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Introduction

Summary

Macrophages play important roles in the innate immune system during
infection and systemic inflammation. When bacterial lipopolysaccharide
(LPS) binds to Toll-like receptor 4 on macrophages, several signalling cas-
cades co-operatively up-regulate gene expression of inflammatory mole-
cules. The present study aimed to examine whether salt-inducible kinase
[SIK, a member of the AMP-activated protein kinase (AMPK) family]
could contribute to the regulation of immune signal not only in cultured
macrophages, but also in vivo. LPS up-regulated SIK3 expression in mur-
ine RAW264.7 macrophages and exogenously over-expressed SIK3 nega-
tively regulated the expression of inflammatory molecules [interleukin-6
(IL-6), nitric oxide (NO) and IL-12p40] in RAW264.7 macrophages. Con-
versely, these inflammatory molecule levels were up-regulated in SIK3-
deficient thioglycollate-elicited peritoneal macrophages (TEPM), despite
no impairment of the classical signalling cascades. Forced expression of
SIK3 in SIK3-deficient TEPM suppressed the levels of the above-men-
tioned inflammatory molecules. LPS injection (10 mg/kg) led to the death
of all SIK3-knockout (KO) mice within 48 hr after treatment, whereas
only one mouse died in the SIK1-KO (n = 8), SIK2-KO (n = 9) and wild-
type (n = 8 or 9) groups. In addition, SIK3-KO bone marrow transplanta-
tion increased LPS sensitivity of the recipient wild-type mice, which was
accompanied by an increased level of circulating IL-6. These results sug-
gest that SIK3 is a unique negative regulator that suppresses inflammatory
molecule gene expression in LPS-stimulated macrophages.

Keywords: AMP-activated protein kinase; endotoxin shock; interleukin-
12p40; interleukin-1f; interleukin-6; inducible nitric oxide synthase;
macrophage; salt-inducible kinases; tumour necrosis factor-o

family proteins,®> which is followed by the activation of
the transforming growth factor-f-activated kinase 1

Macrophages play a critical role in the innate immune
system during infection and systemic inflammation.
They produce pro-inflammatory cytokines such as
tumour necrosis factor-o (TNF-2), interleukin-6 (IL-6)
and IL-12 through recognition of bacterial components
via Toll-like receptors (TLRs). Lipopolysaccharide (LPS; a
cell-wall component of Gram-negative bacteria) is the
ligand for TLR4.>> When LPS binds to TLR4, its adaptor
protein, the myeloid differentiation factor (MyD)88,
recruits and activates IL-1 receptor-associated kinase

© 2015 National Institute of Biomedical Innovation, Immunology

(TAK1). The active TAK then transmits the signal
through different pathways such as those involving the
IxB kinase (IKK) family (IxBo-nuclear factor-xB) and the
mitogen-activated protein kinases [MAPKs: extracellular
signal-regulated kinase (ERK), p38, and c-Jun N-terminal
kinase (JNK)]. TAK1 phosphorylates MAPK kinases
(MKKs) and induces the activation of MAPKs.%™®

These MyD88-dependent cascades are initiated at an
immediate early phase. In contrast, interferon-f-produc-
ing cascades such as those involving the interferon
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regulatory factor 3 (IRF3) and the signal transducer and
activator of transcription (STAT1) are activated by the
MyD88-independent and Toll interleukin receptor-
domain-containing adapter-inducing interferon--depen-
dent pathways, which contributes to the late activation of
nuclear factor-xB.>*°™'" The gene expression of nitric
oxide (NO) synthase 2 (Nos2 or inducible NOS; iNOS),
which produces the inflammatory mediator NO, is also
induced by active STAT1.'>"?

Macrophages produce not only pro-inflammatory cyto-
kines, but also anti-inflammatory cytokines. Macrophages
are classified into two types, according to their pro-
inflammatory or anti-inflammatory functions, classically
activated macrophages (M1 macrophages) and alterna-
tively activated macrophages (M2 macrophages), respec-
tively. M2 macrophages are further classified into M2a,
M2b, M2c, M2d'* and M2b macrophages (also called reg-
ulatory macrophages) and produce anti-inflammatory
cytokines such as IL-10."

Salt-inducible kinase (SIK) is a member of the AMP-
activated protein kinase (AMPK) family and plays a role
in the regulation of glucose and lipid metabolism.'®"”
SIKs regulate the expression of several genes via the
cAMP response element-binding protein (CREB) and
myocyte enhancer factor 2 (MEF-2) transcription factors.
The former is inhibited by SIKs via the phosphorylation-
dependent inactivation of CREB-regulated transcription
co-activators (CRTCs), which are CREB-specific co-acti-
vators'® 2% and the latter is activated via phosphorylation-
dependent inactivation of class Ila histone deacetylases
(HDAC), which act as co-repressors for MEF-2.21%2 Both
CRTCs and class IITa HDACs are sensitive to the cAMP—
protein kinase A and calcineurin (phosphatase) cascades
in which protein kinase A inactivates SIKs and calcineu-
rin reactivates CRTCs and class Ila HDACs."”

Recently, SIK inhibitors were reported to polarize mac-
rophages toward the M2b type through IL-10 production
in a CRTC3-dependent manner.”>** On the other hand,
Yong Kim et al.”® reported that SIK1 and SIK3 negatively
regulate TLR4-mediated signalling through interruption
of the TAK1-binding protein (TAB)2—-TNF receptor-asso-
ciated factor (TRAF)6 complex by the inhibition of ubig-
uitination-dependent TRAF6 degradation. These reports
suggest that SIKs play important roles in the inflamma-
tion and innate immune systems in cultured macrophag-
es. However, the involvement of SIKs in inflammation in
vivo, except for that in liver inflammation, cholestasis and
cholelithiasis in SIK3-knockout (KO) mice,*® remains
unclear.

Here, we found that SIK3-KO mice, but not SIK1-KO
and SIK2-KO mice, were highly sensitive to LPS and that
SIK3-deficient macrophages produced increased levels of
the inflammatory molecules, iNOS, IL-6 and IL-12p40
without any significant difference in the classical immune
cascades. Moreover, adoptive transfer of SIK3-KO-bone

marrow (SIK3-KO-BM) to X-ray-irradiated wild-type
(WT) mice also increased LPS sensitivity in these mice.

Materials and methods

Mice

Age- and sex-matched littermates of SIK1-KO (C57BL6/
J x 129 background), SIK2-KO and SIK3-KO (C57BL6/]
background) mice described previously*®>® were used in
this study. For bone marrow transplantation, 8-week-old
male C57BL6/] mice (Japan SLC, Hamamatsu, Japan)
were used. All animal experiments were conducted
according to the institutional ethical guidelines for animal
experimentation of the National Institute of Biomedical
Innovation (approved as nos. DS20-56, DS24-41 and
DS26-86).

Cell culture

The murine RAW264.7 monocytic/macrophage cell line
was obtained from the American Type Culture Collection
(Manassas, VA). The cells were cultured in RPMI-1640
medium (Wako, Osaka, Japan) supplemented with 10%
heat-inactivated fetal bovine serum (FBS) (Life Technolo-
gies, Carlsbad, CA). The isolation of mouse thioglycol-
late-elicited peritoneal macrophages (TEPM) is described
elsewhere.”” Briefly, 10- to 16-week-old mice were
injected with 2 ml of 4% (w/v) Brewer’s thioglycollate
medium (BD Biosciences, San Diego, CA). Three or four
days after the injection, the mice were killed by cervical
dislocation under deep anaesthesia with isoflurane and
their peritoneal macrophages were harvested by lavage
with ice-cold PBS. The lavage fluid was transferred into
polypropylene tubes, centrifuged at 370 g for 10 min, and
the peritoneal macrophages were seeded at a density of
5.0 x 10° cells/cm®. The non-adherent cells were washed
out twice with PBS warmed at 37° and then cultivated in
10% FBS/RPMI-1640.

Real-time quantitative reverse transcription PCR

Total RNA was prepared using the ReliaPreptm RNA Cell
Miniprep System (Promega, Madison, WI), according to
the manufacturer’s instructions. Complementary DNA
was synthesized by reverse transcription (RT) of 1 pg of
total RNA by using the ReverTra Ace® qPCR RT Kit
(Toyobo, Osaka, Japan) and used for quantitative PCR.
The primers used in this study are listed in the Support-
ing information (Table S1).

Lentiviral transduction of SIK3 in RAW264.7 cells
The stable RAW264.7 line that over-expressed SIK3

was transduced using the ViraPowertm HiPerformmm

© 2015 National Institute of Biomedical Innovation, Immunology
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Promoterless Gateway® Expression System (Life Technol-
ogies), according to the manufacturer’s protocol. Briefly,
the mouse Sik3 (mSIK3) open reading frame was ampli-
fied by PCR with primers containing attB1/2 sequences,
and the PCR product was cloned into the pDONR221
plasmid with BP clonase (Life Technologies). The mSIK3
open reading frame and the cytomegalovirus (CMV) pro-
moter that was cloned into the pENTR plasmid were
transferred into the plenti6.4-R4R2-DEST plasmid for
preparing the lentiviral vector through the LR reaction.
pLP1, pLP2, pLP-VSVG and plenti6.4-CMV-mSIK3 or -
LacZ (control) were transformed into 293FT cells using
the calcium phosphate method.’® After 72 hr of transfor-
mation, the supernatant containing lentiviruses was
collected and viral particles were purified using the Lenti-
Xt™ Concentrator (Clontech, Mountain View, CA),
according to the manufacturer’s protocol. RAW264.7 cells
were infected with lentiviruses, and the infected cells were
selected by 10 pg/ml blasticidin (Santa Cruz Inc., Santa
Cruz, CA) for 10 days.

Adenoviral transduction of SIK3 in thioglycollate-elicited
mouse peritoneal macrophages

Adenoviral expression vectors for Lac Z, human SIK3
(hSIK3)-WT, and hSIK3-K37M mutant (kinase inactive
form) were previously described.’’ The amplified adeno-
viruses were purified using Fast-Trap® Virus Purification
and Concentration Kit (Millipore, Billerica, MA) accord-
ing to the manufacturer’s protocol. Thioglycollate-elicited
mouse peritoneal macrophages isolated from SIK3-KO or
WT mice were infected with adenoviruses (at a multiplic-
ity of infection of 250) for 1 hr. After infection, the cells
were washed with serum-free RPMI-1640 medium twice
and incubated with 5% FBS/RPMI-1640 for 2 days.

Western blotting

The cells were washed three times with ice-cold PBS and
lysed with the 1 x SDS buffer (50 mM Tris—HCIl, 10%
glycerol, 2% SDS; pH 6.8) without bromophenol blue.
After measurement of protein concentration using
Bicinchoninic acid (BCA) Protein Assay reagents
(Thermo Scientific, Waltham, MA), the lysates were
diluted with a one-third volume of 3 x SDS buffer sup-
plemented with 10% 2-mercaptoethanol and bromophe-
nol blue and heated at 100° for 5 min. Proteins (5—
15 pg) were separated by SDS-PAGE and electrophoreti-
cally transferred onto PVDF membranes. The membranes
were blocked with the Blocking One solution (Nacalai
Tesque, Kyoto, Japan) and incubated with the following
antibodies at 4° overnight: anti-SIK3 (1 : 2000; as per the
method described earlier®'), anti-a/f-tubulin (1 : 3000;
#2148), anti-phospho-IKKa/f (1 : 1000; #2697), anti-
IKKa/f (1 : 20005 sc-7607), anti-phospho-IxBx (1 : 1000;
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#2859), anti-IxkBor (1 : 1000; #4812), anti-phospho-ERK
(1 :2000; #4376), anti-ERK (1 : 2000; #4695), anti-phos-
pho-p38 (1 :2000; #9215), anti-p38 (1 : 2000; #9212),
anti-phospho-JNK (1 : 1000; #9251), anti-JNK (1 : 1000;
#9252), anti-INOS (1 : 500; sc-7271), anti-phospho-
(pY701)-STAT1 (1 : 20005 #7649), anti-STAT1 (1 : 3000;
#9172), anti-phospho-IRF3 (1 : 1000; #4947), anti-IRF3
(1:1000; #4302), or anti-f-actin (1 : 1000; sc-47778).
Except for anti-IKKo/f5, anti-iNOS, and anti-f-actin anti-
bodies, which were purchased from Santa Cruz Biotech-
nology, all other antibodies were purchased from Cell
Signaling Technology (Danvers, MA). Next, the mem-
branes were incubated with an anti-rabbit horseradish
peroxidase-conjugated  goat antibody (111-035-144;
Jackson ImmunoResearch Laboratory, West Grove, PA)
or an anti-mouse horseradish peroxidase-conjugated goat
antibody (1 : 10 000; 115-035-166; Jackson Immuno
Research Laboratory) for 1 hr. The Chemi-Lumi One
Super solution (Nacalai Tesque) was used for the detec-
tion of immune complexes.

Bone marrow transplantation

Bone marrow cells were prepared from the femur, tibia,
humerus and pelvis of WT or SIK3-KO mice. Recipient
mice were irradiated with X-ray (7 Gy). The cells
(1 x 107 cells/head) were intravenously injected in the
tail vein of irradiated recipient mice. Eight weeks after
the transplantation, the recipient mice were used for
experiments.

LPS-induced endotoxin shock model

Lipopolysaccharide (10 mg/kg body weight; derived from
O111 Escherichia coli; phenol-extracted, Wako) dissolved
in PBS was injected intraperitoneally into 14-week-old
mice. Blood was collected from a small cut on the tail,
and serum was separated by centrifugation at 1000 g for
10 min, collected into tubes, and stored at —40° until
analysis.

Measurement of cytokine production by ELISA

The cytokine levels in media containing LPS-stimulated
mouse peritoneal macrophages or RAW264.7 cells were
quantified by ELISA with the ELISA MAXtM Deluxe (Bio-
Legend, San Diego, CA), as per the manufacturer’s
instructions. The cytokine levels were normalized to those
of cellular protein measured by using the BCA Protein
Assay Kit (Thermo Scientific).

Measurement of NO production

Griess reagent (0.05% naphthylethylenediamine dihydro-
chloride, 0.5% sulphonylamide and 2.5% phosphoric
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acid) was prepared and stored at 4° in the dark. Media
from LPS-stimulated mouse TEPM or RAW264.7 cells
were collected into fresh tubes and then mixed with Gri-
ess reagent at a 1 : 1 ratio in a 96-well plate. Absorbance
was measured spectrophotometrically at 550 nm. Concen-
tration of NO was normalized to the cellular protein con-
centration measured by using the BCA Protein Assay Kit
(Thermo Scientific).

Statistical analyses

For all experiments, data are expressed as mean =+ stan-
dard error of the mean (SEM), with at least three repeats
for each experimental group. Statistical analyses were per-
formed using the Student’s t-test or two-way analysis of
variance followed by Bonferroni’s post-tests for the com-
parison of gene expression and cytokine secretion. The
Cox—Mantel test was used to analyse the Kaplan—Meier
curve for mouse survival.

Results

Increase in SIK3 mRNA level after LPS treatment in
RAW264.7 macrophages

According to recent studies using SIK inhibitors and
RNA interference techniques,”>* all SIK isoforms con-
tribute to inflammatory responses in macrophages. How-
ever, information regarding the expression of each SIK
isoform in macrophages is limited. To measure the
expression of SIK family kinases in macrophages,
RAW264.7 cells were stimulated with LPS (Fig. 1). Six-
teen hours after LPS treatment, the mRNA level of SIK3,
but not SIK1 or SIK2, was significantly up-regulated in
RAW264.7 macrophages treated with 10, 100 and
1000 ng/ml LPS (Fig. 1a). We also examined the time-
dependent change of SIK isoform mRNA levels after LPS
(100 ng/ml) stimulation (Fig. 1b). The SIK3 mRNA level
hovered at a high level of expression compared with that
observed in the control (only medium replacement), from
4 to 16 hr after LPS stimulation. A small, or less, differ-
ence in SIK1 or SIK2 mRNA level was observed between
LPS stimulation and control (two-way analysis of variance
followed by Bonferroni’s post-test suggested a significance
in SIK2 mRNA at the 4 hr-point).

SIK3 over-expression suppresses inflammatory
molecule expression

To examine whether the different level of SIK3 expression
affects the levels of pro-inflammatory or anti-inflamma-
tory molecules after LPS stimulation, we prepared mouse
SIK3 (mSIK3) over-expressing RAW264.7 macrophages
using lentiviruses. Western blotting revealed that SIK3
protein level in mSIK3 over-expressing cells was higher

than that in the control cells (Lac Z) (Fig. 2a). Sup-
pressed mRNA levels of IL-6, iNOS and IL-12p40 were
observed after LPS stimulation (Fig. 2b). However, no
significant difference in TNF-o and IL-1f mRNA levels
was observed between the control and mSIK3 over-
expressing cells. On the other hand, 1 hr after LPS stimu-
lation, IL-10 mRNA levels were also lower in mSIK3
over-expressed RAW264.7 macrophages than in LacZ-
control.

SIK3-deficient macrophages produce high levels of
inflammatory molecules

Next, we examined the effects of SIK3 deficiency on the
levels of inflammatory molecules. Because the RNA inter-
ference technique was not successful for SIK3 in our labo-
ratory, we prepared TEPM from SIK3-KO and WT mice.
In contrast to the findings in mSIK3 over-expressed
RAW264.7 macrophages, after 4 hr of LPS stimulation,
the mRNA levels of IL-6, iNOS and IL-12p40 were higher
in SIK3-KO TEPM than in WT TEPM (Fig. 3a). In addi-
tion, no significant difference was observed in TNF-o or
IL-1f expression levels between SIK3-KO and WT TEPM.
These results suggested that the molecules whose expres-
sion was regulated by SIK3 are restricted to the secondary
genes that were not fully induced at 1 hr after LPS stimu-
lation. On the other hand, IL-10 mRNA level was also
higher in SIK3-KO TEPM than in WT TEPM at 1 hr
after LPS stimulation, suggesting that the increase in the
expression of secondary genes in SIK3-KO TEPM might
be out of the control of, or independent of, the IL-10
altered expression.

In addition to mRNA quantification, we measured the
production of cytokines (IL-6, TNF-o and IL-10) and NO
in SIK3-KO TEPM (Fig. 3b,c). After stimulation with
LPS, SIK3-KO TEPM produced higher IL-6 (twofold,
Fig. 3b left panel) and NO (3.5-fold, Fig. 3c) levels than
WT TEPM. In contrast, TNF-o production in SIK3-KO
TEPM was lower than that in WT TEPM (Fig. 3b middle
panel). Interleukin-10 production was also slightly, but
clearly, higher in SIK3-KO TEPM than in WT TEPM
(Fig. 3b right panel). Furthermore, adenovirus-mediated
SIK3 reconstitution in the SIK3-KO TEPM lowered IL-6
production to the level observed in WT TEPM (Fig. 3d,
e), which was not observed when a kinase-defective SIK3
(K37M mutant) was reconstituted.

The completeness of signalling cascades in the induc-
tion of inflammatory molecules was confirmed by Wes-
tern blotting (Fig. 3f, classified into the primary
response). No significant difference was observed in IKK,
IxBo and MAPK phosphorylation levels between WT and
SIK3-KO TEPM after LPS stimulation. However, the JNK
protein total level was lower in SIK3-KO TEPM than in
WT TEPM, but phosphorylated JNK levels did not differ
in these macrophages. In addition to these primary
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Figure 1. Salt-inducible kinase (SIK) family % %
kinase gene expression levels in RAW264.7 cells 2 1.0 2 1.0¢
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with 100 ng/ml LPS and harvested at the indi-
cated time-points. After total RNA isolation,

Time after LPS stimulation (hr)

Time after LPS stimulation (hr)

the mRNA levels of SIK1, SIK2 and SIK3 were 5 2.0 1 SIK3 o
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lowed by Bonferroni’s post-tests (b) for the T 990 r . y ey

comparison of gene expression. *P < 0.05, 0 4 8 12 16

**P < 0.01, ***P < 0.001.

response cascades, phosphorylation levels of secondary
response signal transducers such as IRF3 and STAT1 also
did not differ in macrophages (Fig. 3g).

In addition to SIK3-KO TEPM experiments, we pre-
pared TEPM from SIKI-KO and SIK2-KO mice and
quantified pro-inflammatory and anti-inflammatory mol-
ecule mRNA expression (see Supporting information, Fig.
S1). Notably, IL-10 mRNA level was down-regulated in
SIK1-KO macrophages at 1 hr after LPS stimulation (Fig.
Sla), whereas it was up-regulated in SIK2-KO macro-
phages (Fig. S1b). Although statistical analyses showed
some differences in other gene expression levels between
WT and SIK1-KO or SIK2-KO TEPM, these differences
(especially in the levels of secondary genes) were smaller
than those between SIK3-KO TEPM and its control WT
TEPM (Fig. 3a).

To argue about the nature of macrophages in SIK3 sig-
nalling, we assessed the expression of pro-inflammatory
and anti-inflammatory molecules in bone marrow-derived
macrophages (BMDM) prepared from WT or SIK3-KO
mice (see Supporting information, Fig. S2). Consistent
with the results of TEPM, significant differences in IL-6
and INOS mRNA levels between SIK3-KO and WT
BMDM were observed at 4 hr after LPS stimulation.
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Furthermore, 1L-12p40 mRNA was higher in SIK3-KO
BMDM than in WT BMDM. Lower TNF-« levels and
higher IL-10 levels in SIK3-KO BMDM than in WT
BMDM were observed at 1 hr after LPS stimulation.

SIK3 deficiency exacerbates endotoxin shock in mice

The absence of SIK3 resulted in enhanced mRNA levels
of the inflammatory molecules categorized as secondary
genes. To examine the importance of SIK3 in the regula-
tion of LPS-induced endotoxin shock in vivo, SIK1-3-KO
mice were intraperitoneally injected with 10 mg/kg of
LPS (Fig. 4a). All SIK3-KO mice died within 48 hr of
LPS injection, whereas only one mouse died in the SIK1-
KO, SIK2-KO and control groups (WT, both C57BL/6
and C57BL/6 x 129 genetic backgrounds). Serum IL-6
levels in WT, SIK1-KO and SIK2-KO mice rapidly
increased after LPS treatment, reached a peak at 2—4 hr,
and then decreased (Fig. 4b). However, a continuous
increase in the serum IL-6 level in SIK3-KO mice was
observed until 8 hr after LPS treatment. In all mouse
groups, serum TNF-o levels rapidly reached a peak 1 hr
after LPS treatment (Fig. 4c). Decreased serum TNF-a
level in SIK2-KO and SIK3-KO mice was observed. These



