib1-deficient macrophages after LPS
stmulation and found 59, 703, and 28 genes as up-regulated,
similarly expressed, and down-regulated m Trib1-deficient cells,
respectively (Table S1).

Among the up-regulated genes, several were subsequently
tested by Northern blotting to confirm the accuracy. LPS-
induced expression of prostaglandin E synthase (mPGES),
lipocalin-2 (24p3), arginase type II, and plasminogen activator
inhibitor type II, which were highly up-regulated in the
microarray analysis (Table S1), was indeed enhanced in Trib1-
deficient macrophages (Fig. 1 B). Furthermore, in contrast to
proinflammatory cytokines such as TNF-a« and IL-6, which
were similarly expressed between wild-type and Trib1-deficient
cells in response not only to LPS but also to other TLR ligands,
IL-12 p40 was down-regulated in Trib1-deficient cells com-
pared with wild-type cells (Fig. 1 C; Fig. S2, A—C, available at
http://www jem.org/cgi/content/full/jem.20070183/DCH1;
and Table S1). Thus, the comprehensive microarray analysis
revealed that a subset of LPS-inducible genes is dysregulated
in Trib1-deficient cells.,

Previous in vitro studies demonstrate that human Trib
family members modulate activation of MAP kinases and
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Figure 1. Dysregulation of a subset of LPS-inducible genes in
Trib1-deficient cells. (A] Summary of DNA chip microarray analysis.
790 LPS-inducible genes were divided into up-requlated (yellow), simi-
larly expressed (pink), and down-regulated (blue) groups, with the indi-
cated amounts of each. (B) Peritoneal macrophages from wild-type or
Trib1-deficient mice were stimulated with 10 ng/ml LPS for the indicated
periods. Total RNA (10 p.g) was extracted and subjected to Northern blot
analysis for the expression of the indicated probes. (C) Peritoneal macro-
phages from wild-type and Trib1-deficient mice were cultured with
the indicated concentrations of LPS in the presence of 30 ng/ml IFN-v
for 24 h. Concentrations of IL-12 p40 in the culture supernatants were
measured by ELISA. Indicated values are means = SD of triplicates. Data
are representative of three (B) or two (C) independent experiments. N.D.,
not detected.

NF-«kB (7-12). Both wild-type and Tnbl-deficient cells
showed similar levels and time courses of phosphorylation
of p38, Jnk and extracellular signal-regulated kinase, and
IkBa degradation (Fig. S2 D), indicating that the dysregulated
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expression of LPS-inducible genes in Trnibl-deficient cells
might be the independent of activation of NF-«kB and
MAP kinases.

Interaction of Trib1 with NF-IL6

To explore signaling aspects of Tribl deficiency other than
NF-kB and MAP kinases, we performed a yeast-two-hybrid
screen with the full length of human Trib1 as bait to identify
a binding partner of Trib1 and identified several clones as
being positive. Sequence analysis subsequently revealed that
three clones encoded the N-terininal portion of a member of
the C/EBP NF-IL6 (unpublished data). We initially tested
the interaction of Trib1 and NF-IL6 in yeasts. AH109 cells
were transformed with a plasmid encoding the full length of
Trib1 together with a plasmid encoding the N-terminal portion
of NF-IL6 obtained by the screening (Fig. 2 A). We next ex-
amined the interaction in mammalian cells using immuno-
precipitation experiments. HEK293 cells were transiently
transfected with a plasinid encoding the full length of mouse
Trib1 together with a plasmid encoding the full length of mouse
NF-IL6. Myc-tagged NF-IL6 was coimmunoprecipitated

A Lw

-L-W-H

with Flag-Trib1 (Fig. 2 B), showing the interaction of Tribl1
and NF-IL6 in mammalian cells.

TLR-mediated immune responses in NF-IL6-deficient
macrophages

An in vitro study showing the interaction of Trib1 and NF-
IL6 prompted us to examine the TLR-mediated immune
responses in NF-IL6~deficient cells, because LPS-induced
expression of mPGES is shown to depend on NF-IL6 (13).
We initially analyzed the expression pattern of genes affected
by the loss of Trib1 in NF-IL6—deficient macrophages by
Northern blotting. LPS-induced expression of 24p3, plas-
minogen activator inhibitor type II, and arginase type II, as
well as mPGES, was profoundly defective in NF-IL6~defi-
cient cells (Fig. 2 C). We next tested IL-12 p40 production
by ELISA. As previously reported, IL-12 p40 production
by LPS stimulation was increased in a dose-dependent fash-
ion in NF-IL6—deficient cells compared with control cells
(Fig. 2 D) (14). In addition, the production in response to
bacterial lipoprotein (BLP), macrophage-activating lipopep-
ode-2 (MALP-2), or CpG DNA was also augmented in
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Figure 2.

Association of Trib1 with NF-IL6 and TLR-mediated responses in NF-IL6-deficient macrophages. (A) Plasmids expressing hu-

man Trib1 fused to the GAL4 DNA-binding domain or an empty vector were cotransfected with a plasmid expressing NF-IL6 fused to GAL4 trans-
activation domain or an empty vector. Interactions were detected by the ability of cells to grow on medium lacking tryptophan, leucin, and histidine
(-L-W-H). The growth of cells on a plate lacking tryptophan and leucine (-L-W) is indicative of the efficiency of the transfection. (B) Lysates of
HEK293 cells transiently cotransfected with 2 g of Flag-tagged Trib1 andfor 2 wg Myc-tagged NF-IL6 expression vectors were immunoprecipi-
1ated with the indicated antibodies. (C) Pzritoneal macrophages from wild-type or NF-IL6-deficient mice were stimulated with 10 ng/ml LPS for
the indicated periods. Total RNA (10 pg) was extracted and subjected to Northern blot analysis for expression of the indicated probes. (D and E)
Peritoneal macrophages from wild-type and NF-IL5-deficient mice were cultured with the indicated concentrations of LPS (D) or with 100 ng/mil
BLP, 30 ng/mi MALP-2, or 1 M, CpG DNA (E) in the presence of 30 ng/ml IFN-vy for 24 h. Concentrations of IL-12 p40 in the culture supernatants
were measured by ELISA. Indicated values are means = SD of triplicates. Data are representative of three (B) and two (C-E) separate experiments.

N.D., not detected.
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NF-IL6—deficient cells (Fig. 2E). Together, compared with Trib1-
deficient cells, converse phenotypes in terms of TLR -mediated
immune responses are observed in NF-IL6—deficient cells.

Inhibition of NF-IL6 by Trib1 overexpression

To test whether Trib1 down-regulates NF-IL6—dependent
activation, HEK293 cells were transfected with an NE-IL6—
dependent luciferase reporter plasmid together with NF-IL6
and various amounts of Trib1 expression vectors (Fig. 3 A).
NF-IL6—mediated luciferase activity was diminished by co-
expression of Trib1 in a dose-dependent manner. Moreover,
RAW264.7 macrophage cells overexpressing Trib] exhibited
reduced expression of mPGES and 24p3 in response to LPS
(Fig. S3 A, available at http://www jem.org/cgi/content/full/
Jem.20070183/DC1). We next tested NF-IL6 DNA-binding
activity by EMSA and observed less NF-IL6 DNA-binding
activity in HEK293 cells coexpressing NF-IL6 and Trib1 than
in ones transfected with the NF-IL6 vector alone (Fig. 3 B),
presumably accounting for the down-regulation of the
NF-IL6—dependent gene expression by Tribl. We then ex-
amined the effect of Trib1 on the amounts of NF-IL6 proteins
by Western blotting. Although the diminution of NF-IL6 by
Trib1 was marginal when excess amounts of NF-IL6 were ex-
pressed, we found that the transient expression of lower levels of
NEF-IL6, together with Trib1, resulted in a reduction of NF-IL6
in HEK293 cells (Fig. 3 C). Also, endogenous levels of NF-
IL6 proteins in RAW?264.7 cells overexpressing Tribl were
markedly less than those in control cells (Fig. 3 D). These results
demonstrated that overproduction of Trib1 might negatively
regulate NF-IL6 activity in vitro.

Up-regulation of NF-IL6 in Trib1-deficient cells

We next attempted to check the in vivo status of NF-IL6 in
Tribl-deficient cells by comparing the NF-IL6 DNA-bind-
ing actvity in Tribl-deficient macrophages with that in
wild-type cells by EMSA. Although LPS-induced NF-kB-
DNA complex formation in Trib1-deficient cells was simi-
larly observed, Tribl-deficient cells exhibited elevated levels
of C/EBP-DNA complex formation compared with wild-
type cells (Fig. 4 A). We further examined whether the
C/EBP-DNA complex in Tribi-deficient cells contained
NF-IL6 by supershift assay. Addition of anti-NF-IL6 anti-
body into the C/EBP-DNA complex yielded more super-
shifted bands in Tribl-deficient cells than in wild-type cells
(Fig. 4 B). In addition, the C/EBP-DNA complex was not
shifted by the addition of anti-C/EBP® (also known as
NF-IL6B) antibody (Fig. S4 A, available at http://www
-Jjem.org/cgi/content/full/jem.20070183/DC1), suggesting
that NF-IL6 DNA-binding activity is augmented in Trib1-
deficient cells. We then examined the amounts of NF-IL6
proteins by Western blotting (Fig. 4 C). Compared with
wild-type cells, Tribl-deficient cells showed increased levels
of NF-IL6 proteins. Finally, we examined NF-IL6 mRNA
levels by Northern blotting and observed enhanced expression
of NF-IL6 mRNA in Tribl-deficient cells (Fig. 4 D), which
is consistent with the autocrine induction of NF-IL6 mRNA
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Figure 3. Inhibition of NF-IL6 activity by Trib1 overexpression.

(A) HEK293 cells were transfected with an NF-IL6-dependent luciferase
reporter together with either Trib1 and/or NF-IL6 expression plasmids. Lucif-
erase activities were expressed as the fold increase over the background
shown by lysates prepared from mock-transfected cells. Indicated values are
means * SD of triplicates. (B) HEK293 ceils were transfected with 0.1 ug
NF-IL6 expression vector together with 4 g Trib1 expression plasmids.
Nuclear extracts were prepared, and C/EBP DNA-binding activity was deter-
mined by EMSA using a probe containing the NF-IL6 binding sequence from
the mouse 24p3 gene. (C) Lysates of HEK293 cells transiently cotrans-
fected with 2 wg of Flag-tagged Trib1 alone or the indicated amounts of
Myc-tagged NF-IL6 expression vectors were immunoblotted with anti-Myc
or -Flag for detection of NF-IL6 or Trib1, respectively. (E) RAW 264.7 cells
stably transfected with either an empty vector or Flag-Trib1 were stimulated
with 10 ng/ml LPS for the indicated periods. The cell lysates were immuno-
blotted with the indicated antibodies. A protein that cross-reacts with the
antibody is indicated (7). Data are representative of three (A and C) and two
(B and D), separate experiments.
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Figure 4. Up-regulation of NF-IL6 activity in Trib1-deficient cells.
[A) Peritoneal macrophages from wild-type or Trib1-deficient mice were
stimulated with 10 ng/ml LPS for the indicated periods. Nuclear extracts
were prepared, and C/EBP DNA-binding activity was determined by EMSA
using a C/EBP consensus probe. (B) Nuclear extracts of wild-type and Trib1-
deficient unstimulated macrophages were preincubated with anti-NF-IL6,
followed by EMSA to determine the C/EBP DNA-binding activity. Super-
shifted bands are indicated (*). (C) Peritoneal macrophages from wild-type
or Trib1-deficient mice were stimulated with 10 ng/ml LPS for the indicated
periods and lysed. The cell lysates were immunoblotted with the indicated
antibodies. A protein that cross-reacts with the antibody is indicated (%).
(D) Total RNA (10 prg) from unstimulated peritoneal macrophages from
wild-type or NF-IL6-deficient mice was extracted and subjected to North-
ern blot analysis for expression of the indicated probes. Data are represen-
tative of two (A and B) and three (C and D) separate experiments.

in a previous study (15). Thus, Trib1 may negatively con-
trol amounts of NF-IL6 proteins, thereby affecting TLR-
mediated NF-IL6—dependent gene induction.

DISCUSSION

In this study, we demonstrate by microarray analysis and bio-
chemical studies that Trib1 is associated with NF-IL6 and negates
NF-IL6—dependent gene expression by reducing the amounts of
NF-ILG proteins in the context of TLR-mediated responses.
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Especially regarding IL-12 p40), although the microarray data
showed an almost twofold reduction of the mRNA in Trib1-
deficient cells (Table S1), the production was three to four times
lower than that in wild-type cells (Fig. 1 C), suggesting trans-
lational control of IL-12 p40 by Trib1 in addition to the tran-
scriptional regulation. Moreover, the transcription of the
IL-12 p40) gene itself may be affected by not only the amount
of NF-IL6 proteins but also the phosphorylation or the isoforms
such as liver-enriched activator protein and liver-enriched in-
hibitory protein (16-18). The molecular mechanisms of how
Tribl deficiency aftects IL-12 p40) production on the tran-
scriptional or translational levels through NF-IL6 regulation
need to be carefully studied in the future.

The name Trib is originally derived from the Drosophila
mutant strain fribbles, in which the Drosophila tribbles protein
negatively regulates the level of Drosophila C/EBP slbo protein
and C/EBP-dependent developmental responses such as bor-
der cell migration in larvae (19-22). It is also of interest that
Trib1-deficient female mice and Drosophila in adulthood are
both infertile (unpublished data) (18). In mammals, other Trib
family members such as Trib2 and Trib3 have recently been
shown to be involved in C/EBP-dependent responses (23, 24).
Mice transferred with bone marrow cells, in which Trib2 is
retrovirally overexpressed, display acute myelogenous leuke-
mia-like disease with reduced activities and amounts of
C/EBPa (23). In addition, ectopic expression of Trib3 inhibits
C/EBP-homologous protein—-induced ER stress—mediated
apoptosis (24). Thus, the function of tribbles to inhibit C/EBP
activities by controlling the amounts appears to be conserved
throughout evolution.

Given the up-regulation of the mRNA in Tribl-deficient
cells (Fig. 4 D), the reduction of NF-IL6 in Tribl-overex-
pressing cells (Fig. 3 C), the auto-regulation of NF-IL6 by it-
self (15), and the degradation of C/EBPa by Trib2 (23) and
slbo by tribbles (22), the loss of Trib1 might primarily result in
impaired degradation of NF-TL6 and, subsequently, in exces-
sive accumulation of NF-ILG via the autoregulation in Trib1-
deficient cells.

In this study, we focused on the involvement of Trib1 in
TLR-mediated NF-IL6—dependent gene expression. However,
given that the levels of NF-IL6 proteins were increased in
Tribl-deficient cells, it is reasonable to propose that other
non-TLR-related NF-IL6—dependent responses might be en-
hanced in Trib1-deficient mice. Moreover, Trb3 1s also shown
to be involved in insulin-mediated Akt/PKB activation in the
liver by mechanisms apparently unrelated to C/EBP, suggest-
ing that Trib family members possibly function in a C/EBP-
independent fashion (25-27). Future studies using mice lacking
other Trib family members, as well as Trib1, may help to un-
ravel the nature of mammalian tribbles in wider points of view.

MATERIALS AND METHODS

Generation of Tribl-deficient mice. A genomic DNA containing the
Trib1 gene was isolated from the 129/5V mouse genomic library and char-
acterized by restriction enzyme mapping and sequencing amalysis. The gene
encoding mouse Tribl consists of three exons. The targeting vector was
constructed by replacing a (1.4-kb fragment encoding the second exon of the
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Tirb1 genc with a ncomycin resistance gene cassette (neo} (Fig. S1 A). The
targeting vector was transfeceed into embryonic stem cells (E14.1). G418 and
gancyclovir doubly resistant colonies were sclected and screcned by PCR
and Southern blot analysis (Fig. S1 B). Homologous recombinants were micro-
injected into C57BL/6 female mice, and heterozygous Fi progenies were
intercrossed to obtain Trb?'’~ mice. We interbred the heterozygous mice
to produce offspring carrying a null mutation of the genc encoding Trb1.
"I'ribt-deficient mice were born at the cxpected Mendelian ratio and showed
a slight growth retardation with reduced body weight until 2-3 wk after
birth (unpublished daca). Tribi-deficient that mice survived for >6 wk were
analyzed in chis study. To confirm the disruption of the gene cncoding
Tribl, we analyzed wotal RNA from wild-type and Tribl-deficient perito-
neal macrophages by Northem blotting and found no transcripts for Tribl in
Tribt-deficient cells (Fig. S1 C). All animal cxperiments were conducted
with the approval of the Animal Research Committee of the Rescarch Insti-
tute for Microbial Discases ac Osaka University.

Reagents, cells, and mice. LPS (2 TLR 4 ligand) from Salmonella minnesota
Re 595 and anti-Flag were purchased from Sigma-Aldrich. BLP (TLR.1/
TLR2). MALP-2 (TLR2/TLR6), and CpG oligodeoxynucleotides (TLRY)
were prepared as previously described (28). Antiphosphorylated extracellular
signal-regulated kinase, Jnk, and p38 antibodics were purchased from Cell
Signaling. Anti~NF-IL6 (C/EBP), C/EBPSJ, actin, IxBe, and Myc-probe
were obtained from Santa Cruz Biotechnology, Inc. NE-IL6—dcficient mice
were as previously deseribed (29). Epitope-tagged Tribl fraginents were
generated by PCR. using cIDNA from LPS-stimulated mousc peritoneal
macrophages as the template and cloned into pcDNA3 expression vectors,
according to the manufacturer’s instructions (Invitrogen).

Measurement of proinflammatory cytokine concentrations. Peritoneal
macrophages were collected from peritoncal cavitics 96 h after thioglycollate
injection and cultured in 96-well plates (107 cells per well) with the indicated
concentrations of the indicaced ligands for 24 h. as shown in the figures.
Concentrations of TNF-a, IL-6, and TL-12 p40 in the culture supernatant
were measured by ELISA, according to manufacturer’s instructions (TNF-a
and IL-12 pd40), Genzyme; TL-6, R&D Systenis).

Luciferase reporter assay. The NF-IL6—dcpendent reporter plasmids were
constructed by inserting the promoter regions (=1200 to +33) of the mouse
24p3 genc anplified by PCR into the pGL3 reporter plasmid. The reporter
plasmids were transiently cotransfected into HEK293 with the control Renilla
luciferase expression vectors using a reagent (Lipoftctamine 2000 Tnvitrogen).
Luciferase activitics of total cell lysates were measured using the Dual-Luciferase
Reporter Assay System (Promega), as previously described (28).

Yeast two-hybrid analysis. Ycast two-hybrid screening was performied as
described for the Matchmaker two-hybrid system 3 (CLONTECH Labora-
torics, Inc.). For construction of the bait plasimid, the full length of human
Tribt was cloned in frame into the GAL4 DNA-binding domain of pG-
BKT7. Yeast strain AH109 was transformed with the bait plasmid plus the
hunan lung Matchmaker ¢PDNA library. After screening of 10° clones, posi-
tive clones were picked, and the pACT2 library plasmids were recovered
from individual clones and expanded in Escherichia coli. The insert cDNA was
sequenced and characterized with the BLAST program (National Center for
Biotechnology Information).

Microarray analysis. Peritoncal macrophages from wild-type or Tribt-
deficient mice were left untreated or were treated for 4 h with 10 ng/mi
LPS in the presence of 30 ng/ml [FN=~y. The ¢IINA was synthesized and
hybridized to Murine Genome 430 2.0 microarray chips (Affymetrix), ac-
cording to the manufacturer’s instructions. Hybridized chips were stained
and washed and were scanned with a scanner (GeneAray; Affymetrix).
Microarray Suite software (version 5.05; Aftymetrix) was used for data analysis.
Microarray data have been deposited in the Gene Expression Omnibus under
accession no. GSE8788.
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Western blot analysis and immunoprecipitation. Peritoneal miacro-
phages were stimulated with the indicated ligands for the indicated periods,
as shown in che figures. The cells were ysed in a lysis buffer (1% Nonidet P-
40, 150 mM NaClL 20 mM Tris-Cl {pH 7.5], 5 mM EDTA) and a proteasc
inhibitor cocktail (Rooche). The cell lysates were separated by SDS-PAGE
and oansferred to polyvinylidene difluoride membranes. For immuno-
precipitation, ccll lysates were precleared with protein G-sepharose (GE Health-
care} for 2 h and incubated with protein G-scpharose containing 1 pg of the
andbodices indicated in the figures for 12 h, with rotation at 4°C. The immuno-
precipitines were washed four times with lysis buffer, cluted by boiling wich
Lacmmbi sample buffer, and subjected to Western blot analysis using the in-
dicated antbodics, as previously dcscribcd (28).

EMSA and supershift assay. 2 X 1(¢ peritoncal macrophages were stimu-
lated with the indicated stimulants for the indicated periods, as shown in the
figurcs. 2 X 10* HEK293 cells were transfected with 0.1 pg Myc—-NF-[L6
and/or 4 g Flag-Tribi expression vectors. Nuclear extracts were purified
from cells and incubated with a probe containing a consensus C/EBP IDNA-
binding scquence (3'-TGCAGATTGCGCAATCTGCA-3'; Fig. 4, A and B)
or mouse 24p3 NF-IL6 binding scquence (sense. 5’ -CTTCCTGTTGCT-
CAACCTTGCA-3;antisense,5"-TGCAAGGTTGAGCAACAGGAAG-3';
Fig. 3 B), clectrophoresed, and visualized by autoradiography, as previously
described (28, 30). When the supershift assay was performed, vuclear ex-
traces were mixed with the supershift-grade antibodics indicaced in the fig-
ures before the incubation with the probes for 1 h on ice.

Online supplemental material. Fig. $1 showed our strategy for the tar-
geted disruption of the mouse Trib? genc. Fig. 82 showed the status of pro-
inflammatory cytokine production in responsc to various TLR ligands and
LPS-induced activation of MAP kinases and IkB degradation. Fig. S3 showed
decreased expression of NF-IL6—dependent gene in Tribl-overexpressing
cells. Fig. S4 showed chat the C/ZEBP-DNA complex in Tnbl-deficient cells
contained NF-IL6, but not C/EBPS. Table SI' provides a complete list of
the LPS-inducible genes studied. Online supplemental material is available at
http:/ /www jem.org/cgi/ content/full /jem.20070183/DC1.
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ABSTRACT. Female reproductive organs are mainly regulated by estrogen and progesterone. Specificaily, the uterus, vagina and mamimary
gland show organ-specific mitosis and morphological changes during proliferative events, such as estrous cycle, gestation and lactation.
The mechanism underlying these organ-specific estrogen-dependent events is still unknown. We examined, therefore, global gene
expression in the manire uterus, vagina and mammary gland of ovariectomized adult mice 6 hr after an injection of 5 He/kg 17 Bestradiol
(E») using a microarray method in order to identify primary E;-responsive genes. Half of the E, up-regulated genes in the uterus were
similar to those in the vagina. E, up-regulated the expression of Jnsulin-like growsh factor 1 (Igf-1) genes in the uterus and vagma. In
the vagina, E, up-regulated the expression of IGF binding proteins (Ig/5p2 and Igfbp5). In the mammary gland, unlike the uterus and
vagina, no gene showed altered expression 6 hr after the E; exposure. These results suggest that expression of Igf-1 and morphogenesis
genes is regulated by E; in an organ-specific manner, and it is supported by the results of BrdU labeling showing E;-induced mitosis in
the uterus and vagina except the mammary gland. The differences in organ specificity in response to E; may be attributed by differences
in gene expression regulated by E; in female reproductive organs. The candidate estrogen-responsive genes in the uterus and vagina
identified by profiling provide an important foundation understanding functional mechanisms of estrogen regulating morphogenesis and
maintenance of each reproductive organ.

KEY WORDS: estrogen responsive genes, microarray, tissue specificity.

Female reproductive organs vary their morphology dur-
ing reproductive events, such as differentiation, develop-
ment, estrous cycle, gestation and lactation. Estrogen is
known to have differential developmental effects widely on
the uterus, vagina, mammary gland, bone, liver, thymus and
brain as its target organs. Although the proliferation of uter-
ine and vaginal epithelia, and ductal elongation of mam-
mary gland in mice could be regulated by estrogen alone
[20], the mammary gland requires progesterone and prolac-
tin in addition to estrogen to complete the architecture [12,
17, 33). Ovariectomy and termination of weaning induce
apoptosis in epitheliai cells in the uterus, vagina and mam-
mary gland {19, 30]. These estrogen target organs are con-
trolled by estrogen receptors (ERa and ERS) in the
epithelial and stromal cells [9, 21, 24]. It is known, more-
over, that growth factor(s) from the stroma are involved in
epithelial proliferation of these organs {2, 6, 9]. An increase
of epithelial and stromal cells in the uterus and vagina is
mediated through Insulin-like growth factor I (IGF-1) and
Epidermal growth factor (EGF) [3, 6, 14, 18]. Prolactin
also induces expression of fgf-2 mRNA in the developing
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culture, Tottori University, Koyama 680-8553, Japan.
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mammary gland [13].

Tamoxifen, a selective ER modulator (SERM), acts as an
estrogen agonist in the uterus and vagina, but acts as an
estrogen antagonist in the mammary gland [22, 32]. The
ligand-dependent effect on the mammary gland supports the
idea of tissue specificity of gene expression by estrogen.
Profiling of estrogen-regulated gene expression is reported
recently in the estrogen target cells, tissues and organs [10,
34-36]. However, any comparisons of gene expression in
the estrogen target organs have not not been reported. Gene
expression reached a maximum 6 hr after E, administration
in the uterus of ovariectomized adult mice without any his-
tological changes [34]. Thus, we examined global gene
expression 6 hr after a single injection of E; in order to iden-
tify early estrogen-responsive genes in the uterus vagina and
mamimary gland as the estrogen target organs in ovariecto-
mized adult mice.

MATERIALS AND METHODS

Animals: C57BL/6J mice (CLEA, Tokyo, Japan) at 2
months of age, 20-23 g body weight, were used for mating.
Mice were maintained under 12 hr light/12 hr dark at 23—
25°C, fed with a commercial diet (CE-2, CLEA, Tokyo,
Japan) and provided tap water ad libitum. All experiments
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and animal husbandry protocols were approved by the ani-
mal care committee of National! Institutes of Natural Sci-
ences.

Treatments: 17 f-Estradiol (E,, Sigma, St. Louis, MO)
was dissolved in sesame oil. Sixty-day-old mice were ova-
riectomized and injected with 5 ug E,/kg body weight after
a 10-day recovery period to ensure that endogenous E, lev-
els were reduced. Six hr after E, injection, 4 mice were
killed by decapitation and the uteri, vaginae and mammary
glands were collected. Four mice injected with oil vehicle
only were used as controls. The tissues were pooled for
DNA microarray analysis and the analyses were done on
two independent experiments. Two other groups of 4 ova-
riectomized mice were likewise given E, or oil and killed 24
hr after the injection for bromodeoxyuridine (BrdU)-label-
ing study.

DNA microarray analysis: Total RNA was extracted
from tissues (4 mice each) 6 hr after a single injection of 5
g Ey/kg bow. or the oil vehicle alone. Ten ug of total RNA
were used to synthesize cDNA, which was then used to gen-
erate biotinylated cRNA. The cRNA was hybridized to
murine U74A version 2 GeneChip expression arrays
(Affymetrix, Applied Biosystems (APB), Tokyo, Japan) as
described [34]. Total RNA was extracted using TRIzol
reagent (Invitrogen, Tokyo, Japan) and purified with an
RNeasy total RNA purification kit (Qiagen, Tokyo, Japan).
Ten ug of total RNA were converted into double stranded
c¢DNA using the Superscript Choice System (Invitrogen)
with a T7-(dT),4 primer (APB). Biotin-labeled cRNA was
synthesized using the ENZO BioArray High Yield RNA
traniscript labeling kit (APB). The cRNA was purified by
RNeasy (Qiagen). The purified cRNA was fragmented with
fragmentation buffer (40 mM Trs, 100 mM K-acetate and
30 mM Mg-acetate) at 94°C for 35 min. Fragmented cRNA
was mixed with hybridization buffer containing 100 mM
MES [2-(N-morpholino)ethanesulfonic acid], 1 M NaCl, 20
mM EDTA, 0.01% Tween 20 and control oligonucleotides.
The quality of cCRNA was first assessed by analysis with
Test 2 array (Affymetrix). cRNA was hybridized to Murine
U74A version 2 GeneChip Expression Arrays (Affymetrix)
for 16 hr at 45°C. All preparations were performed follow-
ing manufacturer’s instructions. Arrays were washed and
stained with streptavidin-phycoerytherin, and scanned with
an Argon-ion Laser Confocal Scanner (APB). Microarray
analysis was performed twice on independent samples [34]
and these raw data were loaded into NCBIs Gene Expres-
sion Omnibus as the dataset GSM159919-GSM159930
(GEQ, http://www ncbi.nlm.nih.gov/geo/). The putative

target genes were validated by quantitative RT-PCR (QRT-
PCR).

Statistical analysis: Signals in 2 experiments were
detected using the robust multichip average (RMA) algo-
rithms, and normalized using Genespring (Silicon Genetics,
Redwoods City, CA). Expressed genes more than 40% raw
signal of average raw signals in all genes on chip were
selected as detected genes for next analysis. Selected genes
showing more than 2-fold alterations by E, as compared to
the tissue-matched oil controls were analyzed further using
Genespring software.

Quantitative RT-PCR: One ug total RNA was reverse
transcribed using Super Script Il reverse transcriptase
(Invitrogen) and random primers at 42°C for 50 min. PCR
was performed using PE Prism 5,700 Sequence Detection
System (PE Biosystems, Tokyo, Japan) with SYBR Green I
dye (Molecular Probes, Eugene, OR) and primers selected
by Primer Express ver 1.0 (APB). Primer sets are described
in Table 1.

PCR amplification was performed for 2 min at 50°C, for
10 min at 95°C and continued to 40 cycles at 95°C for 15 sec
and at 60°C for 1 min. Data were normalized to ribosomal
protein 28S RNA using delta Ct method for each primer set.
The ratio was calculated as compared with oil controls of
uterus.

BrdU-Labeling and Immunostaining: A single injection
of 200 mg BrdU (Roche, Grenzacherstrasse, Switzerland)/
kg b.w. was given to mice (4 mice each) 1 hr before sacri-
fice. Uterus, vagina and mammary gland were fixed with
neutral-buffered 10% formalin, embedded in paraffin and
sectioned at 6 zm. Sections were dipped in PBS and endog-
enous peroxidase activity was blocked with 3% H,0, in
methanol for 30 min. Afier washing in 0.5% Tween 20 in
PBS twice, sections were dipped in 2N HCI for 20 min, then,
neutralized sections borate buffer (0.1 M NaB,O;, pH 8.5)
twice. After Tween/PBS washing, sections were dipped in
1% BSA/PBS for 20 min. Then, sections were incubated
with 1:20 anti-BrdU (Roche). Sections detected with diami-
nobenzidine staining were analyzed. The BrdU labeling
index (%) was estimated by counting BrdU positive cells in
2,000-3,000 epithelial and 10,000-20,000 stromal cells in
the uterus and vagina, and in 300-500 epithelial or stromal

- cells in the mammary glands.

RESULTS

Gene expression in the uterus, vagina and mammary
gland exposed to E ;. Approximately 12,400 genes were ana-

Table 1.  Primer sets for QRT-PCR
Genebank Name Forward primer Reverse primer
accession No.
M13500 Kik 1 ATGGATGGAGGCAAAGACACTT ACCTTGGAGAACACCATCACAGA
X04480 IGFI CTACAAAAGCAGCCCGCTICTA TCCTTCTGAGTCTTGGGCATGT
X81580 IGFBP2 GGAACATCTCTACTCCCTGCACAT TTGTACCGGCCATGCTTGT
NM_010518 IGFBPS GGTGTGTGGACAAGTACGGAATGA  ACGTTACTGCTGTCGAAGGCGT
X00525 Ribosomal 288 AGACCGTCGTGAGACAGGTTAGTT GCAGGATTACCATGGCAACAA
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Fig. 1. Gene expression profiles in the uterus and vagina 6 hr after a single injection of 5 ug

Ey/kg body weight. The Venn diagram indicatess detected genes in the oil-controls. Scatter
plots indicate gene expression levels and the correlations between oil and E, groups in all
genes. R; is correlation between oil and E; groups. Ut, uterus; Vg, vagina.

lyzed in the uterus, vagina and mammary gland. The total
normalized signals between controls and E,-exposed mice
exhibited high correlations (R?>=0.95-0.96) (Fig. 1). The
total number of genes showing at least 2-fold expression
change 6 hr after a single injection of E, was 656 in all sam-
ples (Fig. 1). E; did not alter any gene expression more than
2-fold change in the mammary gland in the present study
(data not shown). Genes showing organ-specific expression
were 155 and 351 in the uterus and vagina, respectively
(Fig. 1). Among them, 150 genes were regulated commonly
in the uterus and vagina (Fig. 1).

In the uterus, 228 genes were up-regulated and 77 genes
were down-regulated by E, as compared to the controls (Fig
2). In the vagina, 446 genes were up-regulated and 35 were
down-regulated by E;. Inthe uterus, 63% of E, up-regulated
genes were overlapped those in the vagina. E, down-regu-
lated common genes in the uterus and vagina were only 6
(Fig. 2). We further analyzed genes related to cell growth
and organogenesis to find tissue-specific genes. E,-respon-
sive genes related to development, cell growth and apopto-
sis in the uterus and vagina were listed in Table 2.

Expression of Igf-1 family and Kallikrein I genes: Since
clustering analysis revealed many E,-regulated genes, we
compared expressions of Kallikrein 1 (Kikl) genes and Igf-
1 family genes in each tissue using QRT-PCR.

In the controls, expression of Kik] mRNA was similar
between uterus and vagina, while those of Igf-1 and Igfbp5
were lower in the vagina than in the uterus (Fig. 3). In the
mammary gland, unlike the uterus and vagina, expressions
of all mRNAs examined were very low or undetectable in
the ovariectomized mice with or without E,. In the uterus
and vagina, expression of Igf-] mRNA was markedly
increased by E,. However, expressions of Igfbp2 and Igfbp5

600[
2
. 5
& &% 400
5%
<
25 200
£
0
1007 MUt and vg
@ b. OQut
: & sof A v
g3 \g
2 ™ 60
T
TE  g0f
2%
2

Ut

Vg

Fig. 2. Number of estrogen up-regulated genes (a) and
down-regulated genes (b) in the uterus (Ut) and vagina
(Vg). “Ut and Vg” indicates genes showing commonly
altered expression by E, both in the uterus and vagina,
while Ut and Vg indicate organ specitic genes, respectively.

mRNAs were increased by E, in the vagina (Fig. 3). Kkl
mRNAs was significantly increased as by E, in the vagina.
BrdU incorporation in the uterus, vagina and mammary
gland, vagina 24 hr after E, injection: BrdU labeled cells
were barely detected in epithelial cells of the uterus and
mammary gland (0% and 0.05%) in the controls, as com-
pared to those of the vagina (0.24%) in the controls (Fig. 4).
The BrdU labeling index in the epithelial cells of the uterus
and vagina was significantly increased 24 hr after the E,
injection as compared with each control. In the mammary
gland, however, BrdU-positive cells were not evident in the
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Table 2.  List of estrogen responsive genes related development, cell growth and apoptosis in the uterus and vagina
by microarray analysis

Accession Ratio

No. Name Ut Vg
M60523 Inhibitor of DNA binding 3 0.42 0.71
AI840339 Ribonuclease, RNase A family 4 0.42 1.32
AAB838868 Latent transforming growth factor beta binding protein 4 0.42 1.07
L31532 B-cell leukemia/lymphoma 2 0.43 0.59
X70298 SRY-box containing gene 4 0.45 0.36
Ug8567 Secreted frizzled-related protein 2 0.45 0.89
Al843106 Sestrin 1 0.45 0.43
AW123618 Frizzled homolog 2 (Drosophila) 0.46 0.64
AV(092014 Peptidoglycan recognition protein 1 1.54 0.37
Al834950 Nuclear receptor subfamily 1, group D, member 1 0.58 0.37
AF076482 Peptidoglycan recognition protein 1 1.10 0.40
AF056187 IGF1 receptor 0.59 0.41
AF099973 Schiafen 2 1.02 0.46
X07750 Thyroid hormone receptor alpha 0.72 0.49
X81580 Insulin-like growth factor binding protein 2 (IGFBP2) 1.00 2.00
AW123099 Chromosome segregation 1-like (S. cerevisiae) 1.76 2.01
AF003695 Hypoxia inducible factor 1, alpha subunit 1.57 2.01
Al747899 Phosphatidylinositol transfer protein, beta 1.24 2.02
X03491 Keratin complex 2, basic, gene 4 1.03 2.08
X62154 similar to DNA replication licensing factor MCM3 (P1-MCM3) 148 2.09
AW124529 Tumor necrosis factor superfamily, member 5-induced protein 1 0.97 2.16
AF011644 CDK2 (cyclin-dependent kinase 2)-associated protein 1 1.81 2.19
AW048763 NMDA receptor-regulated gene 1 1.66 2.20
D49382 Septin 2 1.48 2.20
AW125478 HtrA serine peptidase 1 1.46 2.22
X02452 v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog 1.95 2.26
D10214 Prolactin receptor 1.12 2.30
AF014117 Glial cell line derived neurotrophic factor family receptor o 1 1.70 . 2.34
AF041476 Actin-like 6A 1.96 2.36
M73329 Protein disulfide isomerase associated 3 1.92 2.38
U35846 Apoptosis inhibitor 5 1.76 243
AF058798 Stratifin 1.32 2.44
D12780 S-adenosylmethionine decarboxylase 1 1.89 247
723077 S-adenosylmethionine decarboxylase 1 and 2 1.74 2.49
J04766 Plasminogen 1.02 2.62
D00613 Matrix Gla protein 0.63 2.68
X59846 Growth arrest specific 6 1.14 2.79
L12447 Insulin-like growth factor binding protein 5 (IGFBP5) 1.18 3.09
AI847054 Phosphatidic acid phosphatase type 2B 1.69 3.32
M35523 Cellular retinoic acid binding protein II 1.02 3.47
AIB37110 Protein arginine N-methyltransferase 1 1.86 3.49
M74570 Aldehyde dehydrogenase family 1, subfarmly Al 1.31 4.11
AV028204 Plasminogen 0.75 4.38
AIS553024 Zinc finger and BTB domain containing 16 0.52 4.44
AW124889 Aldehyde dehydrogenase 18 family, member A1 2.02 1.45
AF100777 WNT1 inducible signaling pathway protein 1 2.03 1.38
AW260482 NMDA receptor-regulated gene 1 2.10 1.50
X13986 Secreted phosphoprotein 1 217 1.23
000937 Growth arrest and DNA-damage-inducible 45 alpha 2.18 3.08
AF079528 Neuropilin 1 2.20 1.57
AB003502 G1 to S phase transition 1 2.21 1.66
D63784 Dnal (Hsp40) homolog, subfamily C, member 2 2.24 1.96
Al645561 NMDA receptor-regulated gene 1 2.29 2.10
U53208 DnaJ (Hsp40) homolog, subfamily C, member 2 2.34 1.79
AW046181 Serum/glucocorticoid regulated kinase 2.38 1.02
AAS529583 Mortality factor 4 like 2 2.39 3.56
V00756 Interferon-related developmental regulator 1 2.40 2.63
U8g327 Suppressor of cytokine signaling 2 2.42 1.07
ABO12276 Activating transcription factor 5 243 1.96
M13500 Kallikrein 1 2.43 0.92
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Table 2. Continued

Accession Ratio
No. Name Ut Vg
Us4411 Protein tyrosine phosphatase 4al 2.46 2.34
AW048937 Cyclin-dependent kinase inhibitor 1A (P21) 2.51 245
AF055638 Growth arrest and DNA-damage-inducible 45 gamma 2.53 5.03
AI596034 Receptor tyrosine kinase-like orphan receptor 2 2.64 3.31
V00727 FBJ osteosarcoma oncogene 2.66 3.22
L32751 RAN, member RAS oncogene family 2.77 2.36
D50086 Neuropilin 1 2.95 1.27
X99273 Aldehyde dehydrogenase family 1, subfamily A2 2.99 1.90
M63801 Gap junction membrane channel protein alpha 1 3.02 1.98
Al785289 Guanine nucleotide binding protein-like 3 (nucleolar) 3.82 2.57
X04480 Insulin-like growth factor 1 (IGF-I) 4.67 4.82
U83902 MAD? (mitotic arrest deficient, homolog)-like 1 (yeast) 4.78 4.587
AF053232 Nucleolar protein 5 5.09 3.32
X69620 Inhibin beta-B 10.29 7.60
Bold means more than 2-fold alterations by E,.
O Controls
¢ IGF-I ¢ IGFBP2  mp
6 6 2
- 4 4
- 2 2 r 4
é 0 0 -
15 JKallikrein 1 + IGFBPS5
%
10 3r
2t
5 4 1+ "
0 0
Mg Ut Vg Mg Ut Vg
Fig. 3. Ratio of mRNA gene expressions of Igf-1 family and Kallikrein 1 in the three

organs 6 hr after the E; injection using QRT-PCR. *, P<0.05 v.s. the control of each tis-

sue; #, P<0.05 v.s. the control uterus.

epithelium 24 hr after the E, mjection. The index was sig-
nificantly increased by E, in the uterine stroma (Fig. 4).

DISCUSSION

Estrogen regulates mitosis and morphological changes in
female reproductive organs during proliferative events, such
as estrous cycles, gestation and lactation. In order to under-
stand the underlying mechanisms of estrogen functions in
reproductive organs, detection of estrogen responsive genes
in each reproductive organs are is essential. Effects of estro-
gen are different in each reproductive organ, therefore we
investigated a global gene expression in uterus, vagina and
mammary gland after a single injection of E,.

In the present study, BrdU labeled cells were remarkably
increased in the uterine and vaginal epithelia, and in the
uterine stroma after the E, injection, but not in any parts of
the mammary gland. Gene expression in response to estro-
gen is different among these organs. Igf-] is a key epithelial
mitogen induced by estrogenic chemicals [28, 31], whereas
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IGFBP prevents signal pathway by binding to Igf-I, and
inhibits phosphorlylation of Insulin receptor substrate-1
(IRS-1), Phosphatidylinositol 3-kinase (PI3K), Protein
kinase B (PKB) and Forkhead transcription factors
(FKHRL1) {23]. Igfbp2 and Igfbp5 promote apoptosis in
the prostate cancer cells and mammary gland cells [23, 26,
27, 29]. Hence, proliferations of uterine and vaginal cells
was appear to be regulated by estrogen via Igf-] and recep-
tor complex, and its modulator. In the present study, estro-
gen increased Jgf-/ mRNA and mitosis in the uterus and
vagina. However, the Igf-7 modulators and Igfbp mRNAs
were also increased in Fy-exposed vagina. This may be
accounted for by the suppression of stromal cell prolifera-
tion caused by increase of Igfbp mRNAs in the stroma rather
than the epithelium. Up-regulation of K7k] was reported by
E, in the uterus {34]. K/k plays an important role for the
release of bradykinin from kininogen, activation of growth
factors and alteration of the extracellular matrix in the uter-
ine epithelium {7]. Kk is regulated hormonally {7, 8] and
the gene expression was found in human ovarian, prostate
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Fig. 4. BrdU labeling index (positive cells/counted cells, %) in

epithelium and stroma of the mammary gland, uterus and
vagina. Mg, mammary gland; Ut, uterus; Vg, vagina; *, P<0.05
v.s. the control of each tissue.

and breast cancer cells and in mouse vagina {15, 25, 37].
We found the up-regulation of KkI gene expression in the
vagina by QRT-PCR. Thus, K/kI may be related to epider-
mal proliferation and their expressions can be used for
markers of acute response to estrogen in the uterus and
vagina.

We found that estrogen regulated genes were markedly
limited in the mammary gland as compared to those in the
uterus and vagina 6 hr after the E; exposure. Global gene
expression in E;-exposed mammary gland has not been
reported. Only gene expression in human breast cancer
MCF-7 cells treated E, in vitro was reported [4, 10, 11].
MCF-7 cells treated with E, revealed the major down-regu-
lation (70%) of gene expression including transcriptional
repressor, antiproliferative and proapoptotic genes, such as
Bcl-2, Cyclin G2 and TGF-{3 family [11]. Moreover, using
the serial analysis of gene expression (SAGE) method, 3 up-
regulated genes were reported in MCF-7 cells 10 hr after E,
treatment in vitro [4]. The genes reported as E, down-regu-
lated genes in MCF-7 cells were not found in the mammary
gland in the present study. MCF-7 cells are a single species
of mammary cancer cells and show precise response of
time- and dose-dependent proliferation to estrogen. Normal
mammary gland may need longer than 6 hr to respond to E,
in vivo. Mammary gland has various types of cells, such as
epithelial cells stromal cells and adipocytes. Thus, we need
further precise experiment to understand estrogen respon-
sive genes in the mammary gland.

Although the mammary gland is known to be one of the
target organs of estrogen, ER-o knockout (aERKO) mice
showed proliferation and morphogenesis of the mammary
gland in adulthood [24]. The mammary gland seems to be

regulated by progesterone and prolactin rather than estrogen
[5, 12, 15, 17, 24, 33). The up-regulation of gene expres-
sion, such as JRS-1, Msx-2, C/EBP3and Stat3, by progester-
one was reported in human breast cancer cells [15].
Prolactin induced expression of Igf~2 mRNA in the develop-
ing mammary gland [13}. Thus, mammary gland is possibly
regulated largely by progesterone and/or prolactin. This
may account for no expression of estrogen responsive genes
observed 6 hr after the E, exposure and absence of definite
mitogenic response in the mammary gland of ovariecto-
mized adult mice 24 hr after the E, exposure.

In conclusion, E, regulates expression of a number of
genes in the vagina and uterus, but not in the mammary
gland. Half of E;-regulated genes in the uterus were in com-
mon with the vagina including Kallikrein and Igf family
genes. Differences in expression of these genes in response
to E, may be leased on the tissue specificity to estrogen
exposure. The candidate estrogen responsive genes in the
uterus and vagina identified by profiling provide an impor-
tant foundation to understand functional mechanisms of
estrogen regulating morphogenesis and maintenance of the
reproductive organ.
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