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Joo M, Kwon M, Cho Y, Hu N, Pedchenko TV, Sadikot RT,
Blackwell TS, Christman JW. Lipopolysaccharide-dependent interaction between PU.1 and cJun determines production of lipocalin-type
prostaglandin D synthase and prostaglandin D2 in macrophages. Am J
Physiol Lung Cell Mol Physiol 296: L771–L779, 2009. First published January 30, 2009; doi:10.1152/ajplung.90320.2008.—Previously, we reported that expression of lipocalin-prostaglandin D synthase (L-PGDS) is inducible in macrophages and protects from
Pseudomonas pneumonia. Here, we investigated the mechanism by
which L-PGDS gene expression is induced in macrophages. A promoter analysis of the murine L-PGDS promoter located a binding site
of PU.1, a transcription factor essential for macrophage development
and inflammatory gene expression. A chromatin immunoprecipitation
assay showed that PU.1 bound to the cognate site in the endogenous
L-PGDS promoter in response to LPS. Overexpression of PU.1, but
not of PU.1S148A, a mutant inert to casein kinase II (CKII) or
NF-B-inducing kinase (NIK), induced L-PGDS in RAW 264.7 cells.
Conversely, siRNA silencing of PU.1 expression blunted productions
of L-PGDS and prostaglandin D2 (PGD2). LPS treatment induced
formation of the complex of PU.1 and cJun on the PU.1 site, but
inactivation of cJun by treatment with JNK or p38 kinase inhibitor
abolished the complex, and suppressed PU.1 transcriptional activity
for L-PGDS gene expression. Together, these results show that PU.1,
activated by CKII or NIK, cooperates with MAPK-activated cJun to
maximally induce L-PGDS expression in macrophages following LPS
treatment, and suggest that PU.1 participates in innate immunity
through the production of L-PGDS and PGD2.
prostaglandin; gene regulation; transcription factors; inflammation
LIPOCALIN-TYPE PROSTAGLANDIN D SYNTHASE

(L-PGDS) and hematopoietic-type prostaglandin D synthase (H-PGDS) are constitutively expressed in neuronal cells (59) and in hematopoietic cells including macrophages (27, 58), respectively. They
convert prostaglandin H2 (PGH2), the end product of cyclooxygenase-1 and -2 (COX-1 and -2), to prostaglandin D2 (PGD2)
(7). We demonstrated that L-PGDS expression is also inducible in macrophages and accounts for the majority of PGD2
produced by macrophages (25). Furthermore, we showed that
L-PGDS expression protects from Pseudomonas pneumonia
(25). These results suggest that induction of L-PGDS in macrophages plays an important role in innate immunity.
Address for reprint requests and other correspondence: M. Joo, Div. of
Applied Medicine, School of Oriental Medicine, Pusan National Univ., Busan,
609-735, Korea (e-mail: mjoo@pusan.ac.kr).
http://www.ajplung.org

PGD2 is produced mainly by macrophages and mast cells (3,
8, 19, 30, 36) and functions either pro- or anti-inflammatory
depending on the nature of inflammatory milieu. For instance,
PGD2 exacerbates asthma (15, 37, 55), suggesting the proinflammatory role of PGD2. On the other hand, PGD2 suppresses
lung inflammation in animal models of bleomycin and
monosodium urate monohydrate crystal challenges (1, 22, 42)
and facilitates resolution of acute inflammation (46). Thus,
along with resolvins, protectins, lipoxins, and aspirintriggered lipoxins, PGD2 is considered as a proresolving
lipid molecule (54).
Macrophages are a key effector cell in innate immunity.
They abundantly express Toll-like receptor 4 (TLR4), a receptor for LPS, and TLR4 plays an essential role in innate
immunity (6, 32, 56), as evidenced by the observation that
mice harboring defective TLR4 are more susceptible to bacterial infection (11, 39, 44). Binding of LPS to TLR4 activates
IB kinase (IKK) and mitogen-activated protein kinases
(MAPKs), such as c-Jun NH2-terminal kinase (JNK) and p38
kinase, resulting in activation of NF-B and cJun, respectively
(20). In addition to this, TLR4 activates casein kinase II (CKII)
via a less characterized pathway to induce PU.1 activity (34,
45). Activation of these transcription factors results in the
expression of inflammatory genes including COX-2 (7).
PU.1, a member of the Ets transcription factor family, plays
a critical role during the macrophage development (10, 12, 16,
38, 53). The essential function of PU.1 in the macrophage
development has been highlighted in recent studies showing
that PU.1 expression, in concert with other partner proteins,
converts pro-T cells into macrophages (51) and fibroblasts into
macrophage-like cells (14). In macrophages, PU.1 regulates
expression of various inflammatory genes including TLR4 and
COX-2 (9, 26, 33, 48 –50), and the transcriptional activity of
PU.1 is regulated by various kinases. CKII (34, 45) and
NF-B-inducing kinase (NIK) (2) phosphorylate PU.1 at
Ser148, resulting in the increase of PU.1 transcriptional activity. p38 kinase and JNK have also been known to increase
PU.1 activity, although it is controversial whether or not these
kinases directly phosphorylate PU.1 (21, 60).
Our recent finding that L-PGDS expression in macrophages
is inducible (25) led us to the hypothesis that a macrophagespecific mechanism regulates the induction of L-PGDS expression. To elucidate the mechanism, we analyzed the sequences
of the murine L-PGDS promoter and located a putative PU.1
binding site. Here, we provide evidence showing that PU.1 is
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a critical factor in regulating L-PGDS expression and thus
PGD2 production in macrophages. In addition, we show that
PU.1 functionally cooperates with cJun at the PU.1 binding site
of the endogenous L-PGDS promoter, in which two distinctive
pathways, one running for cJun and the other for PU.1, are
involved. Based on the results, we propose that PU.1 provides
the macrophage-specific mechanism for producing L-PGDS
and PGD2, which play an important role in inflammation and
host immunity.
MATERIALS AND METHODS
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RESULTS

LPS treatment of macrophages induces binding of PU.1 to
the endogenous L-PGDS promoter, resulting in L-PGDS expression. To investigate a macrophage-specific mechanism for
L-PGDS induction following LPS treatment, we analyzed the
murine L-PGDS promoter sequence by the TFSEARCH program (version 1.3; Tokyo Univ., Tokyo, Japan) and located a
putative PU.1 binding site from ⫺868 to ⫺878 nt upstream of
the transcription initiation site of the gene (Fig. 1A). To
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Reagents. TLR4-specific Escherichia coli LPS (1 g/ml; Alexis
Biochemical, San Diego, CA) was added to the cell culture media.
Antibodies for murine L-PGDS and H-PGDS, PU.1, ETS-1/2, IgG,
IB␣, p65, cJun, tubulin, and actin were obtained from Santa Cruz
Biotechnology. Antibodies for COX-1 and COX-2 and the COX-1
specific inhibitor SC-506 were purchased from Cayman Chemical
(Ann Arbor, MI). In final concentration, 10 M SB-220025 (p38
inhibitor; Calbiochem, Darmstadt, Germany) and JNK inhibitor II
(Calbiochem) were used in this study.
Animals. Male and female wild-type mice (C57BL/6) weighing
20 –28 g were used for this experiment, which was performed per the
protocol ID: M/05/044 and approved by the Vanderbilt University
Institutional Animal Care and Use Committee.
Bone marrow-derived macrophages and cell culture. Bone marrow-derived macrophages (BMDM) were obtained as described elsewhere (41). In short, cellular material from femurs of mice ranging
from 8 to 16 wk of age was cultured in 10% L929 cell-conditioned
medium. A murine macrophage cell line, RAW 264.7, and HEK-293
cells (American Type Culture Collection, Rockville, MD) were cultured in DMEM containing 10% FBS.
DNA constructs. pcDNA-M2 PU.1, -M2 PU.1S148A, NF-B-firefly
luciferase, and tk-Renilla luciferase reporter constructs were described
previously (26). To generate a PU.1-firefly luciferase reporter construct,
we used MR656 reporter construct that has the proximal 656-bp mannose
receptor promoter inserted into pGL2 basic vector (Promega) (23).
MR656, digested with XhoI and PvuII, was inserted with a linker
sequence, which was generated by annealing two complementary oligonucleotides: 5⬘-T CGAGCTGCAGTTCCTGTTTTTCTAACCGCCCCcatgtcACAGCTAGCTTCCTGTTTTTCTAACCGCCCCcatgtgACACGCGTTCCTGTTTTTCTAACCCGCCCCcatgtgACA-3⬘ and 5⬘-TGTCACATGGGGGCGGTTAGAAAAACAGGAACGCGTGTCACATGGGGGCGGTTAGAAAAACAGGAAGCTAGCTGTCACATGGGGGCGGTTAGAAAAACAGGAACTGCAGC-3⬘. The linker was composed of
three repeats of the minimal mannose receptor promoter sequence that
contains PU.1 (ttcctg, underlined), Sp.1 (ccgccc, shown in small
caps), and USF (catgtg, shown in lowercase). To generate 3⫻ PU.1firefly luciferase construct that contains three repeats of the PU.1
binding site in the murine L-PGDS promoter, we inserted into the
pGL2 basic vector a minimal promoter of cytomegalovirus (CMV),
which lacks the enhancer that is part of the complete CMV promoter
(Clontech), and a linker made of two complementary oligonucleotides: 5⬘-TCGAGTACCCACTTCCGGTAGCCCTACCCACTTCCGGTAGCCCTACCCACTTCCGGTAGCCGTAC-3⬘ and 5⬘-GGCTACCGGAAGTGGGTAGGGCTACCGGAAGTGGGTAGGGCTACCGGAAGTGGGTAC-3⬘. The linker contains three repeats of the putative
PU.1 binding site, which is underlined, with flanking four nucleotides
of the murine L-PGDS promoter. Resultant constructs were verified
by sequencing and were prepared by Endotoxin-free MaxiPrep Kit
(Qiagen). For transfection into macrophages, GenePORTER 2 (Gene
Therapy Systems) was used.
PU.1 siRNA cell line. RAW 264.7 cell line, in which PU.1
expression is epigenetically suppressed, was described in detail
elsewhere (24).

Protein isolation and Western blot. RIPA (radioimmunoprecipitation assay) cell lysis buffer [50 mM Tris 䡠 HCl (pH 8.0), 150 mM
NaCl, 2 mM EDTA, 1% sodium orthovanadate, 1% Triton X-100,
0.5% deoxycholate, 0.1% sodium dodecyl sulfate] was used to prepare
total cell lysate. The amount of proteins in cell lysate was quantified
by the Bradford assay (Bio-Rad). Membranous (13) and nuclear
proteins (23) were prepared as described previously. For immunoprecipitation, 1–2 g of antibodies was used. Immune complexes captured with 30 l of Protein A-Sepharose (Invitrogen) were washed
with RIPA buffer. Proteins of interest fractionated by SDS-PAGE
were transferred to PDVF membrane (Bio-Rad), which was incubated
with appropriate antibodies. A specific immune complex was revealed
by enhanced chemiluminescence (ECL Plus, Amersham).
Fluorescent-activated cell sorting. Macrophages (⬃106 per sample) were scored by Trypan blue exclusion and preincubated with 5
g of normal IgG (rat) for 30 min before staining with either
phycoerythrin-conjugated rat anti-mouse TLR4/MD2 or isotypic IgG
(Santa Cruz Biotechnology) at 4°C for 45 min in a medium (DMEM,
10% newborn calf serum). FACS was performed by a FACScan flow
cytometer (Becton Dickinson, Mountain View, CA) and CellQuest
software.
Chromatin immunoprecipitation assay. Reagents were obtained
from Upstate Biotechnology (Lake Placid, NY), and the assay was performed
as described previously (28, 43, 47, 52). PCR conditions were as
follows: 94°C 240 s; 30⬃32 cycles at 94°C 40 s, 54°C 40 s and 72°C
60 s; final elongation at 72°C 10 min. PCR for the input was
performed with 100 ng of genomic DNA. Primers used were 5⬘atggagctgagtg ttctggg-3⬘ and 5⬘-tctggggc acaggatcattt-3⬘. This primer
set covers the murine L-PGDS promoter segment from ⫺945 to ⫺776
nt, which contains the putative PU.1 binding site.
Prostanoids measurement. PGD2 was measured by a LC-ESIMS-MS as previously described (29). Liquid chromatographic (LC)
separation was performed isocratically on a Phenomenex Luna 3-m
C18 5.0 ⫻ 0.2-cm column. The mass spectrometer (MS) was operated
in positive-ion ESI mode. Detection of the analytes was accomplished
by selected reaction monitoring, employing the following reactions:
370 3 317 (PGE2 and PGD2), 374 3 321 (PGD2-d4). The quantum
was set to the following parameters: capillary V ⫽ 35 V; spray
voltage ⫽ 4.3 kV; capillary temperature ⫽ 300°C; tube lens V ⫽ 137
V; sheath gas ⫽ 49 psi; auxiliary gas ⫽ 25 (no units); CID pressure ⫽
1.0 mTorr. These values were observed to maximize the response of
the SRM transitions employed. Collision energy was set to 13 eV for
both reactions. Quantitation was accomplished by stable isotope
dilution.
Luciferase assay. Cells were cotransfected with NF-B-luciferase
and tk-Renilla luciferase constructs. At 48 h after transfection, the
cells were treated with LPS (1 g/ml) for 4 h before cell harvest. 10
M of either JNK or p38 inhibitor was added to the culture media for
1 h before LPS treatment. Luciferase assay was performed with a dual
luciferase assay kit and the manual of the manufacturer (Promega).
Statistical analysis. For comparison among groups, paired or unpaired t-tests and one-way ANOVA tests were used (with the assistance of InStat, Graphpad Software, San Diego, CA). P values ⬍ 0.05
were considered significant. All experiments were performed at least
three times independently.

PU.1 REGULATES L-PGDS INDUCTION IN MACROPHAGES

Fig. 2. Overexpression of PU.1, but not of PU.1S148A, supports L-PGDS
expression in macrophages. RAW 264.7 cells were transfected with a host
vector plasmid (lane 1) or a plasmid encoding PU.1 (lane 2) or PU.1S148A (lane
3). Total cell lysate of transfected cells was analyzed by Western blotting for
L-PGDS, H-PGDS, and actin as internal controls.

surface expression of TLR4/MD2 during LPS treatment and in
the functionality of TLR4 signaling (24), we confirmed these
results by measuring the cell surface TLR4/MD2 in an untreated condition by FACS analysis (Fig. 3A) and by determining the presence of nuclear RelA (p65) and the absence of
cytoplasmic IB␣, an inhibitor of NF-B, following LPS
treatment by Western blot analyses (Fig. 3B). These results
confirm our previous report that PU.1 neither affects the level
of immunoreactive TLR4/MD2 on the cell surface nor TLR4mediated signaling in response to LPS treatment.
Next, we treated PU5.7 and PU5.9 cells with LPS. At 16 h
after LPS treatment, total cell lysate was analyzed by Western

Fig. 1. PU.1 binds to the endogenous lipocalin-prostaglandin D
synthase (L-PGDS) promoter in response to LPS treatment.
A: scheme represents the sequences of the murine L-PGDS
promoter. Nucleotides were numbered backward from the transcription initiation site of the promoter. A putative PU.1 binding
site (c-Ets-1) is shown in the box, and there is no other
significant transcription factor binding site in this segment of
the promoter. The 10th nucleotide in every 10-count is shown in
italic bold. A set of primers flanking the putative PU.1 site,
which was used for PCR for a chromatin immunoprecipitation
(ChIP) assay, is underlined. B: bone marrow-derived macrophages (BMDM) were treated with LPS (1 g/ml) for indicated
time points for a ChIP assay. DNA bound to PU.1 was precipitated with an ␣-PU.1 antibody. For exclusion of nonspecific
immunoprecipitation, an isotypic IgG was added to the lysate of
the cells treated with LPS for 4 h (lane 5). Precipitated DNA
and genomic DNA (bottom) were amplified by PCR with the
same set of primers described in A. C: BMDM of C57BL/6
mice treated with either PBS (lane 1) or LPS (1 g/ml) for 16 h
(lane 2) were analyzed by Western blotting for L-PGDS,
hematopoietic-type prostaglandin D synthase (H-PGDS), and
actin after stripping the L-PGDS blot.
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examine whether PU.1 recognizes the putative PU.1 site in
vivo, we performed a chromatin immunoprecipitation (ChIP)
assay. BMDM treated with a purified, TLR4-specific LPS (1
g/ml) for various periods were fixed with formaldehyde, and
the nuclear fractions of treated cells were collected, sonicated,
and immunoprecipitated with ␣-PU.1 antibody. DNA fragments coprecipitated with the immune complex of PU.1, and
the PU.1 antibody were eluted and amplified by PCR with a
specific set of primers flanking the putative PU.1 binding site
of the murine L-PGDS promoter (Fig. 1A). As shown in Fig. 1,
LPS treatment induced binding of PU.1 to the putative site of
the endogenous L-PGDS promoter (B), resulting in L-PGDS
expression (C).
PU.1 regulates L-PGDS expression in macrophages. Next,
to examine whether PU.1 affects L-PGDS expression in macrophages, we transfected RAW 264.7 cells with a plasmid
encoding PU.1 or PU.1S148A, a mutant that impairs in transcriptional activity induced by CKII phosphorylation (34). At
48 h after transfection, total cell lysate was analyzed by
Western blot. As shown in Fig. 2, overexpression of PU.1, but
not of PU.1S148A, led to L-PGDS expression in macrophages
without affecting the constitutive expression of H-PGDS.
These results suggest that PU.1, activated by CKII pathway,
induces L-PGDS expression.
To examine whether PU.1 is required for L-PGDS expression, we used two independently isolated cell lines, PU5.7 and
PU5.9, in which PU.1 expression was epigenetically suppressed by PU.1-specific siRNAs (24). First, although we
previously showed that the PU.1 siRNA cell lines are similar to
the parental cell line, RAW 264.7 cells, in the levels of the

L773

L774

PU.1 REGULATES L-PGDS INDUCTION IN MACROPHAGES

AJP-Lung Cell Mol Physiol • VOL

296 • MAY 2009 •

www.ajplung.org

Downloaded from http://ajplung.physiology.org/ by 10.220.32.246 on October 1, 2016

Fig. 3. PU.1 is required for induction of functional L-PGDS expression in
macrophages. A: fluorescent-activated cell sorting (FACS) analysis was performed to examine cell surface TLR4/MD2. The dotted line represents the
numbers of cells stained with a PE-conjugated isotypic IgG, and the solid line
represents the cells stained with a PE-conjugated TLR4/MD2 antibody. B: the
functionality of TLR4/MD2-mediated signaling was evaluated by determining
the degradation of cytoplasmic IB␣ and the nuclear translocation of p65 by
Western blot analysis. C: along with the control cell line PU4.11 (lanes 1 and
4), the PU.1 siRNA cell lines PU5.9 (lanes 2 and 5) and PU5.7 (lanes 3 and
6) were treated with LPS for 16 h (lanes 4 – 6). Total cell lysate of treated cells
was analyzed by Western blotting for L-PGDS and H-PGDS after stripping the
L-PGDS blot. D: PGD2 produced by PU5.7, PU5.9, and PU4.11 was measured
from the cell culture supernatant at the indicated time points. The results were
from triplicate sets of experiments, and a similar experiment was performed
three times independently. Each line represents the mean concentration ⫾ SE
(*P ⬍ 0.05 compared with PU5.7 or PU5.9).

blot. As shown in Fig. 3C, silencing PU.1 resulted in a marked
diminution in L-PGDS protein production. We also measured
PGD2 in the culture media of those cell lines, and a much lower
amount of PGD2 was present in the silenced PU.1 lines
compared with the control (Fig. 3D). Although it is possible
that silencing PU.1 affects the level of COX-2 expression and
thus the amount of substrate for L-PGDS, our results showed
that silencing PU.1 affects only early COX-2 expression (24)
and does not limit the amount of substrate for L-PGDS (data
not shown). Together, these results suggest that PU.1 is essential for L-PGDS expression.
PU.1 is functionally associated with cJun at the endogenous
L-PGDS promoter in response to LPS. Since cJun, a bZIP
DNA binding transcription factor, is involved in L-PGDS
expression (25) and PU.1 physically binds to cJun (5), we
examined a functional relationship between the two factors.
First, we tested whether PU.1 interacts physically with cJun in
our experimental setting. HEK-293 cells were transfected with
a plasmid encoding FLAG-PU.1 or FLAG-PU.1S148A. At 48 h
after transfection, total cell lysate was prepared and added with
␣-cJun antibody to precipitate cJun, which was analyzed by
Western blotting for FLAG-tagged PU.1 to detect coprecipitated PU.1. As shown in Fig. 4A, both PU.1 and PU.1S148A
physically associated with cJun. These results suggest that the
phosphorylation of Ser148 may not be necessary for a proteinprotein interaction between PU.1 and cJun.
Next, to examine whether the interaction between PU.1 and
cJun occurs on the PU.1 binding site of the endogenous
L-PGDS promoter, we performed a ChIP assay (Fig. 4B). The
nuclear fractions of RAW 264.7 cells treated with or without
LPS were prepared and divided equally. ␣-PU.1 antibody was
added to one half, and ␣-cJun antibody to the other half. DNA
coprecipitated with each antibody was amplified by PCR with
the set of primers flanking the PU.1 site of the murine L-PGDS
promoter as indicated in Fig. 1A. As shown in Fig. 4B, LPS
treatment induced binding of PU.1 as well as cJun to the PU.1
site, which was confirmed in a similar experiment with BMDM
(Fig. 4C). These results suggest that PU.1 and cJun interact
with each other on the PU.1 binding site of the endogenous
L-PGDS promoter.
Finally, we examined whether or not the interaction on the
PU.1 binding site is mediated by PU.1. To this end, we
performed a ChIP assay with the PU.1-silenced cell line, PU5.7
cell. The control cell line, PU4.11, and PU5.7 were treated with
LPS for 4 h, and the DNA-protein complexes were precipitated
by the ␣-cJun antibody. As shown in Fig. 4D, cJun bound to
the PU.1 site in PU5.7 less strongly than in PU4.11, suggesting
that the binding of cJun to the PU.1 site is likely mediated by
PU.1, not cJun alone. Together, these results suggest that PU.1
provides a platform to form a complex with cJun at the PU.1
binding site of the endogenous L-PGDS promoter in response
to LPS treatment.
LPS-induced binding of PU.1 to its cognate site in the
endogenous L-PGDS promoter occurs without cJun. We examined whether the complex formation of PU.1 and cJun is
prerequisite for PU.1 to bind to the cognate site in the promoter. First, since both JNK and p38 kinase activate cJun (4),
we examined whether JNK and p38 kinase affect the interaction between PU.1 and cJun on the promoter. Before LPS
treatment, RAW 264.7 cells were treated with JNK or p38
kinase inhibitor (10 M each) for 1 h and analyzed by a ChIP
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Fig. 4. PU.1 interacts with cJun in the PU.1 binding site of the L-PGDS
promoter. A: HEK-293 cells were transfected with pCMV (C) or a plasmid
encoding FLAG-tagged PU.1 or PU.1S148A. Total cell lysate was incubated
with an ␣-cJun antibody (lanes 3, 8, 9, and 10) or with an isotypic IgG (lane
4) to exclude nonspecific precipitation. The immune complexes precipitated
with the antibodies were analyzed by Western blotting with M2 antibody.
One-tenth of total cell lysate was used as input controls (lanes 1, 2, 5, 6, and
7). HC and LC represent heavy and light chains of an immunoglobulin,
respectively. A ChIP assay was performed with RAW 264.7 cells (B) or
BMDM of C57BL/6 mice (C) treated with LPS for 4 h. The nuclear fractions
were equally divided and added with either an ␣-PU.1 antibody (lanes 1 and
2, top) or an ␣-cJun antibody (lanes 3 and 4). DNA eluted from each
precipitated immune complex was amplified by PCR with the set of primers
flanking the PU.1 binding site of the L-PGDS promoter. DNA precipitated by
an isotypic IgG (lane 5) and 100 ng of genomic DNA were used as controls
(bottom). D: similarly, we performed a ChIP assay with PU5.7, along with the
control, PU4.11, after treatment with LPS for 4 h. The nuclear fractions were
added with the ␣-cJun antibody (lanes 1, 2, 4, and 5) or the isotypic IgG (lane
3 and 6) to exclude nonspecific precipitation. Eluted DNA was analyzed by
PCR as described above.
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Fig. 5. PU.1 binding to the cognate site occurs without cJun. A: to examine
whether cJun binding to the PU.1 site is affected by either JNK or p38 kinase,
we performed a ChIP assay. RAW 264.7 cells were treated with DMSO (lanes
1–3) or 10 M JNK inhibitor (lanes 4 and 5) or p38 kinase inhibitor (lanes 6
and 7) 1 h before LPS treatment. DNA bound to cJun was precipitated by the
␣-cJun antibody and amplified by PCR with the set of primers flanking the
PU.1 site (top). To exclude nonspecific immunoprecipitation, we added an
isotypic IgG to the nuclear fraction of the cells treated with LPS for 4 h (lane
8). Genomic DNA (100 ng) was amplified by PCR as input controls (bottom).
B: to measure the possible effect of JNK or p38 kinase on binding of PU.1 to
the PU.1 binding site, we performed a ChIP assay with the ␣-PU.1 antibody
(lanes 1–7) or an isotypic IgG (lane 8). Precipitated DNA was amplified by
PCR with the set of primers flanking the PU.1 binding site (top). Similarly,
genomic DNA was amplified (bottom).
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assay with the ␣-cJun antibody. As shown in Fig. 5A, the JNK
inhibitor or the p38 inhibitor prevented cJun from binding to
the PU.1 site following LPS treatment, suggesting that JNK
and p38 kinase regulate the physical association of cJun with
PU.1 in response to LPS. Next, to determine whether PU.1
requires cJun for its binding to the cognate site, we performed
a similar experiment with ␣-PU.1 antibody. As shown in Fig.
5B, neither the JNK inhibitor nor the p38 kinase inhibitor
interfered with the binding of PU.1 to the PU.1 site. Together,
these results demonstrate that PU.1 binds to its cognate site
without cJun.
cJun enhances the transcriptional activity of PU.1 and the
expression of L-PGDS. To determine the impact of cJun on
PU.1-driven transcription, we transfected RAW 264.7 cells
with a plasmid encoding PU.1 or PU.1S148A, along with a PU.1
reporter construct that harbors three PU.1 binding sites but no
AP-1 site. At 48 h after transfection, the transfected cells were
treated with LPS for 4 h before luciferase assay. As shown in
Fig. 6A, overexpression of PU.1 increased luciferase activity.
LPS treatment significantly augmented PU.1-driven luciferase
activity, which was, however, blunted by the JNK or p38
kinase inhibitor. On the other hand, overexpression of
PU.1S148A, even with LPS treatment, failed to increase luciferase activity. It is notable that the expression levels of PU.1
and PU.1S148A were similar (Fig. 4A). To consolidate these
results, we performed a similar experiment by using another
PU.1 reporter construct that contains three repeats of the PU.1
binding site of the murine L-PGDS promoter but no AP-1
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JNK or p38 kinase inhibitor, showing that the treatments
suppressed L-PGDS expression induced by LPS treatment
(Fig. 6C). Together, these results show that the transcriptional
activity of PU.1 was enhanced by cJun following LPS treatment and suggest that the signal-dependent, physical interaction between the two proteins at the PU.1 binding site is
required for the maximal expression of L-PGDS.
DISCUSSION

binding site. As shown in Fig. 6B, we obtained similar results.
These data indicate that cJun, without anchoring to its binding
site, enhances the transcriptional activity of PU.1 in the LPGDS promoter.
To examine whether cJun also affects the expression of
L-PGDS protein, we treated the macrophage cells with the
AJP-Lung Cell Mol Physiol • VOL

296 • MAY 2009 •

www.ajplung.org

Downloaded from http://ajplung.physiology.org/ by 10.220.32.246 on October 1, 2016

Fig. 6. Effects of JNK and p38 MAPK on PU.1-driven transcription and L-PGDS
expression in macrophages. RAW 264.7 cells were transfected with pCMV
(columns 1 and 2) or a plasmid encoding PU.1 (columns 3– 6) or PU.1S148A
(columns 7–10), along with tk-Renilla luciferase construct and a PU.1 firefly
luciferase reporter construct. At 48 h after transfection, the cells were treated with
either JNK inhibitor (columns 5 and 9) or p38 kinase inhibitor (columns 6 and 10)
1 h before LPS treatment for 4 h. Luciferase activity was measured from triplicate
of the experimental settings, and the experiment was performed 3 times independently. Each bar represents the mean RLU ⫾ SE. *P ⬍ 0.05 compared with the
control value (lane 1). ** and ***P ⬍ 0.05 in comparison of lane 4 with lanes 5
and 6, respectively. B: similar experiment was performed with a PU.1-luciferase
reporter that contains 3 repeats of the PU.1 binding site of the murine L-PGDS
promoter. C: RAW 264.7 cells were treated with vehicle (lanes 1 and 2), 10 M
JNK inhibitor (lane 3), or 10 M p38 kinase inhibitor (lane 4) 1 h before LPS
treatment for 16 h to induce L-PGDS. Western blot was performed for L-PGDS
and tubulin.

L-PGDS is induced in macrophages during inflammation
and protects from bacterial pneumonia (25). L-PGDS is also
responsible for the majority of PGD2 produced by macrophages, the major effector cell that produces PGD2 during
acute inflammation (25). In self-limiting inflammation, PGD2
plays a key role in resolving inflammation (46). Thus, elucidating the mechanism that regulates the induction of L-PGDS
expression in a macrophage-specific fashion could be essential
for understanding the effect of PGD2 on host immunity.
In this study, we tested the hypothesis that a macrophagespecific factor regulates L-PGDS expression, along with cJun,
an ubiquitous transcription factor that is involved in L-PGDS
expression in macrophages (25). A promoter analysis that
located a putative PU.1 site in the murine L-PGDS promoter
led us to investigate the potential role of PU.1, a macrophagespecific transcription factor, in L-PGDS expression. Our results
show that PU.1 bound to the cognate site in the endogenous
L-PGDS promoter in response to LPS, overexpression of PU.1
increased L-PGDS expression, and epigenetic silencing of
PU.1 by siRNA resulted in the suppression of L-PGDS expression and PGD2 production. We also have shown that there was
a unique functional interaction between PU.1 and cJun at the
PU.1 binding site in the promoter in response to treatment with
LPS, which enhanced PU.1-mediated L-PGDS expression.
These results suggest that PU.1, through interaction with cJun,
provides a macrophage-specific regulatory mechanism for LPGDS expression in macrophages in response to treatment
with LPS.
Both PU.1 and cJun are important for monocyte to macrophage differentiation and macrophage effector function in
inflammation (17, 31, 35, 40, 57). In expression of some genes,
cJun physically binds to PU.1 and serves as an activator of
PU.1 in a JNK-independent fashion (5). Consistent with this,
our results show that there were physical and functional interactions between PU.1 and cJun. However, our results clearly
demonstrate that the functional interaction between the two
proteins is dependent on not only JNK but also p38 kinase.
This difference may be due to differential experimental conditions, possibly related to activation by treatment with LPS.
PU.1 regulates TLR4 mRNA expression (48), which raised
the possibility that blunted L-PGDS expression is due to
deficient TLR4 signaling. We have recently reported that the
levels of TLR4 mRNA in the PU.1-silenced cell lines are lower
than controls (24). However, in spite of the differences in
TLR4 mRNA levels, there were no differences in the levels of
cell surface TLR4/MD2 in the PU.1 siRNA cell lines that were
treated with LPS compared with control cells. In addition, there
was no difference in NF-B activation, a robust indicative that
TLR4 signaling was normal in the PU.1 siRNA cell lines
compared with control cells (24). These important control data
demonstrate that decreased L-PGDS gene expression was not
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Fig. 7. Proposed mechanism for the roles of PU.1 and cJun in L-PGDS
expression in macrophages. Scheme depicts a possible mechanism by which
PU.1 induces L-PGDS expression in macrophages following LPS treatment.
LPS triggers TLR4 signaling, which activates casein kinase II (CKII). CKII
phosphorylates PU.1 at Ser148, and PU.1 activated by the phosphorylation
binds to its cognate site in the promoter. Meanwhile, the TLR4 signaling also
activates JNK and p38 kinase that phosphorylate cJun and make it active.
Activated cJun binds to both the AP-1 site of the promoter and PU.1. PU.1 and
cJun activated by LPS form a transcriptionally active complex in the L-PGDS
promoter, leading to L-PGDS gene expression.
AJP-Lung Cell Mol Physiol • VOL

and activate cJun. Activated cJun could bind to both the AP-1
binding site directly and the PU.1 binding site indirectly
through PU.1 that occupies the site. Although cJun could
directly bind to PU.1 without tethering to its cognate AP-1 site,
the presence of the AP-1 binding site in the promoter could
increase the availability, or the local concentration, of cJun,
which could facilitate physical interactions between cJun and
PU.1. Since the sites for AP-1 and PU.1 are separated by ⬃350
nt, it is conceivable that these physical interactions among
proteins and their binding sites could result in sufficient torsion
of the DNA to contribute to L-PGDS expression in macrophage.
PGD2, the end product of L-PGDS and H-PGDS, has been
known to suppress inflammation in animal models for acute
lung inflammation that was induced by bleomycin or monosodium urate monohydrate crystal challenges (1, 22, 42). Since
PGD2 is detected in resolving exudates and the increased
production of PGD2 is associated with resolution of inflammation in a carrageenin-induced self-limiting acute inflammatory
model (18), PGD2 is considered as a proresolving lipid molecule (54). Given that PGD2 is mainly produced by macrophages and mast cells (3, 8, 19, 30, 36), it has been presumed
that H-PGDS is the major enzyme that produces PGD2 and
regulates inflammation. In fact, the importance of H-PGDS in
regulation of inflammation was recently demonstrated in a
zymosan-induced peritonitis model with H-PGDS knockout
mice (46), in which the lack of H-PGDS and thereof the
decrease of PGD2 apparently impairs resolution of peritonitis.
Given our current results of PU.1-mediated induction of LPGDS expression in macrophages, in conjunction with our
published results (25), it is possible that L-PGDS expression
occurs and contributes to the late production of PGD2 during
the resolution of peritonitis. In addition, our results may provide an explanation of how the level of PGD2 in exudates is
increased during the resolution of pleurisy (18). However, it is
interesting that during the resolution of peritonitis the level of
PGD2 in exudates was decreased (46). While this could be due
to egression of activated macrophages from the peritoneal
cavity during the resolution of peritonitis, the differences in the
levels of PGD2 during the resolution of inflammation in different models may reflect a differential inflammatory milieu
generated by treatment with varying stimuli.
In summary, we investigated how L-PGDS expression is
induced in macrophages in the inflammatory milieu. We found
that PU.1, a macrophage-specific factor, played a critical role
in regulating L-PGDS expression and PGD2 production, in
which PU.1 provided a platform for cJun to bind to the PU.1
binding site for induction of L-PGDS in LPS-stimulated macrophages. Therefore, our results highlight the central role of
PU.1 in inducing L-PGDS expression in macrophages. We
propose that regulation of L-PGDS by PU.1 is the mechanism
to produce L-PGDS and PGD2 that play important roles in host
immunity.
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simply due to impaired TLR4 expression or function in the
siRNA cells that were treated with LPS.
It is not clear how TLR4 signaling induced the interaction
between PU.1 and cJun on the L-PGDS promoter. Our results
show that the Ser148 residue of PU.1, a key residue phosphorylated by CKII or NIK that is activated by LPS, was critical for
the transcriptional activity of PU.1 in L-PGDS expression.
However, it seems that the phosphorylation of the residue did
not participate in the physical interaction with cJun. In addition, binding of PU.1 to its cognate site in the promoter in
response to LPS was not affected by JNK or p38 kinase and
took place without involvement of cJun. On the other hand,
binding of cJun to PU.1 in response to LPS was dependent on
a phosphorylation of cJun because treatment of JNK or p38
kinase inhibitors abolished the interaction between the two
proteins at the PU.1 binding site and blunted L-PGDS expression. In addition, it seems that cJun was recruited to the PU.1
binding site only when PU.1 occupied the site. Therefore, it is
possible that PU.1, activated by CKII or NIK pathway, binds to
the PU.1 binding site, which provides a platform for cJun to
bind the PU.1 site. In the meantime, cJun becomes phosphorylated and activated by the MAPK and then physically associates with the PU.1 that occupied the PU.1 binding site of the
L-PGDS promoter.
Combined, the current results and our previous report that
the L-PGDS promoter harbors an AP-1 binding site, to which
cJun binds in a JNK- and p38 kinase-dependent manner (25),
we can speculate the mechanism of L-PGDS expression in a
macrophage-specific fashion (Fig. 7). LPS-triggered TLR4
signaling activates CKII or NIK that phosphorylates PU.1 at
Ser148 residue, resulting in the activation and binding of PU.1
to its cognate site in the promoter. On the other hand, the TLR4
signaling activates JNK and p38 kinases, which phosphorylate
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