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a b s t r a c t

G protein-coupled receptor kinases (GRKs) comprise a family of seven serine/threonine kinases that
phosphorylate agonist-activated G protein-coupled receptors (GPCRs). It has recently been reported that
GRKs regulate GPCR-independent signaling through the phosphorylation of intracellular proteins. To
date, several intracellular substrates for GRK2 and GRK5 have been reported. However, those for GRK6
are poorly understood. Here we identified IkBa, a negative regulator of NF-kB signaling, as a substrate for
GRK6. GRK6 directly phosphorylated IkBa at Ser32/Ser36, and the kinase activity of GRK6 was required for
the promotion of NF-kB signaling after TNF-a stimulation. Knockout of GRK6 in peritoneal macrophages
remarkably attenuated the transcription of inflammatory genes after TNF-a stimulation. In addition, we
developed a bioluminescence resonance energy transfer (BRET) probe to monitor GRK6 activity. Using
this probe, we revealed that the conformational change of GRK6 was induced by TNF-a. In summary, our
study demonstrates that TNF-a induces GRK6 activation, and GRK6 promotes inflammatory responses
through the phosphorylation of IkBa.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

G protein-coupled receptor kinases (GRKs), which are composed
of seven subfamilies (GRK1e7), are known as kinases that phos-
phorylate G protein-coupled receptors (GPCRs) [1]. When GPCRs
are activated by binding to their agonists, GRKs phosphorylate
them. Subsequently, b-arrestins bind to the receptor, inhibiting
further G protein activation by blocking receptor-G protein
coupling [2]. In addition to the regulation of GPCR desensitization,
it has recently been revealed that GRKs phosphorylate not only
GPCRs but also non-GPCRs [3]. Furthermore, this phosphorylation
leads to the regulation of GPCR-independent intracellular signaling
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pathways [4]. For instance, GRK2 is reported to phosphorylate p38
and impair MKK6-induced p38 activation [5]. Among 7 GRK sub-
families, the intracellular substrates for GRK2 and GRK5 have been
well elucidated [3,4]. On the other hand, those for other GRKs are
poorly understood.

Nuclear factor-kB (NF-kB) is a transcription factor that regulates
the expression of genes involved in various responses, including
inflammation, anti-apoptosis, and immunity [6]. The NF-kB family
is composed of the five related proteins RelA (p65), RelB, c-Rel, NF-
kB1 (p50/p105), and NF-kB2 (p52/p100), forming various homo-
and heterodimers [7]. In the resting state, NF-kB dimers are inactive
in the cytoplasm because of the association with the inhibitor of
NF-kB (IkB). When IkB kinase (IKK) is activated by extracellular
stimuli, IKK phosphorylates IkB. Then, IkB undergoes ubiquitination
followed by proteasome-induced degradation. Following this, NF-
kB dimers are released, and they migrate to the nucleus. These
dimers bind to specific DNA sequences and activate a variety of NF-
kB target genes [8]. Among IkB isoforms, IkBa is known to be
involved in inflammation. IkBa degradation leads to the nuclear
translocation of the p65:p50 heterodimer that promotes the tran-
scription of inflammatory genes, including IL-1b, IL-6, and inducible
nitric oxide synthase (iNOS) [9,10]. Although IKK is well known to
phosphorylate IkBa at Ser32/Ser36, a recent study demonstrated
that GRK5 also phosphorylated IkBa at Ser32/Ser36 and promoted
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NF-kB signaling [11]. Therefore, we expected that other kinases
could phosphorylate IkBa and regulate inflammatory responses
through the activation of NF-kB signaling.

We recently revealed that GRK6 directly phosphorylated GIT1,
which is known as a scaffold protein, and promoted efficient
apoptotic cell engulfment [12]. This suggests that GRK6 also
phosphorylates non-GPCR substrates and regulates various cellular
signaling, as done by GRK2 and GRK5. In this study, we attempt to
demonstrate the possibility that GRK6 is involved in TNF-a-induced
inflammation through the activation of NF-kB signaling.

2. Materials and methods

2.1. Mice

We purchased C57BL/6J mice from Charles River Japan. GRK6-
deficient mice were obtained from Dr. R. J. Lefkowitz and Dr. R. T.
Premont (Duke University). Mice were kept under pathogen-free
conditions in accordance with the regulations of Institutional Ani-
mal Care and Use Committee. All experimental procedures were
performed under the guidelines by Kyushu University.

2.2. Preparation of peritoneal macrophages, thioglycollate-elicited
peritoneal macrophages, and splenic macrophages

Peritoneal macrophages (PM) were collected from intact mice
and thioglycollate-elicited peritoneal macrophages (TEPM) were
collected from mice four days after intraperitoneal injection with
sterile 4% thioglycollate (BD). They were euthanized and their
peritoneal cavities were exposed. We injected 10 mL of Dulbecco's
Modified Eagle Medium (DMEM) (nacalai tesque) into the
abdominal cavities and harvested these fluids. Then, PM and TEPM
were filtrated through 40 mm nylon meshes (Kyoshin Rikoh) and
plated onto non-treated 6-well plates. Splenic macrophages (SM)
were collected from wild-type mice. Their spleens were extracted
and minced. After that, the minced spleens were filtrated through
40 mm nylon meshes and plated onto non-treated 6 well plates.

2.3. Cell culture and transfection

NIH3T3 cells, HEK293 cells, PM, TEPM, and Plat-E cells, a
retrovirus-packaging cell line [13], were cultured in DMEM with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin solu-
tion (nacalai tesque). Bone marrow-derived macrophages (BMDM)
were prepared, as previously described [14]. BMDM and SM were
maintained in MEM-a (Life Technologies) containing 10% FBS and
macrophage colony-stimulating factor (M-CSF) prepared from the
conditioned medium of L929 cells transformed with a human M-
CSF expression plasmid [15]. HEK293 cells and Plat-E cells were
transfected with X-tremeGENE 9 (Roche Diagnostics). NIH3T3 cells
were transfected with Lipofectamine 2000 (Life Technologies).
Lipofectamine RNAiMAX (Life Technologies) was used for siRNA
transfection. NIH3T3 cells were infected with retrovirus using the
supernatants of Plat-E cells, as previously described [16].

2.4. Plasmid constructs and siRNA

The cDNAs encoding mouse GRK5, GRK6, and IkBa were
amplified from a mouse thioglycollate-elicited peritoneal macro-
phage cDNA library. The cDNAs, fused with Flag or HA at the N-
termini (Flag-GRK5, Flag-GRK6, and HA-IkBa) were subcloned into
pMXs-puro or pcDNA3. Kinase-inactive forms of each Flag-tagged
GRK [GRK5 (K215R) and GRK6 (K215R)] and a dominant-negative
mutant of HA-tagged IkBa [IkBa (S32A/S36A)] were generated by
site-directed mutagenesis using a QuickChange mutagenesis kit
(Stratagene). GRK6 siRNA was purchased from Life Technologies.
The target sequence for mouse GRK6 was 50-AAUAA-
CAGGCGCCCAAUGGGCUGGC-30. As a control, Stealth RNAi siRNA
negative control hi GC (Life Technologies) was used.

2.5. Real time reverse transcription polymerase chain reaction

Total RNA was purified using a RNeasy Mini Kit (QIAGEN), ac-
cording to the protocol of the manufacturer. Expression of mRNA
was quantified by real time reverse transcription polymerase chain
reaction (RT-PCR) using TaqMan™ probes after cDNA synthesis. In
absolute quantification, we created the standard curves of known
concentration plasmids (pcDNA3-Flag-GRK5 and pcDNA3-Flag-
GRK6). Then, we compared mRNA expression with the standard
curves and extrapolated these values. TaqMan™ probes for mouse
Grk5 (Assay ID: Mm00517039_m1), mouse Grk6 (Assay ID:
Mm00442425_m1), mouse Il1b (Assay ID: Mm00434228_m1),
mouse Il6 (Assay ID: Mm00446190_m1), mouse Nos2 (Assay ID:
Mm00440502_m1), and mouse Gapdh (Assay ID:
Mm99999915_g1) were purchased from Applied Biosystems. The
sequences of TaqMan™ primer pairs and probe purchased from
Sigma Aldrich are described below.

Mouse Il1b: 50-TGCCACCTTTTGACAGTGATGA-30 (forward), 50-
GCCCAGGTCAAAGGTTTGGAA-30 (reverse), 50-FAM-ACCTGTTCTTT
GAAGTTGACGGACCCCA-TAMRA-30 (probe).

Data were normalized to GAPDH.

2.6. Western blot analysis

Samples were loaded onto SDS-PAGE and subjected to western
blot with the following antibodies: anti-phospho-NF-kB p65
(Ser536) (1:2,000, CST), anti-NF-kB p65 (1:2,000, CST), anti-phos-
pho-IkBa (Ser32/Ser36) (1:2,000, CST), anti-IkBa (1:2,000, CST), anti-
GRK6 (1:4,000, Santa Cruz), anti-GAPDH (1:20,000, Santa Cruz),
and anti-Flag (1:20,000, Sigma Aldrich). Anti-rabbit IgG or anti-
mouse IgG secondary antibodies conjugated to horseradish
peroxidase were purchased from CST and Santa Cruz. Densito-
metric analysis was conducted using ImageJ software.

2.7. Immunoprecipitation

Immunoprecipitation was performed, as previously reported
[12]. In brief, NIH3T3 cells infected with the retrovirus carrying
Flag-GRK6 were washed and scraped with lysis buffer (50 mM Tris-
Cl, pH 7.5, 300 mM NaCl, 0.1% SDS, 1% Triton X-100, 0.5% sodium
deoxycholate) that contained a protease inhibitor cocktail (nacalai
tesque). After centrifugation, the supernatants of scraped cells were
collected and gently rotated overnight at 4 �C after adding 20 mL of
Anti-Flag M2 Affinity Gel (Sigma Aldrich). The beads were washed
three times and eluted with 2 � SDS sample buffer. After centri-
fugation, the supernatants were collected and subjected to SDS-
PAGE, followed by western blot with the previously mentioned
antibodies.

2.8. In vitro kinase assay

An in vitro kinase assay was performed, as previously described
[12]. Recombinant proteins [GST-IkBa (WT) and GST-IkBa (S32A/
S36A)] were purified from BL21 (DE3) (Novagen). Baculovirus-
expressed recombinant full-length GRK6 (200 ng; Carna Bio-
sciences) was incubated with GST-IkBa (WT; 5 mg) or GST-IkBa
(S32A/S36A; 5 mg) in 20 mL kinase buffer [20 mM Tris-Cl, pH 7.5,
5 mM MgCl2, and 1 mM dithiothreitol (Sigma Aldrich)] containing
100 mM Adenosine 50-triphosphate (Sigma Aldrich) for 30 min at
30 �C. The reaction was stopped by adding 4 � SDS sample buffer



Y. Ohba et al. / Biochemical and Biophysical Research Communications 461 (2015) 307e313 309
and boiling. The samples were then loaded onto SDS-PAGE and
subjected to western blot.

2.9. Luciferase assay

NIH3T3 cells were transfected with empty vector, pcDNA3-Flag-
GRK6, or pcDNA3-Flag-GRK6 (K215R) using Lipofectamine 2000
(Life Technologies). pGL4.32 [luc2P/NF-kB-RE/Hygro] (Promega)
and pRL-TK (Promega) vector were simultaneously transfected.
Thirty-six hours after transfection, cells were serum-starved with
0.1% FBS for 12 h and then stimulated withmouse TNF-a (10 ng/mL;
PeproTech) for 6 h. Lysates were prepared and analyzed for firefly
and Renilla luciferase (Rluc) activities using the Dual-Luciferase
Reporter Assay System (Promega). The intensity of each luciferase
was measured using a Multilabel Reader Mithras LB 940 (Berthold
Technologies).

2.10. Bioluminescence resonance energy transfer assay

To evaluate the conformational change of GRK6, a biolumines-
cence resonance energy transfer (BRET) experiment was per-
formed, as previously described [17]. The plasmid of Rluc(h)-GRK6-
GFP2 was constructed and transfected into HEK293 cells. Forty-
eight hours after transfection, the cells were collected and
washed with DMEM/F12 (Life Technologies). The cells were
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tium) was added at a final concentration of 5 mM, and the 400 nm
(Rluc) and 515 nm (GFP2) emissions were immediately measured
using a Multilabel Reader Mithras LB 940 (Berthold Technologies).

2.11. Statistical analysis

The results were presented as the means ± SEM of at least three
independent experiments. Statistical significance of differences
was determined using the Student's t test, one-way analysis of
variance (ANOVA) with Tukey's multiple comparison test, or two-
way ANOVA with post hoc Bonferroni test.

3. Results

3.1. GRK6 directly phosphorylates IkBa at Ser32/Ser36

During our investigation of the role of GRK6 in macrophages,
we found that the expression level of GRK6 was much higher
than that of GRK5, which belongs to the same subfamily as
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marrow, and spleen (Fig. 1A). Because GRK5 is demonstrated to
phosphorylate IkBa at Ser32/Ser36 and promote NF-kB signaling
in the macrophage cell line RAW 264.7 [11], we postulated that
GRK6 modulates IkBa phosphorylation and regulates inflam-
matory responses mediated by NF-kB signaling in macrophages.
To test this idea, we first examined the interaction between
GRK6 and IkBa. NIH3T3 cells-overexpressing Flag-GRK6 were
lysed and immunoprecipitated with an antibody against Flag
tag. Western blot analysis using anti-IkBa antibody revealed that
GRK6 interacted with IkBa (Fig. 1B). We next investigated
whether GRK6 was involved in the phosphorylation of IkBa at
Fig. 2. GRK6 enhances TNF-a-induced NF-kB signaling in a kinase activity-dependent man
were infected with the empty retrovirus vector or the virus carrying the cDNA for Flag-tagge
12 h and then stimulated with mouse TNF-a (10 ng/mL) for the indicated times. Samples w
phospho-IkBa (p-IkBa) were normalized with total-p65 and total-IkBa, respectively. Black an
***P < 0.001. n ¼ 3. (B) Knockdown of GRK6 inhibited TNF-a-induced NF-kB signaling. NIH3
after transfection, cells were serum-starved for 12 h and then stimulated with mouse TNF-a
indicated antibodies. Phospho-p65 (p-p65) and phospho-IkBa (p-IkBa) were normalized w
respectively. *P < 0.05 and **P < 0.01. n ¼ 3. (C) The kinase activity of GRK6 contributes to
transfected with empty vector, pcDNA3-Flag-GRK6, or pcDNA3-Flag-GRK6 (K215R). Lucifer
after transfection, cells were serum-starved for 12 h and then stimulated with mouse TNF-a
activities were analyzed. ***P < 0.001. n ¼ 4. (D) The mRNA expression of GRK6 in NIH3T3 ce
for the indicated times. Total RNA extracted from NIH3T3 cells was subjected to real time RT-
is referred to the web version of this article.)
Ser32/Ser36. In HEK293 cells, the overexpression of GRK5 (WT)
induced IkBa phosphorylation, as previously reported [11],
whereas that of kinase-inactive mutant of GRK5, GRK5 (K215R),
did not (Fig. 1C). Similarly, GRK6 (WT) but not GRK6 (K215R)
strongly induced IkBa phosphorylation in HEK293 cells (Fig. 1C).
We further examined if GRK6 directly phosphorylated IkBa. We
purified GST-tagged IkBa and GST-IkBa (S32A/S36A), which was
a dominant-negative mutant of IkBa, and performed an in vitro
kinase assay. Consequently, phosphorylated IkBa at Ser32/Ser36

was greatly increased in the presence of GRK6 (Fig. 1D). These
results indicated that IkBa was a substrate for GRK6.
ner. (A) GRK6 overexpression enhanced TNF-a-induced NF-kB signaling. NIH3T3 cells
d GRK6 at the N-terminus. Thirty-six hours after infection, cells were serum-starved for
ere subjected to western blot with the indicated antibodies. Phospho-p65 (p-p65) and
d red lines are mock and overexpression of GRK6, respectively. *P < 0.05, **P < 0.01, and
T3 cells were transfected with control (siCtrl) or GRK6 (siGRK6) siRNA. Thirty-six hours
(10 ng/mL) for the indicated times. Samples were subjected to western blot using the
ith total-p65 and total-IkBa, respectively. Black and red lines are siCtrl and siGRK6,
the promotion of TNF-a-induced NF-kB transcriptional activation. NIH3T3 cells were

ase reporter vectors were concomitantly transfected with each gene. Thirty-six hours
(10 ng/mL) for 6 h. Lysates were prepared and then firefly and Renilla luciferase (Rluc)
lls after TNF-a stimulation. NIH3T3 cells were stimulated with mouse TNF-a (10 ng/mL)
PCR. n ¼ 4. (For interpretation of the references to color in this figure legend, the reader
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3.2. GRK6 enhances TNF-a-induced NF-kB signaling in a kinase
activity-dependent manner

Phosphorylation of IkBa at Ser32/Ser36 induces IkBa degradation
via the ubiquitin and proteasome pathway, leading to NF-kB acti-
vation [18]. Because TNF-a is a major cytokine to elicit IkBa phos-
phorylation, we treated NIH3T3 cells-overexpressing GRK6 with
TNF-a to examine whether GRK6 regulates NF-kB signaling. TNF-a
promotes the phosphorylation of IkBa at Ser32/Ser36 and subse-
quently its degradation, resulting in the phosphorylation of p65 at
Ser536, one of the components of NF-kB. Phosphorylation of IkBa
and p65 were further increased by the overexpression of GRK6
(Fig. 2A). Conversely, GRK6 knockdown by siRNA significantly
decreased the phosphorylation level of these proteins after TNF-a
stimulation (Fig. 2B). We then tried to determine whether the ki-
nase activity of GRK6 is required for the promotion of TNF-a-
induced NF-kB signaling. We performed luciferase assay using
luciferase reporter plasmids containing an NF-kB response element
(NF-kB-Luc) in NIH3T3 cells. When GRK6 (WT) was overexpressed,
TNF-a-induced NF-kB activity was significantly enhanced. On the
other hand, the overexpression of GRK6 (K215R) did not affect the
activity (Fig. 2C). The mRNA expression of GRK6 was mostly un-
changed in NIH3T3 cells after TNF-a stimulation (Fig. 2D). These
results indicated that GRK6 enhanced TNF-a-induced NF-kB
signaling in a kinase activity-dependent manner.

3.3. The conformational change of GRK6 is induced by TNF-a
stimulation

Because GRK6 regulated TNF-a-mediated NF-kB signaling, we
speculated that TNF-a induced the conformational change that
affects GRK6 activity. To monitor the structural change of GRK6, we
developed an intramolecular BRET probe that detects this change. A
similar intramolecular BRET probe has been used to analyze the
conformational change of b-arrestins [17,19,20]. As shown in
Fig. 3A, we fused Rluc(h) to the N terminus of GRK6 and GFP2 to its C
Fig. 3. The conformational change of GRK6 is induced by TNF-a stimulation. (A) Schemati
Rluc(h) and GFP2 depends on the conformational changes of GRK6. BRET ratio increases whe
TNF-a stimulation. HEK293 cells were transfected with Rluc(h)-GRK6-GFP2. Forty-eight hou
were stimulated with mouse TNF-a (10 ng/mL) for the indicated times. After the stimulation,
was performed by calculating the ratio of the intensity of GFP2 to that of RLuc(h). **P < 0.01 an
HEK293 cells after TNF-a stimulation. HEK293 cells were stimulated with mouse TNF-a (1
indicated antibodies.
terminus. We overexpressed this Rluc(h)-GRK6-GFP2 construct in
HEK293 cells and found that the BRET ratios were gradually
increased after TNF-a stimulation (Fig. 3B). The time course of in-
crease in BRET ratio after TNF-a stimulation was similar to that in
TNF-a-induced IkBa phosphorylation in HEK293 cells (Fig. 3C). This
data indicated that the conformation of GRK6 was changed by TNF-
a stimulation.

3.4. Knockout or knockdown of GRK6 attenuates the transcription
of inflammatory genes after TNF-a stimulation in TEPM

GRK6 enhanced NF-kB activity through the direct phosphory-
lation of IkBa. Thus, we finally examined whether GRK6 could
promote the expression of inflammatory genes after TNF-a stimu-
lation in TEPM. It has beenwell known that the expression levels of
IL-1b, IL-6, and iNOS are increased by TNF-a stimulation depending
on NF-kB activity [9,10]. Therefore, we measured the mRNA
expression of these genes in TEPM treated with the siRNA targeting
GRK6. As shown in Fig. 4A, the knockdown efficiency of GRK6
mRNA was approximately 50%. Knockdown of GRK6 significantly
suppressed the transcription of IL-1b, IL-6, and iNOS after TNF-a
stimulation (Fig. 4B). Furthermore, TEPM derived from GRK6-
deficient mice also showed a significant decrease in the expres-
sion level of these genes after TNF-a stimulation (Fig. 4C). These
results demonstrated that GRK6 enhanced inflammatory responses
by promoting the transcription of NF-kB-regulated inflammatory
genes in macrophages.

4. Discussion

GRK6 is one of the GRK subfamilies that were originally iden-
tified as kinases for GPCRs. In this report, we disclosed that GRK6
promoted inflammatory responses by phosphorylating IkBa at
Ser32/Ser36. The direct phosphorylation of IkBa by GRK6 is required
for the promotion of TNF-a-induced NF-kB activation that enhances
the transcription of inflammatory genes in macrophages. Using a
c image of the intramolecular BRET probe, Rluc(h)-GRK6-GFP2. The distance between
n Rluc(h) comes close to GFP2. (B) The conformational change of GRK6 was induced by
rs after the transfection, cells were harvested and split into a 96-well plate. Then, they
the Rluc(h) substrate, DeepBlueC™was added to a final concentration of 5 mM. Analysis
d ***P < 0.001 vs. TNF-a 0 min group. n ¼ 6. (C) Time course of IkBa phosphorylation in
0 ng/mL) for the indicated times. Samples were subjected to western blot using the
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BRET probe, Rluc(h)-GRK6-GFP2, our experiment also demon-
strated that the conformational change of GRK6 may reflect GRK6
activation.

In this study, we revealed that GRK6 directly phosphorylated
IkBa at Ser32/Ser36 and regulated NF-kB signaling. On the other
hand, GRK5, which belongs to the same subfamily as GRK6, was
also reported to function as a kinase for IkBa [11]. As shown in
Fig. 1C, when the expression levels of GRK5 and GRK6 were nearly
the same, the amounts of phosphorylated IkBa induced by GRK5
and GRK6 were also almost the same. This result suggests that in
macrophages, where the expression level of GRK6wasmuch higher
than that of GRK5 (Fig. 1A), GRK6 rather than GRK5 contributes to
NF-kB-regulated responses.

To date, it has long been obscure whether GRK6 undergoes
conformational change when it is activated, though the structural
analysis of GRK6 [21] suggested that GRK6 forms a different
structure from that in the steady state when its kinase activity was
changed. GRK6 was originally identified as a kinase that recognizes
and phosphorylates activated GPCR, leading to its desensitization.
Thus, it would be interesting to examine the conformational change
of GRK6 during GPCR desensitization by the intramolecular BRET
probe (Fig. 3A). This examination may reveal that the conforma-
tional change of GRK6 upon GPCR desensitization is different from
that upon TNF-a stimulation (Fig. 3B).

GRK6 has been reportedly involved in the progression of
various diseases, including Parkinson's disease [22], colitis [23],
lung cancer [24], and autoimmune diseases [12]. Therefore, GRK6
is a potential therapeutic target for these diseases. Although an-
tagonists for GRK2 have been discovered, such as paroxetine and
balanol [25], those for other GRKs, including GRK6, have not been
well developed. GRK2 antagonists, namely paroxetine and bal-
anol, are reported to directly interact with GRK2 and induce
conformational change at the kinase domain of GRK2 [25].
Therefore, it is expected that agonists or antagonists for GRK6
also change its structure. Our BRET assay system may be useful in
the context of exploring therapeutic compounds that modulate
the activity of GRK6 because it detects GRK6 conformational
change.

In summary, we demonstrated for the first time that GRK6
directly phosphorylated IkBa at Ser32/Ser36 and promoted TNF-a-
induced inflammation. Although we newly identified IkBa as a
substrate for GRK6, the intracellular substrates for GRK6 are largely
unknown. Because GRK2 and GRK5 phosphorylate various intra-
cellular proteins, such as single transmembrane proteins, cytosolic
proteins, and nuclear proteins [4], we expect that GRK6 also
phosphorylates these proteins and elicits its own functions. Further
studies are required for the identification of GRK6 intracellular
substrates and the specific roles of GRK6 that differ from GRK2 and
GRK5.
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