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PGE2 Induces Macrophage IL-10 Production and a
Regulatory-like Phenotype via a Protein Kinase
A–SIK–CRTC3 Pathway

Kirsty F. MacKenzie,* Kristopher Clark,* Shaista Naqvi,* Victoria A. McGuire,*

Gesa Nöehren,* Yosua Kristariyanto,* Mirjam van den Bosch,* Manikhandan Mudaliar,†

Pierre C. McCarthy,* Michael J. Pattison,* Patrick G. A. Pedrioli,‡ Geoff J. Barton,†

Rachel Toth,* Alan Prescott,x and J. Simon C. Arthur*,x

The polarization ofmacrophages into a regulatory-like phenotype and the production of IL-10 plays an important role in the resolution

of inflammation. We show in this study that PGE2, in combination with LPS, is able to promote an anti-inflammatory phenotype

in macrophages characterized by high expression of IL-10 and the regulatory markers SPHK1 and LIGHT via a protein kinase

A–dependent pathway. Both TLR agonists and PGE2 promote the phosphorylation of the transcription factor CREB on Ser133.

However, although CREB regulates IL-10 transcription, the mutation of Ser133 to Ala in the endogenous CREB gene did not prevent

the ability of PGE2 to promote IL-10 transcription. Instead, we demonstrate that protein kinase A regulates the phosphorylation of

salt-inducible kinase 2 on Ser343, inhibiting its ability to phosphorylate CREB-regulated transcription coactivator 3 in cells. This in

turn allows CREB-regulated transcription coactivator 3 to translocate to the nucleus where it serves as a coactivator with the

transcription factor CREB to induce IL-10 transcription. In line with this, we find that either genetic or pharmacological inhibition

of salt-inducible kinases mimics the effect of PGE2 on IL-10 production. The Journal of Immunology, 2013, 190: 565–577.

M
acrophages form an important component of the innate
immune response and are required to fulfill a range of
different roles depending on their specific surround-

ings. The detection of pathogens by macrophages occurs via pat-
tern recognition receptors (PRRs). These are germline-encoded
receptors that are able to recognize specific classes of pathogen-
derived ligands, often referred to as pathogen-associated molec-
ular patterns. PRR activation triggers the induction of both pro- and

anti-inflammatory cytokines. Importantly, different types of PRRs,
acting either alone or in concert, promote distinct cytokine profiles,
thus allowing the immune response to be tailored to the type of
pathogen (1). In addition, the response of the macrophage to PRR
activation can be further modulated by other inputs, such as ligands
for certain G-protein coupled receptors (GPCRs) or ITAM-coupled
receptors (2, 3). These interactions allow macrophages to mount
the correct response during the different phases of the immune
response. For instance, macrophages are one of the first cells to
detect invading pathogens and help trigger the immune response
via the production of proinflammatory mediators. In contrast,
during the resolution of inflammation, macrophages play an anti-
inflammatory role and are required for the removal of apoptotic
cells.
The ability of macrophages to undertake very different functions

has led to the concept of macrophage polarization, whereby in
response to a specific set of signals, distinct phenotypes can be
induced in macrophages to allow them to undertake their required
functions (4–8). In vivo, macrophage polarization is likely to be
very plastic and macrophages can assume a wide spectrum of
phenotypes. Several broad classifications of polarized macrophages
have, however, been proposed (6–8). M1, or classically activated,
macrophages can be induced by a combination of LPS and IFN-g.
These cells are proinflammatory and produce high amounts of TNF
and IL-12 but low amounts of the anti-inflammatory cytokine IL-
10. Stimulation with IL-4 gives rise to M2a, or alternatively acti-
vated macrophages, which play a role in responses to extracellular
parasites and tissue repair. Stimulation of macrophages with LPS in
combination with immune complexes results in macrophages that
produce high levels of IL-10 but low levels of IL-12. These have
been termed “regulatory” or M2b macrophages and are proposed to
play a role in the resolution of inflammation.
Increasingly there is evidence that a failure to appropriately

control macrophage function may have a role in disease. For ex-
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ample, excessive M1 polarization in adipose tissue has been linked
to metabolic disease (9), whereas unwanted M2a polarization may
give rise to fibrosis (8). M2-like macrophages also have similari-
ties to tumor-associated macrophages, which, through their ability
to suppress inflammation, help protect the tumor from attack by
the immune system (10). Various signals, including PGs, TGF-b,
and IL-10, have been suggested to aid in the development of
tumor-associated macrophages (10). Given the potential roles of
macrophages in disease, the modulation of macrophage polariza-
tion in vivo could represent a novel therapeutic strategy. In support
of this, transfer of regulatory macrophages into mice has been
reported to be protective in models of experimental autoimmune
encephalomyelitis and endotoxic shock (11–13). Understanding
how intracellular signaling controls this macrophage response is
therefore an important question (6).
A characteristic of regulatory macrophages is their ability to

produce high levels of IL-10 relative to other macrophage subsets.
IL-10 is a potent repressor of proinflammatory cytokine production
by macrophages and acts as a key anti-inflammatory mediator (14,
15). The importance of IL-10 for maintaining balance in the im-
mune system in vivo is underscored by the finding that IL-10
knockout mice can spontaneously develop colitis (16). Consis-
tent with this, inactivating mutations in either the IL-10 or IL-10R
genes in humans results in a severe form of early-onset colitis (17,
18). The transcriptional regulation of IL-10 in macrophages is
complex, and roles for Sp1, NF-kB, C/EBP, and CREB have been
proposed (reviewed in Ref. 14), although how this gene is highly
induced in regulatory macrophages is not clear.
Protein kinase A (PKA) is activated by increases in the intra-

cellular levels of cAMP, which can be triggered by a number of
stimuli in macrophages. Several studies have shown that agents that
elevate cAMP can enhance IL-10 transcription (19–24). One ex-
ample of this is the PG PGE2. PGs are lipid-derived molecules that
play important roles in modulating the immune system. As early
as 1986, a repressive effect of PGE2 on macrophage TNF and IL-1
production was shown (25, 26), and this has subsequently been
confirmed by other studies. Of note, PGE2 has been shown to have
a synergistic effect with LPS on IL-10 production (27). However,
the molecular mechanism behind this has not been established. We
show in this study that PGE2 activates a PKA–salt-inducible ki-
nase (SIK)–CREB-regulated transcription coactivator (CRTC)3-
dependent pathway, which in combination with TLR agonists,
gives rise to macrophages that produce high levels of IL-10 and
are polarized toward a regulatory-like macrophage phenotype.

Materials and Methods
Materials

MRT67307 was provided by MRC Technology. Kin112 was a gift from
N. Gray (Harvard University, Cambridge, MA). The specificity of these
inhibitors has been described previously (28). PGE2 was purchased from
Biomol International. 8-Br-cAMP, 6-Bnz-cAMP, and 8-pCPT-MeO-cAMP
were all purchased from BioLog Life Science Institute. The myristoylated
PKI peptide was from Enzo Life Sciences, rolipram and IBMX were from
Sigma-Aldrich, and the EP2 and EP4 agonists, Butaprost and CAY10580,
were from Cayman Chemicals.

Clones

The CREB-dependent luciferase reporter and Renilla luciferase constructs
were obtained from Promega. SIK2 (XM_041314) was cloned by standard
techniques as a GFP-tagged construct into the pBabe expression vector.
CRTC3 (NM_022769.3) was cloned as a mCherry-tagged construct, also
into the pBabe vector.

Mice

C57BL/6 wild-type mice were obtained either from Charles River Labo-
ratories or bred in-house. IL-10 knockout, MSK1/2 double knockout, and

CREB Ser133Ala knockin mice have been described previously (16, 29,
30). IL-10 and MSK1/2 knockouts had been backcrossed onto C57BL/6
for a minimum of 12 generations and CREB Ser133Ala mice for 6 gen-
erations. ATF1 Ser63Ala knockin mice were generated by Taconic Artemis
by standard methods using C57BL/6 embryonic stem cells. Macrophage-
specific conditional LKB1 knockout mice were generated by crossing
a floxed LKB1 allele (31) to LysMCre transgenic mice (32). Deletion of
LKB1 in bone marrow–derived macrophages from these mice was con-
firmed by quantitative PCR (qPCR) (data not shown).

Cell culture

Primary bone marrow–derived macrophages (BMDMs) were isolated as
described previously (33). Briefly, to obtain BMDMs, bone marrow cells
were maintained on bacterial grade plates for 1 wk in DMEM supple-
mented with 10% heat-inactivated FBS (Biosera), 2 mM L-glutamine, 100
U/ml penicillin G, 100 mg/ml streptomycin, 0.25 mg/ml amphotericin
(Invitrogen), and 5 ng/ml mCSF (R&D Systems). Adherent cells were then
replated on tissue culture grade plates in fresh media and used 24 h after
replating. RAW264.7, U20S, and Hek293 cells were cultured in DMEM
supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine, 100
U/ml penicillin G, and 100 mg/ml streptomycin. Hek293 cells were
transfected using polyethyleneimine (34).

Small interfering RNA transfection

Small interfering RNA (siRNA) transfection in RAW264.7 cells was carried
out using the Lonza Amaxa Nucleofection optimized RAW264.7 protocol
and Nucleofector Kit V. Briefly, cells were spun down and resuspended in
nucleofection reagent, combined with 100 nM siRNA and electroporated in
accordance with manufacturer’s protocols. BMDMs were differentiated for
7 d, as previously described, and then, siRNA transfection was performed
via nucleofection using the Lonza Amaxa Optimized Mouse Macrophage
Nucleofection system (catalog number VPA-1009). Smartpool siGENOME
siRNAs were purchased from Thermo-Dharmacon.

qPCR

Cells were lysed and total RNA purified using the Qiagen microRNeasy
system, according to the manufacturer’s protocols. Total RNA (0.5–1 mg)
was reverse transcribed using iScript (Bio-Rad) and qPCR was carried out
using SYBRgreen based detection methods. Levels of 18s or GAPDH were
used as normalization controls, and fold induction calculated using the
equation:

relative mRNA  level ¼ Eu
ðctuc2ctusÞ

Er
ðctrc2ctrsÞ ;

where E is the efficiency of the PCR, ct is the threshold cycle, u is the
mRNA of interest, r is the reference gene (18s RNA or GAPDH), s is the
sample, and c is the average of the unstimulated wild-type control samples.
Primer sequences are shown in Table I.

Microarray analysis

Affymetrix mouse gene 1.1 ST arrays were used to generate a gene ex-
pression dataset from BMDMs treated with LPS or LPS + PGE2 for 1 h
and untreated control. Four biological replicates were analyzed per group.
The arrays were generated by the Finnish Microarray and Sequencing
Centre (Turku, Finland), according to the manufacturer’s protocols. Briefly,
RNAwas extracted as described above, and RNA quality was analyzed by
Agilent’s Bioanalyzer electrophoresis station. Using specific protocols,
hybridization to Affymetrix mouse gene 1.1 ST array plates (P/N 901622)
was carried out in GeneTitan, and Affymetrix GeneChip Command Con-
sole 3.1 was used to control GeneTitan hybridization process and in
summarizing probe cell intensity data (.CEL file generation).

The data analysis was carried out in the High Performance Computing
facility of the College of Life Sciences using Affymetrix Power Tools, R
(version 2.13.1) – Bioconductor and Partek GS 6.5 (version 6.11.0321)
software. For quality control and probe sets annotations, the latest anno-
tations files (release 32, dated 23-06-2011) downloaded from Affymetrix
were used. Using Affymetrix Power Tools, the probe level expression data
were summarized to transcript cluster level and normalized using two
different normalization methods—robust multi-array average and probe
logarithmic intensity error–guanine-cytosine background-adjusted. The data-
set quality was analyzed from the spike in probe sets, principal component
analysis, and hierarchical clustering analysis and by generating various
quality control plots such as mean raw signal intensity plots, mean absolute
deviation of the residuals plots, and probe cell intensity plots. Differential
expression analysis was carried out using the ‘limma’ package. The poten-
tial CREB binding genes in the differentially expressed genes were arrived
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by querying them against the CREB target gene database that was locally
created from the paper of Zhang et al. (35).

Array data has been deposited in the Gene Expression Omnibus database
(http://www.ncbi.nlm.nih.gov/geo/ accession number GSE41833).

Immunoblotting

BMDMs were lysed directly into SDS sample buffer and aliquots run on
10% polyacrylamide gels using standard methods. RAW264.7 and Hek293

cells were lysed into a triton lysis buffer, and 30 mg soluble protein extract
was run on the gels. For immunoprecipitation of SIK2, total SIK2 Ab
coupled to protein G–Sepharose beads was used to immunoprecipitate SIK
from 0.5 mg soluble cell extract. Proteins were transferred onto nitrocel-
lulose membranes, and specific proteins were detected by immunoblotting.
Abs against phospho-Tyr705 STAT3, total STAT3, phospho-ERK1/2,
phospho-p38, total ERK1/2, total p38a, phospho-Ser133 CREB (which
also recognizes ATF1 phosphorylated on Ser63), total CREB, phospho-

Table I. Primer sequences used for qPCR

Gene Forward Primer (59→39) Reverse Primer (59→39)

Areg CGACAAGAAAACGGGACTG AACTGGGCATCTGGAACC
Arginase 1 (Arg1) CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC
ATF1 CAGACAACAAAGACAGATGACC AACAGCAACACGGTTCTCC
CREB ATCAGTTATCCAGTCTCCACAAGTCC GTGATGGCAGGGGCTGAAGTC
CRTC1 ACTCAAAGAAGGCGGGTTCC TGGGTGGCAGGGATCAGG
CRTC2 TGCGACTGGCTTATACAAGG GAGTGCTCCGAGATGAATCC
CRTC3 AGCCATCACTTCATCAAGC ATTCCCATCAAACTGTCTCC
IkBa ACACGTGTCTGCACCTAG TCAGACGCTGGCCTCCAAAC
IL-10 CCCTTTGCTATGGTGTCCTTTC GATCTCCCTGGTTTCTCTTCCC
IL-12p35 TATCTCTATGGTCAGCGTTCC TGGTCTTCAGCAGGTTTCG
IL-12p40 TCATCAGGGACATCATCAAACC TGAGGGAGAAGTAGGAATGGG
LIGHT CTGCATCAACGTCTTGGAGA GATACGTCAAGCCCCTCAAG
nor1 GCCATCTCCTCCGATCTGTATG GAGGCCGTCAGAAGGTTGTAG
nur77 CCTGTTGCTAGAGTCTGCCTTC CAATCCAATCACCAAAGCCACG
IL-6 TTCCATCCAGTTGCCTTCTTG AGGTCTGTTGGGAGTGGTATC
TNF CAGACCCTCACACTCAGATCATC GGCTACAGGCTTGTCACTCG
SPHK1 ACAGCAGTGTGCAGTTGATGA GGCAGTCATGTCCGGTGATG
YM1 AGAAGGGAGTTTCAAACCTGGT GTCTTGCTCATGTGTGTAAGTGA

FIGURE 1. PGE2 promotes the LPS-induced

transcription of IL-10 and regulatory macrophage

markers. BMDMs were isolated from wild type

mice and stimulated for the indicated times with

either 100 ng/ml LPS, 10 mM PGE2, or a combi-

nation of LPS and PGE2. (A) IL-10 levels secreted

into the media were measured after 8 h as described

in the methods. (B) Total RNA was extracted at the

indicated times and the levels of IL-10 mRNA de-

termined by qPCR. Results are expressed as fold

change relative to the unstimulated control. (C)

BMDMs were stimulated with either 100 ng/ml

LPS or 100 ng/ml LPS in combination with 10 mM

PGE2, 1 mM Butaprost (EP2 agonist), or 1 mM

CAY10580 (EP4 agonist), and IL-10 mRNA levels

were determined by qPCR after 1 h. (D) BMDMs

were stimulated with either 100 ng/ml LPS or 100

ng/ml LPS in combination with 100 mM IBMX or

10 mM rolipram, and IL-10 mRNA levels were

determined by qPCR after 1 h. (E) BMDMs were

stimulated with either 100 ng/ml LPS or 100 ng/ml

LPS in combination with 10 mM PGE2, 250 mM 8-

pCPT-MeO-cAMP, 250 mM 6-Bz-cAMP, or 100

mM 8-Br-cAMP, and IL-10 mRNA levels were

determined by qPCR after 1 h. (F) Where indicated,

BMDMs were preincubated with 10 mM myristoy-

lated PKI peptide for 1 h before stimulation with LPS

and/or PGE2 for an additional hour. IL-10 mRNA

levels were then measured by qPCR. For each panel,

results represent the average and SD of independent

cultures from four mice. *p , 0.05, **p , 0.01

(Student t test).
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Thr581 MSK1, total IkBa, p105, and phospho-class II HDAC (HDAC4 p-
Ser246/HDAC5 p-Ser259/HDAC7 p-Ser155) were from Cell Signaling
Technology. The CRTC3 Ab (EPR3440) was from Abcam. The phospho-
Ser343 SIK2 was from a custom Ab program. The total MSK1 and GFPAbs
were generated in-house (30). HRP-conjugated secondary Abs were from
Pierce (Cheshire, U.K.), and detection was performed using the ECL re-
agent from Amersham Biosciences (Buckinghamshire, U.K.). Blots were
quantified using Quantity One (Bio-Rad). All phospho-blots were quantified
with respect to their total protein, or total ERK1/2 protein, and calculated as
a ratio of unstimulated wild-type samples with WT 0 being equal to 1.

Cytokine measurements

IL-10, TNF, IL-6, IL-12p40, and IL-12p70 were measured using a multi-
plex-based assay from Bio-Rad according to the manufacturer’s protocols.

Phosphoproteomics

Phosphoproteomics was carried out in RAW264.7 cells that had been la-
beled using the stable isotope labeling of amino acids in cell culture
(SILAC) method. After stimulation, cells were lysed, and protein levels
were quantified. Equal amounts of soluble protein from each condition were
reduced, alkylated and digested with trypsin. Phospho-peptides were then
enriched by sequential hydrophilic chromatography followed by Fe3+-
immobilized metal affinity chromatography (33). Phospho-peptides were
measured by tandem mass spectroscopy on Thermo Fisher Scientific LTQ
Orbitrap Velos instrument set to perform top-15 data-dependent collision-
induced dissociation analysis in the 350–1600 m/z range using a resolution

of 60,000 for the precursor scan and a minimal intensity for sequencing of
10,000 counts. Monoisotopic precursor selection was used, and +1 as well
as unassigned charge states were excluded from sequencing. Dynamic
exclusion was set to a repeat count of 2 within 30 s, with exclusion du-
ration of 90 s and an exclusion mass width of 10 ppm. The data were
analyzed using MaxQuant (34, 36).

Immunofluorescence

RAW264.7 cells or BMDMs were fixed for 10 min in 3.7% paraformal-
dehyde, permeabilized for 10 min using 1% Nonidet P-40 in PBS, and
blocked for 30 min using 3% goat serum in PBS. RAW264.7 cells were then
stained with anti-CRTC3 (1:200; Abcam), followed by anti-rabbit Alexa
488 (1:500; Invitrogen). Abs were diluted in blocking buffer and incubated
with the cells for 1 h at 37˚C. Cells were mounted in Prolong Gold Antifade
Reagent containing DAPI (Invitrogen). Images of fields of cells were
collected on a Carl Zeiss LSM 700 confocal microscope with an a Plan-
Apochromat 3100 objective (numerical aperture = 1.46). All images were
collected using the same settings for laser power, pinhole, gain etc. Fields
were selected by uniform random sampling using only the DAPI channel
to select cells. Nuclear intensity was quantified using Volocity software
(PerkinElmer): the nuclei were identified using the DAPI channel, and the
average nuclear CRTC3 intensity for each field was collected.

Luciferase assays

Hek293 cells were transiently transfected using pGL4.29[luc2P/CRE/
Hygro] and Renilla pRL-SV40 vectors (Promega) with GFP, GFP-SIK2,

FIGURE 2. PGE2 promotes the expression of

regulatory macrophage markers. (A) BMDMs

were stimulated with 100 ng/ml LPS, 10 mM

PGE2, or a combination of LPS and PGE2 for

the indicated times, and the levels of Ym1,

Arg1, LIGHT, and SPHK1 mRNAs were de-

termined. (B) BMDMs were preincubated with

10 mM myristoylated PKI peptide for 1 h as

indicated before stimulation with a combination

of LPS and PGE2 for the indicated times. The

levels of SPHK1, LIGHT, and Arg1 mRNAs

were determined by qPCR. (C) BMDMs were

stimulated for the indicated times with either

LPS or LPS and IBMX, and the levels of

SPHK1, LIGHT, and Arg1 mRNAs were de-

termined by qPCR. (D) BMDMs were isolated

from either wild-type or IL-10 knockout mice

and stimulated for the indicated time with

a combination of LPS and PGE2. The levels of

SPHK1, LIGHT, and Arg1 mRNAs were de-

termined by qPCR. Results represent the aver-

age and SD of independent cultures from four

mice. *p , 0.05, **p , 0.01 (Student t test).
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or GFP-SIK2 S343A expression vectors. Cells were serum starved 16 h prior
to stimulation with 20 mM forskolin for 4 h. Luciferase activities were
measured by using the dual luciferase assay system (Promega), according
to the manufacturer’s instructions. Both Firefly and Renilla luciferase
activities were measured in the same samples. Renilla luciferase activity
was used to normalize Firefly luciferase activity.

Results
PGE2 induces IL-10 via a cAMP–PKA-dependent pathway

Previous studies have shown that PGE2 can inhibit the TLR-
stimulated production of proinflammatory cytokines. Consistent
with this, we found that PGE2 was able to inhibit the production of
TNF, IL-6, and IL-12 by BMDMs treated with the TLR4 agonist
LPS (Supplemental Fig. 1A). Sequences for primers used are
shown in Table I. PGE2 also inhibited TNF and IL-12 gene
transcription. For IL-6, the situation was more complex, as al-
though PGE2 was able to promote IL-6 transcription at early time
points, it repressed the induction of IL-6 mRNA at later time
points (Supplemental Fig. 1B). In contrast to its effect on proin-
flammatory cytokines, PGE2 had a positive effect on the produc-
tion of IL-10 in response to LPS. Although PGE2 alone had little
effect on IL-10 production by BMDMs, in combination with LPS,
it was able to increase both IL-10 mRNA induction and secretion
relative to stimulation with LPS alone (Fig. 1A, 1B). This effect
was not restricted to TLR4, because PGE2 was also able to in-
crease IL-10 secretion following stimulation with either the TLR7/
8 agonist R848 or the TLR1/2 agonist Pam3CSK4 (Supplemental
Fig. 1C). LPS treatment induces the phosphorylation of STAT3 on
Tyr705, and this has previously been shown to be due to an auto-

crine feedback involving the IL-10 secreted in response to LPS
(37). In line with the increased IL-10 production by LPS in
combination with PGE2, increased STAT3 phosphorylation was
observed in cells stimulated with a combination of LPS and PGE2

relative to cells treated with LPS alone (Supplemental Fig. 1D).
We next examined the signaling pathway by which PGE2 reg-

ulated IL-10 mRNA induction. PGE2 acts via members of the
EP receptor family. These are GPCRs, and two of the four EP
receptors (EP2 and EP4) couple via Gs and therefore can elevate
cAMP levels allowing activation of PKA (38). Similar to PGE2,
treatment of macrophages with either the EP2 agonist Butaprost
or the EP4 agonist CAY10580 in combination increased IL-10
mRNA induction relative to LPS alone (Fig. 1C). A combina-
tion of EP2 and EP4 agonists had a greater effect than either
agonist alone (Fig. 1C). In cells, cAMP is rapidly turned over via
the action of phosphodiesterases (PDEs), and inhibition of PDEs
should also mimic the effects of PGE2 by increasing cAMP levels.
To test this, cells were treated with IBMX, a pan-PDE inhibitor.
Similar to PGE2, IBMX had little effect on IL-10 mRNA induc-
tion on its own, but did have a synergetic effect in combination
with LPS (Fig. 1D). PDE4 inhibitors have been proposed as anti-
inflammatory drugs, so we also tested the effect of the PDE4-
specific inhibitor rolipram. Similar to IBMX, rolipram also in-
creased LPS-induced IL-10 mRNA levels although the effect was
less pronounced than for IBMX (Fig. 1D). cAMP can signal
downstream through both PKA and exchange proteins activated
by cAMP (EPAC)–dependent pathways. The actions of these two
pathways can be distinguished through the use of cAMP analogs
specific for the individual pathways. Treatment of the cells with 8-

FIGURE 3. PGE2 synergizes with LPS to promote

CREB-dependent transcription. (A) BMDMs were

stimulated with 100 ng/ml LPS or a combination of

LPS and 10 mM PGE2 for 1 h. Total RNAwas isolated

and subjected to microarray analysis as described in

the Materials and Methods. Data were then filtered to

identify genes that were upregulated at least 4-fold by

LPS or LPS and PGE2. The upregulated genes were

compared with a list of potential CREB target genes

(http://natural.salk.edu/CREB/). Genes were ranked by

the fold change between stimulation with LPS alone

and a combination of LPS and PGE2. Genes in this

ranking that were predicted to contain cAMP response

element (CRE) sites in their promoters are indicated by

the gray bars. A rolling average (n = 10) of the per-

centage of CRE-containing genes was also calculated.

(B) RAW264.7 cells were transfected with either a

nontargeting siRNA control or siRNAs against CREB

or ATF1 as indicated. The levels of CREB and ATF1

knockdown were determined by qPCR or immuno-

blotting (right panels). Levels of CREB and ATF1

protein were quantified relative to total ERK1/2 protein

and represented as a ratio of the nontargeting control.

Cells were stimulated with the indicated combinations

of 100 ng/ml LPS or 10 mM PGE2 for 1 h. IL-10

mRNA levels were then measured by qPCR (left

panels). Data represent the average and SD of four

stimulations. **p , 0.01 (Student t test) relative to the

nontargeting oligonucleotide transfections alone.
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Br-cAMP, which activates both PKA and EPAC, was able to
mimic the effects of PGE2 on LPS-induced IL-10 mRNA levels. A

similar result was obtained with the PKA-specific analog 6-Bz-

cAMP (Fig. 1E). The EPAC-specific compound 8-pCPT-MeO-

cAMP, however, had no effect on IL-10 mRNA levels. Consistent

with the role for PKA, treatment of the cells with a cell-permeable

(myristolyated) form of the PKA inhibitory peptide, PKI, blocked

the effect of PGE2 on LPS-induced IL-10 mRNA induction

(Fig. 1F).
IL-10 production sets up a feedback loop to repress the pro-

duction of proinflammatory cytokines. As discussed above, PGE2

inhibits proinflammatory cytokine production, raising the possi-

bility that PGE2 could repress LPS-induced cytokine production

via enhancing IL-10 secretion. To examine this, BMDMs were

isolated from wild-type and IL-10 knockout mice. In both geno-

types, PGE2 strongly repressed TNF and IL-12p70 production,

indicating that the primary effect of PGE2 on these cytokines was

IL-10 independent (Supplemental Fig. 1E). PGE2 was also able to

repress the induction of both IL-6 and IL-12p40 secretion in re-

sponse to LPS in both wild-type and IL-10 knockout cells. The

degree of inhibition however was greater in wild-type cells com-

pared with IL-10 knockouts, suggesting that PGE2 repressed IL-6

and IL-12p40 via both IL-10–dependent and –independent mech-

anisms (Supplemental Fig. 1E).

PGE2 induces a regulatory-like phenotype in macrophages

The ability to produce high levels of IL-10 but low amounts of IL-
12 has previously been associated with the polarization of mac-
rophages into a regulatory phenotype (7). To examine the effect of
PGE2 on macrophage polarization, we analyzed the effect of PGE2

on the expression of macrophage polarization markers. PGE2,
either alone or in combination with LPS, did not induce the
transcription of Ym1 (Fig. 2A) or MR1 (data not shown), markers
of alternatively activated (M2a) macrophages (7, 8). A combina-
tion of LPS and PGE2 was, however, able to induce the mRNA for
Arg1, another potential marker for alternatively activated macro-
phages in mice (Fig. 2B). LIGHT (TNFSF14) and SPHK1 have
been reported as markers of regulatory (M2b) macrophages (39).
Although neither LPS nor PGE2 alone effectively stimulated the
transcription of these genes, a combination of both LPS and PGE2

together was able to induce these genes (Fig. 2A).
The induction of LIGHT, SPHK1, and Arg1 in response to

a combination of LPS and PGE2 was blocked by PKI (Fig. 2B),
whereas treatment of the cells with the PDE inhibitor IBMX in
combination with LPS also induced the mRNA for these genes
(Fig. 2C), indicating a role for PKA in the induction of these
genes. Because IL-10 feedback can modulate transcription in
macrophages, we examined the induction of the regulatory marker
genes in IL-10 knockout macrophages. The induction of both

FIGURE 4. PGE2 acts via the alternative CREB

coactivator CRTC3 in macrophages. (A) BMDMs from

wild-type or MSK1/2 double-knockout mice were

isolated and stimulated for 30 min with 100 ng/ml

LPS, 10 mM PGE2, or 100 mM 8-Br-cAMP as indi-

cated. Cells were then lysed, and the levels of the in-

dicated proteins were determined by immunoblotting.

Levels of phosphorylated proteins were quantified

relative to their respective total protein, with the ex-

ception of phospho-MSK1 and IkBa, which are

quantified respective to total ERK1/2, and represented

as a ratio of the unstimulated wild-type control. (B)

BMDMs from wild-type or CREB Ser133Ala knockin

mice were isolated and stimulated with the indicated

combinations of LPS and PGE2 for 1 h. Total RNAwas

then isolated and the levels of nur77, nor1, Areg, and

IkBa were determined by qPCR. (C) Wild-type or

CREB Ser133Ala BMDMs were stimulated with LPS or

a combination of LPS and PGE2 for the indicated times

and the levels of IL-10 mRNA determined by qPCR.

Because of the much higher fold induction in the

presence of PGE2, data for LPS alone were also plotted

separately in the left panel. Results represent the av-

erage and SD of independent cultures from four mice

per genotype. For differences between the wild-type

and CREB Ser133Ala BMDMs, *p , 0.05, **p , 0.01

(Student t test).
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LIGHT and SPHK1 mRNA was dependent on IL-10. In contrast,
the effect of PGE2 on Arg1 induction was independent of IL-10
(Fig. 2D).

PGE2 promotes IL-10 mRNA induction independently of CREB
Ser133 phosphorylation

The above data demonstrate that PGE2 synergizes with LPS to
promote the transcription of IL-10 as well as genes associated
with an anti-inflammatory phenotype in macrophages. To examine
the ability of PGE2 to affect changes in mRNA levels induced by
LPS, we carried out microarray profiling on BMDMs stimulated
with either LPS or a combination of LPS and PGE2 for 1 h. At this
time point, although PGE2 was able to repress a small number of
LPS-induced genes (including IL-12 and TNF), most genes were
either unaffected or induced more strongly when PGE2 was added
in combination with LPS relative to LPS alone (Supplemental Fig.
2). The genes that were upregulated when PGE2 was added in-
cluded several genes, such as nur77 and Areg, that have been
shown in other systems to be CREB dependent (40, 41). This
would suggest that PGE2 could act via a PKA–CREB-dependent
pathway. We therefore compared the upregulated genes with
a database of predicted and validated CREB target genes (http://
natural.salk.edu/CREB/). This demonstrated that there was an
enrichment in potential CREB target genes in the genes that were
more strongly upregulated by a combination of LPS and PGE2

relative to LPS alone (Fig. 3A). Therefore, PGE2 is likely to exert
some of its early effects on LPS-induced transcription in a CREB-
dependent manner. Binding sites for CREB have been previously
identified in the IL-10 promoter (14), whereas knockout of MSK1

and 2, which phosphorylate CREB downstream of TLR4, reduces
IL-10 induction in response to LPS (37). To determine whether
CREB was required for PGE2 to act in concert with LPS to pro-
mote IL-10 transcription, we used siRNA to knockdown CREB, or
the related transcription factor ATF1, in RAW264.7 cells (Fig.
3B). This showed that knockdown of CREB inhibited the tran-
scription of IL-10 in response to a combination of LPS and PGE2.
Knockdown of ATF1 had less effect; however, a combined
knockdown of CREB and ATF1 was more effective than knock-
down of CREB alone (Fig. 3B).
The classical mechanism by which CREB is activated involves

the phosphorylation of Ser133, which creates a binding site for CBP
or p300 (42). Ser133 in CREB can be phosphorylated by several
kinases, including PKA downstream of cAMP and MSK1 or 2
downstream of TLR signaling (37, 42–44). One explanation of the
effect of PGE2 on IL-10 transcription would be that it further
increases LPS-induced CREB phosphorylation. We therefore ex-
amined whether PGE2 or 8-Br-cAMP could induce a synergistic
effect on either the phosphorylation of CREB on Ser133 or ATF1
on Ser63 (the site analogous to Ser133 in CREB). LPS-induced the
phosphorylation of CREB and ATF1, and this was prevented by
double knockout of MSK1 and 2 (Fig. 4A). PGE2 or cAMP also
induced CREB and ATF1 phosphorylation, and in line with this
being catalyzed by PKA, it was unaffected by MSK1/2 knockout.
Surprisingly, a combination of LPS and either PGE2 or 8-Br-
cAMP did not result in a stronger phosphorylation of CREB or
ATF1 than with either agonist alone. This was not due to an in-
hibition of TLR signaling by PGE2, because PGE2 did not affect
the activation of MSK1/2, or their upstream activators ERK1/2 or

FIGURE 5. CRTC3 is required for PGE2 to promote

IL-10 and regulatory marker gene expression. (A)

RAW264.7 cells were transfected with siRNA against

CRTC1, 2, or 3 or a nontargeting siRNA control. The

effectiveness of the knockdowns was determined by

qPCR for CRTC1, 2, and 3 mRNA as well as by im-

munoblotting for CRTC2 and CRTC3. Levels of

CRTC2 and CRTC3 protein were quantified relative to

total ERK1/2 protein and represented as a ratio of the

nontargeting control. (B) After transfection with the

indicated siRNA, RAW264.7 cells were stimulated

with the indicated combinations of 100 ng/ml LPS

or 10 mM PGE2 for 1 h. IL-10 mRNA levels were

then measured by qPCR. Error bars represent the SD

from three transfections per condition. (C) Wild-type

BMDMs were transfected with siRNA against CRTC1,

2, or 3 or a nontargeting siRNA control. Twenty-four to

48 hours after transfection cells were stimulated with

either LPS or LPS and PGE2 for 1 h, and the levels of

IL-10 mRNAwere determined. (D) Wild-type BMDMs

were transfected with siRNA against CRTC3 or a

nontargeting siRNA. Cells were then stimulated with

either LPS or LPS and PGE2 for 2 or 8 h as indicated.

The induction of SPHK1, LIGHT, and Arg1 was then

determined by qPCR. In (C) and (D), error bars rep-

resent the SD of results from four independent prepa-

rations of BMDMs. **p , 0.01 (Student t test) relative

to the nontargeting oligonucleotide transfections alone.
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p38 MAPK. PGE2 also did not affect LPS-induced NF-kB sig-
naling as judged by the phosphorylation of p105 or degradation of
IkBa (Fig. 4A).
To examine the role of Ser133 phosphorylation in IL-10 tran-

scription more directly, we isolated BMDMs from mice that had
a Ser to Ala knockin mutation of either Ser133 in CREB or Ser63 in
ATF1. The Ser63Ala ATF1 knockin mutation had no effect on the
induction of IL-10 in response to LPS or a combination of LPS
and PGE2 (Supplemental Fig. 3). The mutation of Ser63 in ATF1
also did not affect the transcription of the classical CREB de-
pendent gene nur77, suggesting that CREB was the dominant
isoform for these responses (Supplemental Fig. 3). In contrast, the
mutation of Ser133 in CREB greatly reduced the transcription of
the classical CREB dependent immediate early genes nur77, nor1,
and Areg in response to either LPS or PGE2 (Fig. 4B). This was
not due to a general impairment in transcription as the induction of
the CREB-independent gene IkBa was normal (Fig. 4B). Inter-
estingly, the effect of the CREB knockin on the ability of PGE2 to
have a synergistic effect with LPS on CREB-dependent gene in-
duction was gene specific. For nur77 and Areg, a combination of
PGE2 and LPS gave a stronger induction than either agonist alone
in both wild-type and CREB Ser133Ala knockin cells, although
the absolute levels of nur77 and Areg mRNA were lower in the

knockin BMDMs compared with wild-type cells. In the CREB
Ser133Ala cells, LPS and PGE2 together did not, however, increase
nor1 mRNA induction more than PGE2 alone (Fig. 4B). The
mutation of Ser133 in CREB reduced the ability of LPS to stim-
ulate IL-10 transcription at early time points, although less effect
was seen at later times (Fig. 4C, right panel). This is consistent
with the finding that prolonged IL-10 transcription in response to
LPS is regulated via an IFN-b feedback loop (45). The induction
of IL-10 in response to a combination of LPS and PGE2 was also
reduced in the CREB knockin BMDMs relative to wild-type cells
(Fig. 4C). Interestingly, however, the CREB knockin did not block
the synergetic effect of PGE2 on LPS-induced cytokine produc-
tion, and the fold induction seen between LPS and a combination
of LPS and PGE2 was similar in the two genotypes.

CRTC3 is required for PGE2 to regulate IL-10 mRNA induction

The above results would suggest that PGE2 regulates the IL-10
promoter via a mechanism dependent on CREB but at least in part
independently of Ser133 phosphorylation. Because the CRTC
proteins have been proposed to bind to CREB independently of
Ser133 phosphorylation, we examined the role they played in the
induction of IL-10 (46, 47). Three isoforms of CRTC exist in
mammalian cells, and siRNA was used to knockdown each iso-

FIGURE 6. PGE2 regulates CRCT3 locali-

zation and phosphorylation. (A and B) BMDMs

isolated from wild-type mice or RAW264.7

cells were plated onto coverslips. Cells were

stimulated for 1 h with 100 ng/ml LPS or 10

mM PGE2 as indicated. Cells were then fixed

and stained with an anti-CRTC3 Ab (red) and

DAPI (blue). Images were obtained by confocal

microscopy. Original magnification 3100; the

view shown is 127.9 m wide. Representative

images from BMDMs are shown (A). Nuclear

staining was quantified as described in the

methods. Error bars represent SD from 10 in-

dependent images; *p , 0.05, **p , 0.01

(Student t test) (B). (C) RAW264.7 cells were

stimulated with either LPS or PGE2 for 30 min,

and the levels of CRTC3, ERK1/2, and phos-

phorylated class II HDACs were determined by

immunoblotting. Levels of CRTC3 and phos-

phorylated HDAC protein were quantified rel-

ative to total ERK1/2 protein and represented as

a ratio of the unstimulated control. (D and E)

RAW264.7 cells were labeled with SILAC

medium as described inMaterials and Methods.

Cells grown in light media were left untreated,

whereas cells grown in medium media were

treated with 10 mM PGE2, and cells grown in

heavy media were stimulated with a combina-

tion of 10 mM PGE2 and 100 ng/ml LPS. After

30 min, cells were lysed and subjected to a phos-

phoproteomic screen as described in Materials

and Methods. Mass spectroscopy spectra for

peptides corresponding to CRTC3 phosphory-

lated on Ser62 and Ser370 are shown (E) and the

ratios of these peptides in the different con-

ditions are given in (D).
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form in RAW264.7 cells. qPCR for CRTC1, 2, or 3 demonstrated
that the knockdowns were successful and isoform specific (Fig.
5A). To date, we have not yet identified a good Ab for mouse
CRTC1; however, immunoblotting for CRTC2 and CRTC3 con-
firmed that knockdown of CRTC2 and CRTC3 protein was suc-
cessful (Fig. 5A). Analysis of IL-10 mRNA levels revealed that
knockdown of CRTC1 or CRTC2 had no effect on the induction of
IL-10 mRNA. Knockdown of CRTC3, however, was able to block
the synergistic effect of PGE2 on LPS-induced IL-10 mRNA
levels (Fig. 5B). Similar results were also obtained in primary
BMDMs (Fig. 5C). CRTC3 knockdown also blocked the induction
of SPHK1, LIGHT, and Arg1 by LPS/PGE2 stimulation (Fig. 5D).

SIKs regulate CRTC3 localization and IL-10 induction

CRTC3 was found to be predominantly localized to the cytoplasm
in unstimulated BMDMs or RAW264.7 cells (Fig. 6A, 6B), and
this localization was not affected by LPS stimulation. PGE2 was
able to promote the relocalization of CRTC3 from the cytoplasm
to the nucleus. This relocalization was also observed when cells
were stimulated with a combination of both LPS and PGE2 (Fig.
6A, 6B). By analogy with what has been proposed for CRTC2,
CRTC3 localization would be controlled via the phosphorylation
of specific 14-3-3 binding sites that promote the retention of
CRTC3 in the cytoplasm. Stimulation of RAW264.7 cells with
PGE2 resulted in the dephosphorylation of CRTC3, as judged by
a downward band-shift on SDS polyacrylamide gels; a result
consistent with the ability of PGE2 to promote the dephosphory-
lation of CRTC3 and therefore promote its nuclear localization

(Fig. 6C). To examine CRTC3 phosphorylation in more detail,
we used a SILAC-based phosphoproteomic approach. Analysis
of these data revealed two peptides, corresponding to Ser62 and
Ser370, that were dephosphorylated in response to stimulation with
PGE2 (Fig. 6D, 6E). By analogy with CRTC2 (46), Ser162 would
also be predicted to be a SIK phosphorylation site, however in
CRTC3 this site lies in a large tryptic peptide that would be un-
likely to be detected by mass spectrometry methods used. These
sites are phosphorylated by members of the SIK family, and
mutation of these sites to prevent their phosphorylation results in
the localization of CRTC3 to the nucleus and increases CREB
dependent transcription (Supplemental Fig. 4).
Because members of the SIK family have been suggested as

potential kinases for the 14-3-3 binding sites on CRTC2, we ex-
amined the roles of these kinases in IL-10 induction. SIKs are
members of the AMPK-related kinase group. Like other AMPK
family members, SIKs require phosphorylation of their T loop by
LKB1 to be active (48). We therefore generated a conditional
knockout of LKB1 in macrophages using a LysM CRE. Analysis
of BMDMs from these mice revealed that LPS-induced higher
levels of IL-10 mRNA compared with wild-type cells, which
would be consistent with a constitutive activation of CRTC3 in
these cells. Importantly, PGE2 was not able to significantly in-
crease IL-10 mRNA induction in response to LPS in LKB1-
deficient cells (Fig. 7A). Although this would be consistent with
a role for SIKs in regulating IL-10 transcription, other AMPK-
related kinases in addition to SIKs are inactivated in LKB1
knockouts. To address this issue we employed two novel and

FIGURE 7. PGE2 regulates CRTC3-induced IL-10

transcription via SIKs. (A) BMDMs were isolated from

LKB1+/+/LysM-CRE+ or LKB1fl/fl/LysM-CRE+ (mye-

loid cell knockout) mice. Cells were stimulated with

100 ng/ml LPS or LPS and 10 mM PGE2 for 1 h, and

the levels of IL-10 were determined by qPCR (A) and

the secretion of IL-10 was measured at 8 h. Error bars

represent the SD of three stimulations. (B) BMDMs

were isolated from wild-type mice and pretreated for

1 h with 2 mM MRT67307 or 10 mM Kin112 as in-

dicated. Cells were then stimulated with either LPS or

LPS and PGE2 for 1 h, and IL-10 mRNA levels were

measured by qPCR. Error bars represent the SD of

results from four independent preparations of BMDMs.

(C) BMDMs were left untreated or treated with

MRT67307 for 1 h, and CRTC3 localization was de-

termined by immunofluorescence (original magnifica-

tion 3100; the view shown is 127.9 m wide); represen-

tative images are shown, and the nuclear staining

quantified as described in Materials and Methods. Er-

ror bars represent the SD of the quantification of 10

fields of view. (D) Where indicated, cells were treated

with 2 mMMRT67307 for 1 h and then stimulated with

either LPS or LPS and PGE2. SPHK1 and LIGHT

mRNA levels were then measured after 4 h of stimu-

lation and Arg1 levels after 8 h of stimulation. Error

bars represent the SD of results from four independent

preparations of BMDMs. *p , 0.05, **p , 0.01

(Student t test).
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structurally different inhibitors of SIKs. MRT67307 was originally
described as a TBK1 inhibitor, however it also effectively inhibits
SIKs. Importantly, Kin112 inhibits SIKs but not other members
of the AMPK family (28). MRT67307 and Kin112 did not induce
IL-10 transcription on their own; however, they were able to
synergistically induce IL-10 mRNA induction in combination
with LPS. Importantly, this occluded the effect of PGE2 on LPS-
induced IL-10 transcription, suggesting that PGE2 and SIK inhib-
itors acted via a common mechanism (Fig. 7B). In line with its
ability to promote LPS-induced IL-10 transcription, MRT67307

was able to induce the nuclear localization of CRTC3 in BMDMs
(Fig. 7C). Because PGE2 promotes the induction of regulatory
macrophage marker genes via CRTC3 (Figs. 2, 5), we also ex-
amined the effect of SIK inhibitors on these genes. A combination
of MRT67307 and LPS resulted in a higher induction of LIGHT,
SPHK1, and Arg1 mRNA relative to LPS alone, and MRT67307
occluded the ability of PGE2 to promote the transcription of these
genes (Fig. 7D).
Because SIK2 has been suggested to regulate CRTCs in neurons

(49), we examined the ability of PKA to phosphorylate SIK2 in

FIGURE 8. PGE2 regulates the ability of SIK to inhibit CRTC activity. (A) RAW264.7 cells were stimulated for the indicated times with 100 ng/ml LPS,

10 mM PGE2, or both LPS and PGE2. SIK2 was immunoprecipitated and the immunoprecipitate blotted with a phospho-PKA substrate Ab. In parallel the

levels of SIK2, CRTC3 and ERK1/2 were determined by immunoblotting. Levels of phospho-PKA protein were quantified relative to total SIK2 protein and

represented as a ratio of the unstimulated control. (B) RAW264.7 cells were labeled with SILAC medium and phosphoproteomics carried out on unstim-

ulated, PGE2-, and LPS + PGE2-stimulated cells as described in Materials and Methods. Data for the phospho-peptide corresponding to Ser343 on SIK2 is

shown. (C) U2OS cells were transfected with mCherry-CRTC3 and either SIK2 or S343A SIK2 expression constructs. Cells were stimulated with 50 mM

forskolin for 30 min and fixed, and CRTC3 localization was examined. DAPI (DNA) staining is shown in blue and mCherry-CRTC3 in red (original

magnification 3100; image width is 110.2 m). (D) Hek293 cells were transfected with the indicated expression constructs. Cells were either left unstim-

ulated, stimulated with 50 mM forskolin for 30 min, or incubated with 10 mM H89 for 1 h and then stimulated with forskolin. Lysates were then blotted

with Abs against either GFP, SIK2, phospho-Ser343 SIK2, or with a phospho-PKA substrate Ab. Levels of phospho-PKA and phospho-Ser343 SIK2 protein

were quantified relative to total SIK2 protein and represented as a ratio of the unstimulated control. (E) Hek293 cells were transfected with a CREB-

dependent luciferase reporter in combination with either an empty expression vector or expression vectors for GFP, wild-type GPF-tagged SIK2, or Ser343

Ala GFP-tagged SIK2. Cells were either left unstimulated or stimulated with 50 mM forskolin to induce PKA activation for 4 h. Error bars represent the

SEM of four stimulations. The results are representative of two independent experiments. For the forskolin stimulation, n.s. represents a nonsignificant

difference (p . 0.05, Student t test). *p , 0.05, **p , 0.01 (Student t test).
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macrophages. Immunoprecipitation of SIK2 followed by blotting
with a phospho-PKA site substrate Ab showed that SIK2 becomes
phosphorylated in response to PGE2 stimulation. To identify
which sites in SIK2 were phosphorylated, we again used SILAC-
based phosphoproteomics. In these experiments, phospho-peptides
were detected for SIK2 and SIK3 but not SIK1. Of the peptides
detected, one corresponding to phosphorylation on Ser343 was
highly induced by PGE2 treatment of the macrophages (Fig. 8B).
The phosphorylation of the other SIK-derived peptides detected
was not strongly induced by PGE2 (Table II). To examine the role
that Ser343 in SIK2 plays in the regulation of CRTC3, we over-
expressed wild-type or Ser343Ala SIK2 in HeK293 cells. Fol-
lowing stimulation with forskolin to activate PKA, CRTC3
localized to the nucleus in cells expressing wild-type SIK2. In
contrast, in the presence of cells expressing S343A SIK2, CRTC3
remained predominantly cytoplasmic (Fig. 8C). We also examined
the ability of PKA to phosphorylate the overexpressed SIK2 in
Hek293 cells. Wild-type SIK was phosphorylated in response to
forskolin treatment, as judged by blotting with either a phospho-
PKA substrate Ab or a phospho-S343 SIK2 Ab. As would be
expected, the phospho-PKA Ab recognized other bands in the cell
lysate; however, it was not able to recognize the S343A SIK2
mutant (Fig. 8D). The phospho-S343 SIK Ab was also unable to
recognize the S343A mutant, demonstrating the specificity of this
Ab (Fig. 8D). Unfortunately, the phospho-S343 was not sensitive
enough to detect SIK in macrophages. Finally, we looked at the
ability of wild-type and S343A SIK2 to regulate a CREB-
dependent luciferase reporter. Expression of GFP did not affect
the ability of forskolin to activate a CREB-dependent reporter.
Expression of wild-type SIK2 did reduce the induction of the
luciferase reporter, which would be consistent with increased
levels of SIK2 protein, making it more difficult for PKA to
completely inhibit CRTC activation. Importantly, however, mu-
tation of Ser343 to Ala in SIK2 greatly reduced the ability of
forskolin to induce the CREB-dependent luciferase reporter (Fig.
8C).

Discussion
PGE2 has been shown to affect macrophage function in a variety
of systems. For instance, PGE2 from bone marrow stromal cells
has been shown to promote IL-10 production from macrophages
in vivo, and this plays a protective role in sepsis (50). In the lung,
the production of PGE2 following the ingestion of apoptotic cells
by phagocytes leads to enhanced IL-10 production and inhibition
of phagocytosis resulting in increased susceptibility to Strepto-
coccus pneumoniae (51), whereas PGE2 production is involved in
sensitizing mice to an i.v. model of Streptococcus pyogenes (52).
PGE2 produced by tumor cells has been suggested to play a role in
the induction of IL-10 in macrophages (53). Elevated levels of

cAMP and PGD2 have also been proposed to promote a pro-
resolution macrophage phenotype in a zymosan-induced perito-
nitis model (54). Although a role for PKA was found in some of
these studies, the molecular mechanism by which PGE2 modulates
IL-10 production was not established. We show in this study that
PGE2 in combination with LPS promotes the induction of high
levels of IL-10. Increases in mRNA levels can be a result of either
increased transcription or increased stability of the mRNA. Given
the roles for the transcriptional regulators CREB and CRTC3
downstream of PGE2, the most likely explanation of the increase
in IL-10 mRNA levels would be an increase in gene transcription.
Our data would be consistent with a model in which PGE2 acti-
vates PKA, resulting in the phosphorylation of SIK2, which in
turn inhibits the cellular ability of SIKs to phosphorylate CRTC3.
This allows the SIK2 sites on CRTC3 to become dephosphory-
lated, resulting in the translocation of CRTC3 to the nucleus. Once
in, the nucleus CRTC3 can interact with CREB to promote the
transcription of CREB-dependent genes, which in macrophages
includes IL-10. Our data would indicate that Ser343 is the critical
site on SIK2 for regulation via PKA in macrophages. Ser358 and
Ser587 in SIK2, or the corresponding Ser577 site in SIK1, have
previously been suggested as PKA sites in other cell types (55–
57). Although we detected these sites in macrophages (Table II),
we did not observe any increase in their phosphorylation in re-
sponse to PGE2, indicating that they are unlikely to be involved in
our system.
It should be noted that activation of CREB alone is insufficient

to induce IL-10 transcription. PGE2 promotes CREB Ser133 phos-
phorylation and CRTC3 relocalization as well as the induction of
several CREB-dependent immediate early genes such as nur77
and nor1 but is a very weak stimulus for IL-10 transcription on its
own. This would indicate that other CREB-independent inputs are
necessary for IL-10 transcription. Given the complexity of the IL-
10 promoter (14, 15), it is not unexpected that CREB is necessary
but not sufficient for IL-10 transcription. Interestingly, IL-6 also
has a potential CREB site in its promoter, and this may explain the
biphasic effect of PGE2 on IL-6 transcription: at early time points,
PGE2 promoted IL-6 transcription but at later time points it was
repressed. This could be explained by the early effects of PGE2

being mediated by its ability to increase CREB-dependent tran-
scription, whereas at later time points, it acts to repress IL-6 via
a CREB-independent mechanism. This CREB-independent mech-
anism was not addressed in this study; however, it could relate to
the ability of PGE2 to directly repress the expression of other
proinflammatory cytokines, including TNF and IL-12. This could
be explained by the recent report that PKA can directly target the
p105 NF-kB subunit (58).
In addition to promoting IL-10 transcription, PGE2 in combi-

nation with LPS also induced a regulatory or M2b-like phenotype

Table II. SIK phospho-peptides identified in Raw264.7 cells

Ratios

Uniport Kinase Phospho-peptide Site M/L H/L H/M

Q8CFH6 SIK2 S(p-S)FPVEQR Ser343 10.2 8.9 0.9
Q8CFH6 SIK2 RP(p-S)TIAEQTVAK Ser358 0.2 0.1 0.7
Q8CFH6 SIK2 RA(p-S)DTSLTQGIVAFR Ser587 0.2 1.0 1.0
Q6P4S6 SIK3 RH(p-T)VGVADPR Thr411 1.3 1.1 0.9
Q6P4S6 SIK3 RA(p-S)DGGANIQLHAQQLLK Ser493 0.8 1.2 1.3
Q6P4S6 SIK3 RF(p-S)DGAASIQAFK Ser616 2.7 2.4 0.9

Raw264.7 cells were labeled in SILAC medium. Cells were then either left unstimulated (cells grown in light media, L) or
stimulated with either 10 mM PGE2 (cells grown in medium media, M) or a combination of PGE2 and 100 ng/ml LPS (cells
grown in heavy media, H). Phosphoproteomic analysis was carried out as described inMaterials and Methods, and the phospho-
peptides identified for SIK2 and SIK3 are listed along with their ratios in the different conditions.
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in macrophages, as indicated by induction of the marker genes
SPHK1 and LIGHT. Arg1 was also upregulated by LPS and PGE2.
Arg1 has been proposed as a marker of alternatively activated/
M2a macrophages in the mouse. However, although it is strongly
induced by IL-4, it can also be upregulated by other stimuli and
has been reported not to be an effective M2a marker in human
macrophages (8).
The modulation of macrophage phenotypes represents an inter-

esting therapeutic strategy (6, 13). For instance, promoting an anti-
inflammatory or regulatory phenotype in macrophages may be
beneficial in diseases involving chronic inflammation. Alterna-
tively, the reverse is true in cancer, where tumor-associated mac-
rophages are correlated with an adverse outcome. The pathways
involved in regulating macrophage polarization may therefore
yield useful drug targets. Interestingly, other GPCRs in macro-
phages may act via similar pathways. Notably adenosine, which
can act via Gs coupled GPCRs, has been suggested to synergize
with TLR agonists to induce IL-10 (59). Interestingly, one of the
mechanisms of action suggested for methotrexate, a commonly
used drug in autoimmunity, is to elevate extracellular adenosine
levels (60). In addition PDE4 inhibitors, which would promote
PKA signaling in macrophages, have also generated interest as
immunosuppressive agents and one such inhibitor, roflumilast, has
been approved for use in some forms of chronic obstructive pul-
monary disease (61). Thus, targeting the PKA-SIK-CRTC3/CREB
pathway may represent a promising new therapeutic strategy.
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