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Introduction

Summary

Prostaglandin E, (PGE,;) is an important inducer of inflammation, which
is also closely linked to the progress of tumours. In macrophages, PGE,
production is regulated by arachidonic acid release and cyclooxygenase-2
(COX-2) expression. In the present study, we found that COX-2 expres-
sion can be achieved by activating Ca®*/Calmodulin (CaM)-dependent
protein kinase II (CaMKII) and cAMP-response element-binding pro-
tein (CREB) in rat peritoneal macrophages. Our results indicated that
lipopolysaccharide and PMA could elicit the transient increase of the
concentration of intracellular free calcium ions ([Ca**];), which induced
activation of CaMKs with the presence of CaM. The subtype of CaMKs,
CaMKII, then triggered the activation of CREB, which elevated COX-2
expression and PGE, production in a chronological order. These results
suggested that Ca’'/CaM-dependent CaMKII plays an important role in
mediating COX-2 expression and PGE, production by activating CREB in
macrophages. The study also provides more useful information to clarify
the mechanism of calcium regulation of PGE, production, which plays an
essential role in inflammation and cancers.

Keywords: calcium; calmodulin; calmodulin-dependent kinase; cyclooxy-
genase-2; CAMP-response element-binding protein; prostaglandin E,.

(COX-2) expression.g”]0 For AA release, the activation of
calcium-dependent cytosolic phospholipase A2 (cPLA,)

Macrophages play an important role in innate and adap-
tive immune responses, which serve as the first line of
host defence against pathogenic or inflammatory challenge.
In response to stimulants, macrophages produce numer-
ous pro-inflammatory cytokines and secondary mediators,
which are pivotal for the innate and adaptive immune
responses.”> Uncontrolled expression of the substances can
initiate septic shock syndrome, which is characterized as
fever, hypotension, disseminated intravascular coagulation
and multiple organ failure.>* Among these factors, prosta-
glandin E, (PGE,) is an essential mediator that contributes
to vasodilatation, pain and fever.”® Additionally, PGE, is
also overproduced in many tumours, where it aids cancer
progression by promoting angiogenesis and metastasis.”®
In macrophages, PGE, production is tightly controlled
by arachidonic acid (AA) release and cyclooxygenase-2
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plays an essential role, which catalyses the hydrolysis of
membrane phospholipid into AA.'"™? In turn, COX-2
converts AA into PGE,.">!'* To achieve its full activation,
cPLA, needs to binds to Ca®" and be phosphorylated at
the serine residues. Usually, the phosphorylation of cPLA,
at its serine residues is mediated by protein kinases,
including mitogen-activated protein kinase (MAPK) and
MAPK-interacting kinase. The binding of Ca** to the
N-terminal C, domain of cPLA, induces the translocation
of cPLA, from the cytosol to the plasma membrane,
where it catalyses the conversion of AA into PGE,.""”
On the other hand, COX-2 expression is associated with
the activation of transcription factors, such as nuclear
factor-xB, nuclear factor of activated T-cell, cAMP-
response element binding protein (CREB) and CCAAT/
enhancer binding protein f (c/EBPf).'®*° Among these
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transcription factors, CREB and ¢/EBPf are essential for
both basal transcription and the induction of COX-2.% It
has been reported that ¢/EBPf is phosphorylated and
activated by calmodulin (CaM)-dependent protein kinases
(CaMK) in response to the increase of intracellular free
calcium ion concentration ([Ca*'];). The phosphorylation
at serine 276 within the leucine zipper of ¢/EBPf appears
to confer calcium-regulated transcriptional activation of
promoters containing binding sites for ¢/EBPS.*" Differ-
ent from c¢/EBPf activation, the activation of CREB is
achieved through its phosphorylation at serine 133, which
might be regulated by cAMP-dependent protein kinase A
and protein kinase C.>>7?% However, to our knowledge,
no report shows that calcium-dependent CaMK mediates
CREB activation and thereby regulates COX-2 expression
and PGE, production in primary macrophages.

In the present study, we sought to investigate whether
calcium-dependent CaMK activation was involved in
regulating COX-2 expression and PGE, production by
activating CREB in primary rat peritoneal macrophages.
The results indicated that lipopolysaccharide (LPS) or
PMA induced the transient increase of [Ca®'];, activated
CaMKII, CaMKIV and CREB, and increased COX-2
expression and PGE, production in chronological order.
Inhibitor treatment or small interfering RNA (siRNA)
knocking-down of CREB blocked LPS- or PMA-induced
increase of COX-2 expression and PGE, production.
When intracellular or intercellular free calcium ion was
chelated with 1,2-bis (2-amino-5-fluorophenoxy) ethane-
N,N,N',N'-tetraacetic acid tetrakis (acetoxymethyl) ester
(BAPTA-AM) or ethylene glycol-bis-(f-aminoethyl ether)-
N,N,N',N'-tetraacetic acid (EGTA), LPS- or PMA-induced
activation of CaMKs and CREB was blocked. Meanwhile,
increased COX-2 expression and PGE, production were
also inhibited. Furthermore, CaM inhibitor or siRNA
treatment had a similar effect to BAPTA-AM and EGTA
pre-treatment. Additionally, CaMKII inhibitor or siRNA
treatment blocked LPS- or PMA-induced CREB activation,
which led to the inhibition of the increase of COX-2
expression and PGE, production. Hence, these results
demonstrate that Ca**/CaM-dependent CaMKII regulates
COX-2 expression and PGE, production by activating
CREB in primary rat peritoneal macrophages.

Materials and methods

Regents

Lipopolysaccharide (Escherichia coli serotype 0127:B8
prepared by phenol extraction), PMA, EGTA and Fura-2
acetoxymethyl ester (Fura-2) were purchased from
Sigma (St Louis, MO). KN93 (CaMK inhibitor) and K92
(KN93 analogue; as a control of KN93) were obtained
from Calbiochem (San Diego, CA). BAPTA-AM (intracel-
lular Ca*" chelator) was produced by Molecular Probes
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(Eugene, OR). The 20-25-nucleotide siRNAs of CREB,
CaM, CaMKIV and CaMKII and the antagonist of CaM,
A7 hydrochloride, were purchased from Santa Cruz
Biotechnology (Santa Crus, CA).

Isolation and culture of rat peritoneal macrophages

Male Wistar rats (~250 g) were treated humanely in
compliance with institutional guidelines. The rats were
killed by anaesthesia and PBS was then injected into the
abdomen. PBS-containing macrophages were then collected
and centrifuged at 500 g for 5 min. Next, the cell pellet
was resuspended in RPMI-1640 with HEPES buffer
(20 mm); non-essential amino-acid solution (1x); r-gluta-
mine (2 mM); 10% heat-inactivated, defined fetal bovine
serum and antibiotics. After 6 hr of incubation at 37° with
5% CO,, adherent cells were collected and incubated for
another 48 hr for further use. Non-specific esterase staining
showed that > 95% of the adherent cells were macrophages.

Measurement of [Ca’*]; in macrophages

[Ca**]; was detected by the ratiometric fluorescent Ca*t
indicator dye Fura-2 and microspectrofluorometer as
described before.”” Macrophages were incubated with
3 um Fura-2/AM for 50 min at room temperature and
then washed twice with PBS. Changes in fluorescence
intensity of Fura-2 at excitation wavelengths of 340 and
380 nm and the emission wavelength of 510 nm were
monitored in an individual macrophage. The concentra-

tion of [Ca®*]; was calculated by:
Ca-Fura-2 F
[Ca2*], & kg % [Ca-Fura-2] ka % 222 (M)
! [Fura—Z] F380

K4 was the constant for Fura-2 chelating Ca®". Its value
was 135 nM when the temperature was 22°.

Measurement of PGE, production

Macrophages (10° cells/ml) were incubated in a 24-well
plate at 37° with 5% CO,. The supernatant was collected
by centrifugation at 500 g for 5 min at 4°. PGE, concen-
trations in the supernatant were detected using a high
sensitivity PGE, Enzyme Immunoassay Kit (Assay Designs
Inc., Farmingdale, NY) following the manufacturer-provided
protocol.

Whole cell protein extraction

Whole cell protein was isolated from macrophages as
described previously.”’° Briefly, cultured macrophages
(107 cells/sample) were collected and washed three times
with ice-cold PBS. The cell pellet was then resuspended
in 200 pl ice-cold lysis buffer [20 mm 4-(2-hydroxyethyl)-
1-piperazineethanesulphonic acid, 1% (v/v) Triton X-100,
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0-4% (w/v) SDS, 1 mm EDTA, 50 mm sodium fluoride,
2-5 mm p-nitrophenyl phosphate, 1 mm sodium ortho-
vanadate, 10 pg/ml leupeptin, 10% (v/v) glycerol, 1 mm
PMSF, and a protease and phosphatase inhibitor mixture
containing 1 pg/ml anti-pain, 1 pg/ml leupeptin, 1 pg/ml
pepstatin and 10 pg/ml soybean trypsin inhibitor, pH
7-3] and passed through a 200-pl pipette tip. After incu-
bation on ice for 15 min, the cells were centrifuged at
12 000 g for 10 min at 4°. The supernatant (whole cell
protein) was collected and stored at —80° for further use.

Immunoblotting

The whole cell proteins were separated by SDS-PAGE
(12%) and transferred to a nitrocellulose membrane,
which was then blocked in Tris-buffered saline with 0-1%
Tween-20 (TBST) with 5% non-fat milk for 2 hr at room
temperature. Next, the membrane was incubated with
the primary antibody [rabbit anti-rat CaMKI (Abcam,
Cambridge, MA), rabbit anti-rat phosphorylated CaMKI
(Thr-177) (Abcam), rabbit anti-rat activated phospho-
threonine CaMKII (Thr-286) (Abcam), rabbit anti-rat
CaMKII (Abcam), rabbit anti-rat activated phosphothreo-
nine CaMKIV (Thr-196 and Thr-200) (Abcam), rabbit
anti-rat CaMKIV (Abcam), rabbit anti-rat CaMKV (Ab-
cam), rabbit anti-rat CREB (Abcam), rabbit anti-rat acti-
vated phosphoserine CREB (Ser-133) (Abcam), rabbit
anti-rat CaM (Abcam), or rabbit anti-rat COX-2 (Ab-
cam), rabbit anti-rat C/EBPf (Abcam), rabbit anti-rat
activated phosphothreonine C/EBPf (Thr-188 and Thr-
235) (Abcam)]| in TBST with 5% non-fat milk at 4° over-
night. As the loading control, f-actin was detected by
using rabbit anti-rat f-actin (Abcam) as the primary anti-
body. After washing three times with TBST with 5% non-
fat milk, the horseradish peroxidase-conjugated secondary
antibody specific for rabbit immunoglobulin (Amersham
Biosciences, Pittsburgh, PA) was added to the membrane
and incubated at room temperature for 2 hr. Next, the
membrane was washed with TBST with 5% non-fat milk
and developed using a Novex® ECL chemiluminescence
substrate reagent kit (Invitrogen, Grand Island, NY). The
immunoblot was semi-quantified using a ChemiDoc XRS
camera in the chemiluminescence mode.

RNA interference assay

Macrophages were seeded in 10 ml of antibiotic-free
medium with 10% fetal bovine serum and incubated for
24 hr at 37° with 5% CO,. An siRNA duplex solution
[6 pl of non-targeting siRNA, CREB siRNA, CaM siRNA,
CaMKIV siRNA or CaMKII siRNA in 100 pl siRNA
transfection medium (Santa Cruz Biotechnology)] was
directly added to the diluted transfection reagent [6 pl of
siRNA transfection reagent (Santa Cruz Biotechnology) in
100 pl siRNA transfection medium], mixed and incubated
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for 30 min at room temperature to obtain the work solu-
tion. Next, 4 ml of siRNA transfection medium was
added to each tube of work solution and mixed gently.
After washing the cells with siRNA transfection medium,
the mixture was added to the washed cells and incubated
for 8 hr at 37° with 5% CO,. Then, 5 ml of growth med-
ium containing serum and antibiotics was added without
removing the transfection medium and incubated for
24 hr. At last, the medium was aspirated and replaced
with fresh normal growth medium. The macrophages
were incubated to check the expression of mRNA and
protein or for further usage.

Real-time quantitative reverse transcription PCR assay
for mRNA expression analysis

Macrophages were collected to isolate total RNA using
RNA-STAT60 (Tel-Test, Friendswood, TX) according to
the manufacturer’s protocol, except that following precipi-
tation of the RNA with isopropanol, the centrifugation
time was increased to 45 min. The resulting RNA prepara-
tion was treated with DNase I (DNA-free; Ambion, Inc.,
Grand Island, NY) to remove contaminating DNA. Puri-
fied RNA was reverse-transcribed into ¢cDNA using oligo
(dT) (Invitrogen) and SuperScript III reverse transcriptase
as directed. Subsequently, the cDNA was used as template
to run real-time quantitative PCR (qPCR) for COX-2
(Applied Biosystems, Grand Island, NY; FAM-labelled; Lot
no.: Rn01483828_ml), CaM (Applied Biosystem; FAM-
labelled; Lot no.: Rn01487166_s1), CaMKI (Applied Bio-
system; FAM-labelled; Lot no.: Rn00593272_m1), CaMKII
(Applied Biosystem; FAM-labelled; Lot no.:
Rn00572627_m1), CaMKIV (Applied Biosystem; FAM-
labelled; Lot no.: Rn01405585_m1), CaMKV (Applied Bio-
system; FAM-labelled; Lot no.. Rn00577017_ml), CREB
(Applied Biosystem; FAM-labelled; Lot no.:
Rn00578829_gl), and GAPDH (Applied Biosystem; VIC-
TAMRA-labelled; Lot no.: 4352340E) with TagMan Uni-
versal PCR Master Mix. PCR conditions were as follows:
one 2-min cycle at 50°, one 10-min cycle at 95° followed
by 40 cycles of 15 seconds at 95°, and 1 min at 60° in an
ABI 7500 thermocycler. The primers were used at 900 nm
and the probe at 250 nm. The mRNA expression of specific
gene was normalized to the mRNA expression of GAPDH
and compared with the control group, which was arbi-
trarily set as a value ‘1’.

Statistical analysis

Analysis of data was performed using a two-tailed Stu-
dent’s t-test. Values of P < 0-05 were considered signifi-
cant. All assays were repeated at least five times, and
representative results were shown. Some results were dem-
onstrated as the mean 4 standard error of mean (SEM).
Unless specifically stated, the error bars indicate the SEM.
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Results

At the inflammation site, macrophages produce numerous
factors, which play essential roles in triggering the initia-
tion of septic shock syndrome.”® Among these factors,
PGE, is one of the most important, which is also linked
to the progress of tumours.”’ Because COX-2 expression
is controlled by the ¢/EBPf and CREB signalling pathways
in macrophage cell line®® and Ca**-dependent CaMKs
play an important role in mediating ¢/EBPf activation in
pituitary cells,”’ in the present study, we sought to investi-
gate whether Ca*'-dependent CaMKs also played an
essential role in regulating CREB activation, which medi-
ated COX-2 expression and PGE, production in primary
macrophages. Primary rat peritoneal macrophages were
therefore isolated and treated with LPS or PMA to detect
[Ca**]; changes, COX-2 expression and PGE, production.
Meanwhile, we also measured the expression of CaM and
analysed the expression and activation of CaMKII, CaM-
KIV and CREB. As expected, both LPS (0-1, 1, 10 or
100 pg/ml) and PMA (0-01, 0-1, 1 or 10 pm) elicited the
transient increase of [Ca®*]; without affecting the viability
of these macrophages (Fig. 1a,b; see Supporting informa-
tion, Fig. Sla). LPS induced a transient increase of [Ca®'];
within 2 min while PMA did so after 10 min of treat-
ment. Moreover, LPS steadily increased COX-2 expression
and PGE, production after 2 hr of treatment (P < 0-001).
PMA also increased COX-2 expression and PGE, produc-
tion (P < 0-001), which was slightly later than that
induced by LPS (Fig. 1c—f). Because 10 pg/ml LPS and
1 um PMA efficiently induced the transient increase of
[Ca*']; and increased COX-2 expression and PGE, pro-
duction, and they also had no obvious effect on the viabil-
ity of the macrophages, we selected these concentrations
for the remainder of our experiments. Our results also
indicated that LPS elicited CaMKII, CaMKIV and CREB
phosphorylation within 5 min, which reached their peak
around 5, 5 and 30 min, respectively (Fig. 1gh). Slightly
different from LPS, PMA triggered the phosphorylation of
CaMKII and CaMKIV within 5 min and regulated the
phosphorylation of CREB within 30 min, which reached
their peak around 30, 30 and 60 min, respectively
(Fig. 1g,h). Additionally, LPS and PMA had no obvious
effect on the expression of CaM, CaMKII, CaMKIV and
CREB (Fig. 1gh, Fig. Slb—e). Notably, the protein and
mRNA expression of the other two CaMKs, CaMKI and
CaMV, were not detected in the rat peritoneal macrophag-
es in our experiment (data not shown). Taken together,
these results suggested that LPS- or PMA-induced [Ca®'];
transient increase, CaMKs activation, CREB activation,
COX-2 expression and PGE, production happened in a
chronological order, which might suggest that COX-2
expression and PGE, production are regulated through
the calcium-dependent CaMK—CREB signalling pathway.
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To further clarify the essential role of Ca* in this pro-
cess, the macrophages were pre-treated with 5 mm EGTA
(intercellular Ca*" chelator; enough to eliminate the inter-
cellular Ca®", which is < 3 mum in the culture media) for
5 min or 5 uM BAPTA-AM (intracellular Ca®* chelator;
enough to eliminate the intracellular Ca®*, which is
< 0-5 uM in the cytosol) for 30 min to remove intercellular
or intracellular free calcium ions and then LPS or PMA
was added to assess [Ca®*]; change, COX-2 expression and
PGE, production. The results demonstrated that EGTA
pre-treatment blocked LPS-induced transient increase of
[Ca*'); partially and PMA-induced transient increase of
[Ca**]; completely. BAPTA-AM pre-treatment completely
inhibited LPS- and PMA-elicited transient increase of
[Ca®']; and lowered the absolute concentration of [Ca®'];
(Fig. 2a,b). Because LPS- and PMA-induced CaMKs acti-
vation, CREB activation, COX-2 expression and PGE, pro-
duction reached their peaks at different time-points (5 and
30 min for CaMK activation, 30 and 60 min for CREB
activation, 6 and 8 hr for COX-2 expression, and 6 and
8 hr for PGE, production in response to the stimulation
of LPS and PMA, respectively), we selected these time-
points to detect CaMKs and CREB activation, COX-2
expression and PGE, production for the remainder of our
experiments. Consistently with the change of [Ca*'],
EGTA eliminated LPS- or PMA-induced increased COX-2
expression and PGE, production partially or completely,
respectively, while BAPTA-AM pre-treatment completely
blocked these two events (P < 0-001) (Fig. 2d—f). More-
over, BAPTA-AM pre-treatment also completely blocked
LPS- or PMA-induced CaMKII, CaMKIV and CREB phos-
phorylation (Fig. 2¢). In slight contrast to BAPTA-AM,
EGTA completely inhibited PMA-induced CaMKII, CaM-
KIV and CREB phosphorylation whereas it partially
blocked these events induced by LPS (Fig. 2¢). Meanwhile,
we did not detect an obvious effect of EGTA or BAPTA-
AM on the expression of CaM, CaMKII, CaMKIV and
CREB (Fig. 2¢; see Supporting information, Fig. S2b,c).
EGTA and BAPTA-AM pre-treatment also did not change
the viability of these macrophages (Fig. S2a). Hence, these
results suggested that the transient increase of [Ca®*]; was
the upstream event of CaMK activation, CREB activation,
COX-2 expression and PGE, production.

Next, we sought to investigate the relationship among
CaMKs and CREB activation, COX-2 expression and
PGE, production. As CREB is a transcript factor that reg-
ulates protein expression,”> we knocked-down CREB by
using specific siRNA to study whether CREB also plays
an essential role in regulating COX-2 expression in our
study. The results demonstrated that CREB siRNA specifi-
cally knocked down CREB expression within 24 hr, which
did not obviously change the viability of the macrophages
(Fig. 3a,b; see Supporting information, Figs S3e and S4).
After 48 hr of treatment with CREB siRNA, LPS or PMA
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Figure 1. Lipopolysaccharide (LPS) and PMA elicited transient [Ca*']; increase, induced calmodulin-dependent protein kinases (CaMKs) and

cAMP-response element binding protein (CREB) activation, and increased cyclooxygenase-2 (COX-2) expression and prostaglandin E, (PGE,)

production in rat peritoneal macrophages. (a, b) the change of [Ca>']; was measured in rat peritoneal macrophages stimulated with LPS or
PMA. The arbitrary zero of F340/F380 ratio indicated the time-point when LPS or PMA was applied. (c, d) the expression of COX-2 was
detected by immunoblotting in these macrophages. (e, f) COX-2 mRNA expression and PGE, production were also detected in these cells by
quantitative PCR and ELISA respectively. (g, h) the expression and phosphorylation of CaM, CaMKII, CaMKIV and CREB were also detected by
immunoblotting in these macrophages. The antibodies were specific for CaM, CaMKII, phoshporylated CaMKII, CaMKIV, phoshporylated
CaMKIV, CREB, phoshporylated CREB and COX-2. f-actin was measured as a loading control.

was added to detect COX-2 expression and PGE, produc-
tion in these macrophages. The results showed that LPS
and PMA could not elevate COX-2 expression and PGE,
production in these CREB siRNA-treated macrophages
(P < 0-001) (Fig. 3d—f). However, CREB siRNA treatment

© 2014 John Wiley & Sons Ltd, Immunology, 143, 287-299

did not eliminate the effect of LPS and PMA in inducing
[Ca*']; transient increase and CaMKII and CaMKIV
phosphorylation (Fig. S3a—d,f). Moreover, CREB siRNA
also had no obvious effect in altering the expression of
CaM, CaMKII and CaMKIV (Fig. S3f-h). Combined
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Figure 2. EGTA and BAPTA blocked lipopolysaccharide (LPS) or PMA-induced transient [Ca®"]; increase, calmodulin-dependent protein kinases
(CaMKs) and cAMP-response element binding protein (CREB) activation, and cyclooxygenase-2 (COX-2) expression and prostaglandin E,
(PGE,) production. (a, b) the effect of LPS and PMA on the change of [Ca®']; was analysed in EGTA- or BAPTA-pre-treated rat peritoneal
macrophage. The arbitrary zero of F340/F380 ratio indicated the time-point when LPS or PMA was added. (¢, d) the effect of LPS or PMA on
the expression or phosphorylation of CaM, CaMKII, CaMKIV, CREB and COX-2 was also detected by immunoblotting in EGTA- or BAPTA-
pre-treated macrophages. (e, f) COX-2 mRNA expression and PGE, production were also measured in these macrophages.

together, these results suggested that the transient increase
of [Ca*']; regulated CREB activation to control COX-2
expression and PGE, production, possibly through the
activation of CaMKs.

Next, we sought to study whether CaMKs directly regu-
lated CREB activation to increase COX-2 expression and
PGE, production. The rat peritoneal macrophages were
therefore pre-treated with 5 pv KN93 (CaMK inhibitor;
the ICsq of KN93 is around 1 pm) for 30 min and then
stimulated with LPS or PMA to detect the activation of
CREB. As a specific control of KN93, KN92 (5 pum) was
also included in the experiment. The results showed that
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KNO93 efficiently inhibited LPS- or PMA-induced CaMKII
and CaMKIV phosphorylation while KN92 had no obvious
effect on these events. KN93, not KN92, also specifically
blocked CREB phosphorylation and eliminated the increase
of COX-2 expression and PGE, production (P < 0-001)
without affecting the transient increase of [Ca®']; in LPS-
or PMA-stimulated macrophages (Fig. 4d-i; Fig. S3a—d).
Moreover, KN93 and KN92 pre-treatment did not obvi-
ously alter the viability of these macrophages and had
no obvious effect in changing the expression of CaM,
CaMKII, CaMKIV and CREB (Fig. 4d,e; see Supporting
information, Fig. S5a—c).
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Figure 3. cAMP-response element binding protein (CREB) small interfering RNA (siRNA) treatment blocked lipopolysaccharide (LPS) or PMA-
elicited CREB activation, cyclooxygenase-2 (COX-2) expression and prostaglandin E, (PGE,) production. (a, b) CREB mRNA and protein expres-

sion were analysed in siRNA-pre-treated rat peritoneal macrophage by quantitative PCR and immunoblotting. (c) The effect of LPS or PMA on

the expression and phosphorylation of CREB was also measured by immunoblotting in siRNA-pre-treated macrophages. Meanwhile, the protein

(d) and mRNA (e) expression of COX-2 and the production of PGE, (f) were also assessed in these macrophages.

Since KN93 is an inhibitor that targets several CaMK
subtypes, we knocked-down CaMK subtypes by treating
the macrophages with specific siRNAs to investigate
whether a specific subtype of CaMKs exerts its effect on
eliciting the activation of CREB. As expected, CaMKII
and CaMKIV siRNA treatment specifically knocked down
the expression of CaMKII and CaMKIV within 24 hr,
which had no obvious effect in changing the viability of
the macrophages (Fig. 4a—c; Fig. S4). After 48 hr of treat-
ment with CaMKII or CaMKIV siRNA, LPS or PMA was
added to detect whether these stimuli could still induce
CREB activation and elevate COX-2 expression and PGE,
production. The results demonstrated that LPS and PMA
could not induce the phosphorylation of CREB and the
increase of COX-2 expression and PGE, production
(P <0-001) in CaMKII, not CaMKIV, siRNA-treated
macrophages (Fig. 4d—i). Moreover, neither CaMKII nor
CaMKIV siRNA treatment had any obvious effect on
LPS- or PMA-induced transient increase of [Ca*']; (Fig.
S3a—d). CaMKII and CaMKIV siRNA treatment also had
no obvious effect in altering the expression of CaM and

© 2014 John Wiley & Sons Ltd, Immunology, 143, 287-299

CREB (Fig. 4d,e; Fig. S5a—c). Hence, these results sug-
gested that, in macrophage, the transient increase of
[Ca*"]; was the initiative step to mediate the activation of
CaMKII, which in turn regulated the activation of CREB
to mediate COX-2 expression and PGE, production.

Since the activation of CaMKII was regulated by
the Ca*"/calmodulin complex,” we also sought to study
whether CaM also plays an essential role in eliciting
CaMKII and CREB activation and increasing COX-2
expression and PGE, production. To achieve this goal, we
pre-treated the rat peritoneal macrophages with 15 pm A7
(CaM inhibitor; the ICsy of A7 is around 3 pm) for
30 min and then LPS or PMA were added. The results
showed that A7 pre-treatment efficiently blocked LPS-
or PMA-induced phosphorylation of CaMKII, CaMKIV
and CREB, which led to the elimination of LPS- or PMA-
elevated COX-2 expression and PGE, production
(P <0-001) (Fig. 5c—f). However, A7 pre-treatment did
not inhibit LPS- or PMA-induced transient increase of
[Ca*"];. Nor did it alter the expression of CaM, CaMKII,
CaMKIV and CREB. Moreover, A7 pre-treatment did not
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Figure 4. Calmodulin-dependent protein kinase (CaMK) inhibitor and CaMKII small interfering RNA (siRNA) treatment blocked lipopolysac-
charide (LPS) or PMA-induced cAMP-response element binding protein (CREB) activation, cyclooxygenase-2 (COX-2) expression and prosta-

glandin E, (PGE,) production. (a—) CaMKII and CaMKIV mRNA and protein expression were detected in siRNA-pre-treated rat peritoneal

macrophage by quantitative PCR and immunoblotting assay. (d, e) The effect of CaMK inhibitor or siRNA treatment on the expression or phos-
phorylation of CaM, CaMKII, CaMKIV and CREB was measured by immunoblotting in LPS- or PMA-stimulated macrophages. Meanwhile,
COX-2 protein (f and g) and mRNA (h) expression and PGE, production (i) were also assessed in these macrophages.

obviously change the viability of these macrophages (see
Supporting information, Figs S3a—d and S6a—c). These
results suggested that CaM also played an essential role in
mediating CaMK activation and CaMKII in turn regu-
lated the activation of CREB and increased the expression
of COX-2. To confirm the conclusion, we also knocked
down CaM in the macrophages with CaM-specific siRNA.
As expected, CaM siRNA treatment specifically knocked
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down the expression of CaM within 24 hr, which had
no obvious effect on the viability of the macrophages
(Fig. 5a,b; Fig. S4). After 48 hr treatment with CaM siR-
NA, we also added LPS or PMA to the macrophages to
detect whether these stimuli could still induce CaMK
and CREB activation and increase COX-2 expression and
PGE, production. The results indicated that LPS and
PMA could not induce CaMKII, CaMKIV and CREB

© 2014 John Wiley & Sons Ltd, Immunology, 143, 287-299
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Figure 5. Calmodulin (CaM) inhibitor or small interfering RNA (siRNA) treatment blocked lipopolysaccharide (LPS) or PMA-induced calmodulin-
dependent protein kinase (CaMK) and cAMP-response element binding protein (CREB) activation, cyclooxygenase-2 (COX-2) expression and pros-
taglandin E, (PGE,) production. (a, b) CaM mRNA and protein expression were measured in siRNA-pre-treated rat peritoneal macrophage by
quantitative PCR and immunoblotting assay. (c) the effect of CaM inhibitor or siRNA treatment on the expression or phosphorylation of CaM,
CaMKII, CaMKIV and CREB was assessed by immunoblotting in LPS- or PMA-stimulated macrophages. Meanwhile, COX-2 protein (d) and

mRNA (e) expression and the PGE, production (f) were also assessed in these macrophages.

phosphorylation in CaM siRNA-treated macrophages.
LPS and PMA also could not increase COX-2 expression
and PGE, production in these macrophages (P < 0-001)
(Fig. 5¢—f). However, CaM siRNA treatment neither
altered the expression of CaMKII, CaMKIV and CREB
nor inhibited LPS- or PMA-induced transient increase of
[Ca*"]; (Fig. 5¢f; Figs S3a—d, S4 and S6a—c). Therefore,
these results together suggested that Ca** and CaM
together mediated CaMK activation and CaMKII then
triggered CREB activation and induced the increase of
COX-2 expression and PGE, expression in LPS- or PMA-
stimulated rat peritoneal macrophages.

Discussion

Prostaglandin E, is an essential mediator for inflamma-
tion, which contributes to vasodilation, pain and fever
and plays an important role in initiating the septic shock
syndrome. In inflammation sites, PGE, acts in an auto-
crine or paracrine manner to induce and amplify the
host responses.” In many cancer patients, PGE, is also
overproduced and aids the progression of tumours by

© 2014 John Wiley & Sons Ltd, Immunology, 143, 287-299

promoting angiogenesis and metastasis.”® For the pro-
duction of PGE,, AA release and COX-2 expression are
two pivotal events.”'” As an important second messenger
in cells, Ca®* plays a pivotal role in cell physiology and
pathology, including mediating the production of PGE,.*
In macrophages, Ca®" regulates PGE, production by acti-
vating cPLA, to promote the release of AA.'"'* In pitui-
tary cells, Ca®" also exerts its role on COX-2 expression
by activating CaMKs to induce the activation of ¢/EBPf,
which is one of the two most important transcript factors
that are essential for both basal transcription and the
induction of COX-2.°>*! In the present study, we found
that Ca®" could also regulate COX-2 expression and
PGE, production by activating CaMKII to induce the
activation of CREB, the other important transcript factor
that is essential for both basal transcription and the
induction of COX-2, in primary rat peritoneal macro-
phages. Specifically, LPS and PMA induced the transient
[Ca*"]; increase, CaMKII and CaMKIV activation and
CREB activation and increased COX-2 expression and
PGE, production in a chronological order. The pre-treat-
ment with BAPTA chelated the intracellular Ca**, which

295



X. Zhou et al.

blocked the effect of LPS and PMA on these events.
Moreover, EGTA pre-treatment completely eliminated the
effect of PMA while it partially blocked the effect of LPS.
Additionally, although LPS and PMA still elicited the
transient increase of [Ca®']; and triggered CaMKII and
CaMKIV activation in CREB-knocked down macrophag-
es, the increase of COX-2 expression and PGE, produc-
tion was blocked completely. After the macrophages were
treated with CaM inhibitor or siRNA, LPS and PMA also
could induce transient increase of [Ca®'];. However, the
activation of CaMKII, CaMKIV and CREB were blocked,
which also resulted in the inhibition of the increase of
COX-2 expression and PGE, production. When we treated
the macrophages with CaMK inhibitor or CaMKII and
CaMKIV siRNA, the results showed that LPS and PMA
still elicited the transient [Ca®']; increase. However, the
activation of CREB and the following increase of COX-2
expression and PGE, production were blocked completely
in the macrophages pre-treated with CaMK inhibitor or
CaMKII siRNA. Together, these results suggest that
calcium/calmodulin-dependent CaMKII directly mediates
the activation of CREB, which in turn increases COX-2
expression and PGE, production. To our knowledge, there
is no report showing that the calcium/calmodulin-depen-
dent CaMKII-CREB signalling pathway regulates COX-2
expression and PGE, production in primary rat peritoneal
macrophages.

In cells, a different pattern of [Ca®*]; increase regulates
different cellular functions.>** In the present study,
although both LPS and PMA induced the transient
increase of [Ca*"];, which could be blocked completely by
the pre-treatment with BAPTA, the increase pattern of
[Ca*"]; was slightly different. LPS triggered the transient
increase of [Ca®'];, within 2 min, which was partially
blocked by the pre-treatment with EGTA. However,
PMA-induced transient increase of [Ca®"]; appeared only
after 10 min treatment, which was eliminated completely
by the pre-treatment with EGTA. Moreover, even with
EGTA pre-treatment, the pattern of LPS-induced tran-
sient increase of [Ca®']; was similar to that without
EGTA, except that the peak was much lower and it also
faded back to the basal level much faster. Together, these
results indicated that LPS-induced transient [Ca*'];
increase was composed of the initial Ca®" release from
the intracellular Ca®>* pool and the following Ca** influx
from the intercellular space. In contrast to LPS, PMA
induced the transient increase of [Ca®*]; only by trigger-
ing the intercellular Ca®* influx. In macrophages, LPS
binding with LPS-binding protein interacts with a com-
plex that consists of CD14 and Toll-like receptor 4 to
activate protein tyrosine kinases.’®?’ Activated protein
tyrosine kinase induces the activation of phosphatidylino-
sitol-specific phospholipase Cy, which catalyses the
hydrolysis of phosphatidylinositol 4,5-biphosphate into
inositol 1,4,5-triphosphate and 1,2—diacylglycerol.27’38 In
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the cytoplasm, inositol 1,4,5-triphosphate mediates the
opening of the inositol 1,4,5-triphosphate receptor in the
endoplasmic reticulum, which results in the release of
Ca®".* Following the release of Ca®" from the intracellu-
lar Ca®" pool is the Ca*" influx from the intracellular
space, which is accomplished through a process called
store-operated calcium entry. The influx of Ca** from
intercellular space is regulated by Ca®" release-activated
Ca?" channels including STIM, Orai and TRCP.**° In
contrast to LPS, PMA induced the transient increase of
[Ca®*];, which appeared after 10 min of treatment. So
far, we still cannot fully explain this; it would be a good
project to work on in the future. Full understanding of
the mechanism will also shed new light on our future
work.

In cells, the activation of CREB is based on its phos-
phorylation on Ser133 by some kinases.”’ In the present
study, we found that the activation of CaMKII was a
downstream effector of Ca** and CaM in LPS- or PMA-
stimulated rat peritoneal macrophages. Usually, CaMKII
is made up of 8-12 subunits and self-inhibits its phos-
phorylating function. After binding to Ca®"-calmodulin
complex, CaMKII is autophosphorylated at Thr286 and
activated in macrophages.*®*” When the macrophages
were treated with BAPTA or EGTA, LPS-induced CaMKII
activation was completely blocked or partly blocked,
respectively. Moreover, BAPTA or EGTA pre-treatment
completely eliminated PMA-elicited CaMKII activation.
These results confirm that Ca®"-dependent CaMKII
activation is tightly regulated by the transient [Ca*'];
increase. When the macrophages were pre-treated with
CaMK inhibitor, the activation of CREB was completely
inhibited, which also resulted in the inhibition of the
increase of COX-2 expression and PGE, production.
These results provide a clue that it might be CaMK that
mediates the activation of CREB. When CaMKII or CaM-
KIV expression was knocked-down in the macrophages,
LPS and PMA could not induce CREB activation in
CaMKII-defective, not CaMKIV-defective, macrophages.
Therefore, it is Ca**-dependent CaMKII that regulates the
activation of CREB in LPS- or PMA-stimulated rat peri-
toneal macrophages. Therefore, the data together high-
light that the transient [Ca®*]; increase and CaM control
CaMKII activation, which regulates CREB actvation to
mediate COX-2 expression and PGE, production.

In cells, COX-2 expression is regulated by nuclear fac-
tor-xkB, nuclear factor of activated T-cel, CREB and
c/EBPB."*** Among these transcription factors, CREB
and c¢/EBPJ are essential for both basal transcription and
the induction of COX-2.%° For the activation of ¢/EBPf
in pituitary cells, CaMKs play an essential role in
response to the increase of intracellular free calcium ion
concentration ([Ca®'];).?! In the present study, our
results also demonstrated that LPS and PMA could
induce the activation of ¢/EBPf in primary rat peritoneal

© 2014 John Wiley & Sons Ltd, Immunology, 143, 287-299



macrophages, which was efficiently blocked by the treat-
ment with EGTA or BAPTA. However, CREB, CaM,
CaMKII and CaMKIV knocking-down had no obvious
effect on LPS- or PMA-induced c/EBPf activation (see
Supporting information, Fig. S7). These results further
prove that the calcium—CaMKII-CREB signalling pathway
is a new pathway that is independent of the activation of
c/EBPf. It also suggests that ¢/EBPf activation is related
to calcium signal. However, differing from the signalling
pathway in pituitary cells that links ¢/EBPf activation
with CaMKs,”' we found that calcium-dependent c/EBPf
activation did not rely on the activation of CaMKII or
CaMKIV in primary rat peritoneal macrophages. As CaM-
KI and CaMKV were not detected in primary rat perito-
neal macrophages, it is highly possible that calcium signal
exerts its effect on ¢/EBPf activation through an unknown
signalling pathway , which needs future investigations.

In general, the present study demonstrates that cal-
cium/calmodulin-dependent CaMKII plays an important
role in regulating COX-2 expression and PGE, produc-
tion by activating CREB; i.e., stimuli-induced transient
increase in [Ca®']; can activate CaMKII, which regulates
the phosphorylation and activation of CREB. Next, acti-
vated CREB promotes the expression of COX-2, which
triggers the production of PGE,. Hence, Ca** mediates
PGE, production, not only by regulating the release of
AA through Ca**-cPLA, signalling pathway, but also by
inducing the expression of COX-2 through Ca®*-CaM-
CaMKII-CREB and Ca’'-c/EBPB signalling pathway.
Therefore, Ca®* plays an important role in regulating
PGE, production. It also suggests that Ca®" may play an
important role in the occurrence of inflammation or mul-
tiple organ failure during septic shock and it is also
linked to the progress of tumours.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Lipopolysaccharide (LPS) and PMA treat-
ment had no obvious effect on the viability of macro-
phage and the mRNA expression of calmodulin (CaM),
calmodulin-dependent protein kinase II (CaMKII), CaM-
KIV and cAMP-response element binding protein
(CREB). (a) the viability of the LPS- or PMA-stimulated
rat peritoneal macrophage was assessed by trypan blue
staining. (b—e) the mRNA expression of CaM, CaMKIV,
CaMKII and CREB was also detected in these macrophag-
es by quantitative PCR.
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Figure S2. The viability of macrophage and the mRNA
expression of calmodulin (CaM), calmodulin-dependent
protein kinase II (CaMKII), CaMKIV and cAMP-response
element binding protein (CREB) were not inhibited by
the pre-treatment with EGTA and BAPTA. (a) the viabil-
ity of EGTA- or BAPTA-pre-treated rat peritoneal macro-
phages was measured by trypan blue staining, which were
stimulated with lipopolysaccharide (LPS) or PMA. (b, ¢)
the mRNA expression of CaM, CaMKIV, CaMKII and
CREB was also detected in these macrophages by quanti-
tative PCR.

Figure S3. Effect of inhibitor or small interfering RNA
(siRNA) treatment on macrophage viability and lipopoly-
saccharide (LPS) or PMA-induced transient [Ca®'];
increase and calmodulin (CaM), calmodulin-dependent
protein kinase II (CaMKII), and CaMKIV expression and
phosphorylation. (a—d) the effect of A7, KN93, KN92,
CaM siRNA, CaMKII siRNA, CaMKIV siRNA and
cAMP-response element binding protein (CREB) siRNA
treatment on the transient [Ca®']; increase was measured
in LPS- or PMA-stimulated rat peritoneal macrophages.
(e) Effect of CREB siRNA treatment on the viability of
these macrophages was also assessed by trypan blue stain-
ing. (f-h) The mRNA and protein expression of CaM,
CaMKIV, CaMKII and CREB was also detected in CREB
siRNA-treated macrophages by qPCR and Immunoblot-
ting, respectively.

Figure S4. The treatment with small interfering RNA
(siRNA) had no obvious effect on the viability of rat peri-
toneal macrophage. The viability of the rat peritoneal
macrophages was detected by trypan blue staining after
the treatment with calmodulin (CaM) siRNA, calmodu-
lin-dependent protein kinase II (CaMKII) siRNA, CaM-
KIV siRNA, cAMP-response element binding protein
(CREB) siRNA or non-specific siRNA.

Figure S5. Calmodulin-dependent protein kinase
(CaMK) inhibitor and CaMKII small interfering RNA
(siRNA) treatment had no obvious effect on the viability
of macrophage and the mRNA expression of calmodulin
(CaM) and cAMP-response element binding protein
(CREB). (a) the viability of CaMK inhibitor- or siRNA-
pre-treated rat peritoneal macrophages was measured by
trypan blue staining. (b, ¢) the mRNA expression of
CaM, CaMKIV, CaMKII and CREB was also detected in
these macrophages by quantitative PCR.

Figure S6. Calmodulin (CaM) inhibitor and small
interfering RNA (siRNA) treatment had no obvious effect
on the viability of macrophage and the mRNA expression
of calmodulin-dependent protein kinase II (CaMKII),
CaMKIV and cAMP-response element binding protein
(CREB). (a) the viability of CaMK inhibitor- or siRNA-
pre-treated rat peritoneal macrophages was measured by
trypan blue staining. (b, c¢) the mRNA expression of
CaM, CaMKIV, CaMKII and CREB was also detected in
these macrophages by quantitative PCR.
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Figure S7. EGTA and BAPTA pre-treatment blocked
lipopolysaccharide (LPS) and PMA-induced C/EBPf activa-
tion. (a) the expression of C/EBPf and phosphorylated C/
EBPf was detected by immunoblotting in LPS-stimulated
macrophages. (b) the expression of C/EBPf and phosphor-
ylated C/EBPf was also accessed in PMA-stimulated mac-
rophages. (c) after 60 min treatment of LPS, the expression
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of C/EBPf and phosphorylated C/EBPf; was also analysed
in macrophages pre-treated with EGTA or BAPTA for
30 min or with specific or non-specific siRNAs for 2 days.
(d) after 60 min treatment of PMA, the expression of
C/EBPf and phosphorylated C/EBPf was also analysed in
macrophages pre-treated with EGTA or BAPTA for 30 min
or with specific or non-specific siRNAs for 2 days.
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